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Abstract
Cryo-EM Structures Reveal How Hsp90 and Cochaperones Regulate the
Glucocorticoid Receptor
Chari Marin Noddings
Laboratory of Dr. David Agard

Maintaining protein homeostasis is fundamental for organismal survival. Integral
to this process are molecular chaperones, including the highly conserved heat shock
protein 90 (Hsp90). Hsp90 associates with many ‘client’ proteins throughout their
lifetime, regulating the transition from partially unfolded, inactive states to native, active
states. However, a mechanistic understanding of how Hsp90 remodels and regulates
client proteins is lacking. One class of clinically important Hsp90 clients are the steroid
hormone receptors (SHRs), including the model Hsp90 client, the glucocorticoid
receptor (GR). GR is a ligand-activated transcription factor that constantly relies on
Hsp90 to maintain its activity. In addition to facilitating folding of GR, Hsp90 regulates
multiple steps in the GR activation pathway, including ligand binding, post-translation
modifications (PTMs), nuclear translocation, and DNA binding. To perform these
regulatory functions, Hsp90 requires the molecular chaperone Hsp70 as well as a
collection of cochaperones (p23, Hop, FKBP51, FKBP52, PP5, and others).

Using cryo-EM, as well as biochemical and biophysical techniques, we
investigated the molecular mechanisms describing how Hsp90, Hsp70, and various
cochaperones modify the conformational state of GR and regulate various steps in the
GR activation pathway. We present two cryo-EM structures that reveal, for the first time,

the mechanism of how Hsp90 folds a client protein. We present the GR-loading

Vi



complex (GR:Hsp90:Hsp70:Hop), in which GR is stabilized in an inactive, partially
unfolded conformation that cannot bind ligand, and the GR-maturation complex
(GR:Hsp90:p23), in which GR is restored to a folded, ligand-bound, active state.
Together, our structures reveal how Hsp70 and Hsp90 cooperate to regulate the
conformational state of a client to directly control the client’s ability to bind ligand for
activation. We also present three additional cryo-EM structures (GR:Hsp90:FKBP51,
GR:Hsp90:FKBP52, and GR:Hsp90:PP5), which demonstrate how Hsp90 acts a
regulatory platform to couple the conformational state of the client protein to distinct

client fates through interactions with various cochaperones.
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Chapter 1 Introduction

Hsp90

The maintenance of protein homeostasis (proteostasis) is necessary for cellular
growth and survival (Labbadia & Morimoto, 2015; Wolff et al., 2014). Essential to this
process are the molecular chaperones, which facilitate the folding of ‘client’ proteins
(Hartl et al., 2011). Hsp90 (heat shock protein 90) is a highly abundant, evolutionary
conserved molecular chaperone that facilitates the folding of hundreds of client proteins
(Schopf et al., 2017; Taipale et al., 2010). Unique among molecular chaperones, Hsp90
often acts in the late stages of folding to facilitate client ‘maturation’ from partially
unfolded, inactive states to native, active states (Fig. 1) (Kirschke et al., 2014; Verba et
al., 2016). Interestingly, many clients obligately depend on Hsp90 to maintain these
‘mature’, functional conformations throughout their protein lifetime (Nathan & Lindquist,
1995; Nathan et al., 1997). Hsp90 clients are a highly diverse class of proteins, with
seemingly no shared sequence or structural motifs, making the determinants of client-
specificity unclear (a list of client proteins is maintained at https://www.picard.ch/).
Hsp90 clients are enriched in signaling proteins and transcription factors, which
positions Hsp90 at a clinically important regulatory hub for many essential cellular
processes (Fig. 2) (Taipale et al., 2012).

In cancer cells, Hsp90 maintains the functional conformation of many oncogenic
proteins, including kinases and transcription factors, making many cancer cells
essentially ‘addicted’ to Hsp90 (Trepel et al., 2010). As such, Hsp90 has been identified

as a drug target for cancer therapies with the goal of simultaneously disrupting multiple



Hsp90-dependent pathways that support cancer cell survival and growth (Blagosklonny,
2002; Neckers, 2007). Towards this ‘multi-hit’ therapeutic goal, numerous potent and
selective Hsp90 inhibitors have been generated, but unfortunately few Hsp90 inhibitors
have yet to be approved by the FDA due to limited efficacy and off-target effects
(Jaeger & Whitesell, 2019; Neckers et al., 2018). Lacking is a mechanistic
understanding of how Hsp90 inhibitors affect client function to regulate cellular
pathways (Neckers et al., 2018). A mechanistic understanding of how Hsp90 facilitates
the folding and maturation of clients, as well as how Hsp90 regulates client function
beyond folding, would allow for more nuanced therapeutic strategies (Neckers et al.,
2018; Sawarkar & Paro, 2013; Trepel et al., 2010).

Hsp90 is a highly dynamic protein that adopts multiple conformational states
coupled to an ATPase cycle. Hsp90 contains three domains: an N-terminal domain
(NTD), which binds ATP, a middle domain (MD), which binds clients, and a C-terminal
domain (CTD), which is constitutively homodimerized (Schopf et al., 2017) (Fig. 3a).
Between the NTD and MD is a long, approximately 50-residue flexible “charged linker”,
containing many basic and acidic residues. The CTD also contains a long,
approximately 30-residue unstructured tail with an “MEEVD” motif at the C-terminus,
which binds TPR (tetratricopeptide repeat) domains. Hsp90 functions as a constitutive
dimer that undergoes large open-to-closed transitions regulated by ATP binding and
ATP hydrolysis (Fig. 3b) (Krukenberg et al., 2011). In the apo state, the dimer adopts an
open “v” conformation, with the Hsp90 CTDs dimerized (Krukenberg et al., 2008; Shiau
et al., 2006). In the open state, the lumen of Hsp90 (the space between the Hsp90

MDs) is accessible for client binding. In contrast, the ATP or ADP-bound states adopt a



closed conformation, in which the NTDs additionally dimerize, forming a closed, slightly
twisted state (Ali et al., 2006; Verba et al., 2016). In the closed state, the Hsp90 lumen
forms a tight, channel-like space. The closed state can be stabilized by the addition of
molybdate, an inorganic anion that mimics the y-phosphate of ATP and traps Hsp90 in a
post-hydrolysis state. Hsp90 reopening is thought to be catalyzed by ATP hydrolysis,
which allows client release and resets the Hsp90 conformational cycle.

In addition, eukaryotic Hsp90 functions with a large variety of “cochaperones”,
which are a group of proteins that regulate the Hsp90 conformational cycle.
Cochaperones directly bind to Hsp90 and specifically interact with distinct Hsp90
conformations (Schopf et al., 2017; Taipale et al., 2010) (a list of cochaperones is
maintained at https://www.picard.ch/). The Hsp90 cochaperones contain specific
Hsp90-interacting domains. Two common examples are TPR domains, which bind the
Hsp90 MEEVD C-terminal tail (Scheufler et al., 2000), or CS domains, which bind the
closed NTD dimer interface (Ali et al., 2006). Cochaperones often bind distinct Hsp90
conformations and can regulate the Hsp90 ATPase cycle. For example, p23 inhibits
Hsp90 ATP hydrolysis and specifically binds the closed Hsp90 conformation (Ali et al.
2006). Aha1 (ATPase homolog 1) accelerates Hsp90 ATP hydrolysis and also binds the
closed Hsp90 conformation (Liu et al., 2020; Retzlaff et al., 2010). In contrast, Hop
(Hsp70/Hsp90 organizing protein) binds a semi-closed, intermediate conformation of
Hsp90 (Southworth & Agard, 2011). Some Hsp90 cochaperones function with Hsp90 in
a general manner, serving a variety of different client classes, such as p23 and Hop,
while other cochaperones function in a client-specific manner, such as Cdc37 (cell

division cycle 37), which is kinase-specific (Taipale et al., 2010; Taipale et al., 2012). In



addition to regulating Hsp90, many Hsp90 cochaperones have their own chaperoning
function and/or enzymatic function independent of Hsp90. These include, but are not
limited to phosphatases, E3 ligases, and peptidyl-proline isomerases (PPlases). Thus,
cochaperones can also directly regulate client function beyond Hsp90-mediated protein
folding, such as client post-translational modifications (PTMs) (phosphatases, E3
ligases), client degradation (E3 ligases), client hand-off from Hsp70 (Hop), or client
localization (FKBPs, Cyp40) (Fig. 4). Altogether, the cochaperones provide an
additional layer of complexity that allows Hsp90 to act as a regulatory platform for client
proteins. In this manner, Hsp90 can couple the conformational state of a protein to
interactions with distinct cochaperones, which in turn can regulate multiple aspects of
client function beyond protein folding.

The complexity of the Hsp90 conformational cycle and association with dozens of
cochaperones provides Hsp90 with broad specificity to regulate the folding and
maturation of a wide variety of clients. However, a mechanism describing how Hsp90
facilitates client folding is lacking. Specifically, how is Hsp90-dependent client folding
coupled to the Hsp90 conformational cycle and cochaperone binding? The first picture
of the Hsp90 chaperoning mechanism was revealed with a long-awaited structure of
Hsp90 bound to a client protein, determined by Klim Verba in the Agard lab (Verba et
al., 2016). In this cryo-EM structure, a kinase client, Cdk4 (cyclin dependent kinase 4),
adopts a partially unfolded conformation, with an unstructured segment threaded
through the lumen of the closed, ADP:molybdate-bound Hsp90 (Fig. 5). The two kinase
lobes (N-lobe and C-lobe) are separated, binding to the either side of the Hsp90 dimer,

and rendering the kinase in an inactive state. This structure demonstrated that Hsp90



acts as a clamp, that closes around the partially unfolded client, with an unfolded strand
of the client encapsulated and protected by the Hsp90 lumen. Furthermore, the kinase-
specific cochaperone, Cdc37, wraps around the closed Hsp90 and, surprisingly, directly
binds the kinase C-lobe by mimicking part of the kinase N-lobe to stabilize this partially
unfolded domain. This structure demonstrated that Hsp90 cochaperones not only
stabilize distinct Hsp90 conformations, but are also directly involved in binding and
stabilizing the partially unfolded conformation of the client, assisting in the client folding
process. This structure provided many fundamental insights into the Hsp90 chaperoning
mechanism, but many questions remain: how does Hsp90 refold a partially unfolded
client to facilitate client maturation, how does Hsp90 regulate the folding of non-kinase
clients, and how do other cochaperones beyond Cdc37 facilitate client maturation

and/or other aspects of client function?

The Glucocorticoid Receptor

One model class of Hsp90 clients are the steroid hormone receptors (SHRs),
which are a clinically important group of steroid-activated transcription factors. There
are five SHRs: the glucocorticoid receptor (GR), the progesterone receptor (PR), the
mineralocorticoid receptor (MR), the androgen receptor (AR), and the estrogen receptor
(ER). Each SHR relies on Hsp90 for functional maturation, but to varying degrees. GR
is the most highly dependent on Hsp90, requiring Hsp90 to maintain its activity
throughout its lifetime. Thus, GR is a so called ‘obligate’ Hsp90 client and has been an
extensively studied model Hsp90 client (Lorenz et al., 2014; Morishima et al., 2000;

Nathan et al., 1997; Picard et al., 1990; Pratt & Toft, 1997; Smith & Toft, 2008). GR is a



ubiquitously expressed SHR that binds the endogenous hormone, cortisol, to regulate
gene expression. Common to the other SHRs, GR has an intrinsically disordered NTD,
with transcriptional activation (transactivation) activity; a zinc-finger DNA-binding
domain that homodimerizes; an unstructured hinge-region; and a C-terminal ligand-
binding domain that also homodimerizes (LBD) (Fig. 6) (Bledsoe et al., 2002; Luisi et
al., 1991; Weikum et al., 2017). Unliganded (apo) GR is predominantly cytoplasmic, but
upon binding of the endogenous ligand cortisol to the ligand binding domain (LBD), GR
is rapidly translocated to the nucleus (Fig. 7). In the nucleus, the GR DNA-binding
domain (DBD) cooperatively dimerizes on a GR-binding sequence (GBS) present in GR
response elements (GREs) in the genome (Chandler et al., 1983; Luisi et al., 1991;
Meijsing et al., 2009; Watson et al., 2013). Upon GRE binding, GR nucleates the
assembly of transcription regulatory complexes, which include co-regulators, chromatin
remodelers, and histone modifying enzymes (Bledsoe et al., 2002; Fryer & Archer,
1998; Weikum et al., 2017). GR is thought to act as a pioneer factor, binding to
nucleosome-occupied regions and recruiting factors to alter the chromatin landscape at
thousands of cell-specific genomic locations (Biddie & John, 2014; Fryer & Archer,
1998; Johnson et al., 2018; Perlmann, 1992; Zaret & Yamamoto, 1984). Ultimately, GR
regulates the expression of large transcriptional programs, essential for cellular
functions such as growth, inflammation, and stress response (Oakley & Cidlowski,
2013). As such, GR is a potent therapeutic target for cancer and thus it is both of basic
and translational importance to gain a mechanistic understanding of how Hsp90 affects

GR function (Conzen, 2008).



The GR Chaperone Cycle

Early pioneering work demonstrated that, in vivo, the GR LBD is complexed with
Hsp90 and the molecular chaperone Hsp70, along with a variety of associated
cochaperones, which ‘transformed’ GR into a ligand-binding competent state and were
also required to maintain GR in this active state (Lorenz et al., 2014; Morishima et al.,
2000; Nathan et al., 1997; Picard et al., 1990; Pratt & Toft, 1997; Smith & Toft, 2008).
Why GR required Hsp90, Hsp70, and cochaperones to constantly maintain its active
state beyond initial chaperone-mediated folding was puzzling. A fundamental discovery
came from the work of a previous graduate student in the Agard lab, Elaine Kirschke,
who pioneered the in vitro reconstitution of the minimal GR chaperone system, which
included Hsp90, Hsp70, Hsp40, Hop, and p23 (Kirschke et al., 2014). In this
groundbreaking work, Kirschke et al. purified the recombinant, apo form of the GR LBD.
Surprisingly, the purified GR could bind ligand with high affinity in the absence of the
chaperones. In fact, when Hsp70 and the cochaperone Hsp40 were added to the
purified GR, GR ligand-binding was inhibited. Addition of Hsp90, Hop, and p23
subsequently restored GR ligand-binding (Fig. 8a). Further experiments demonstrated
that the chaperone cycle increases the GR ligand-binding affinity compared with GR
alone, with both the ligand on and off-rates accelerated in the chaperone cycle (Fig.
8b,c). Altogether, this work explains the Hsp90-dependence of GR ligand-binding
activity and demonstrated that Hsp70 and Hsp90 operate in a functionally antagonistic
manner to regulate GR activity, which was later demonstrated for other Hsp90 clients,
including p53 and Ago2 (Boysen et al., 2019; Dahiya et al., 2019; Tsuboyama et al.,

2018).



Additional biochemical experiments by Kirschke et al. with the in vitro
reconstituted GR chaperone cycle revealed that GR cycles through a series of distinct
chaperone complexes, which constantly inhibit and reactivate GR ligand-binding (Fig.
9). In this cycle, GR is first inhibited by Hsp70, assisted by the cochaperone Hsp40.
Hsp40 accelerates the ATPase rate of Hsp70 to generate the high-affinity client-binding
ADP state of Hsp70. The inhibited GR is then loaded onto Hsp90 by Hsp70 to form an
inactive GR:Hsp90:Hsp70:Hop “loading complex”. Hop stabilizes Hsp90 in a semi-
closed conformation to facilitate client loading and simultaneously binds the Hsp90 and
Hsp70 EEVD motifs (Scheufler et al., 2000; Southworth & Agard, 2011). Then, Hsp70
and Hop are released and the cochaperone p23 is incorporated to form a
GR:Hsp90:p23 “maturation complex”, which restores GR ligand-binding with enhanced
affinity. Progression through this cycle is coordinated by cochaperone binding and the
ATPase activity of both Hsp70 and Hsp90, which dictate the conformational
rearrangements of the chaperones (Krukenberg et al., 2011; Rosenzweig et al., 2019;
Schopf et al., 2017).

Altogether, the coordinated actions of Hsp70, Hsp90, and cochaperones control
the ligand-binding activity of GR in order to regulate GR activation in vivo. Given that
Hsp70 and Hsp90 are molecular chaperones, these chaperones likely remodel the
conformation of GR to control the ligand-binding activity. Indeed, hydrogen deuterium
exchange-mass spectrometry (HDX-MS) experiments indicated that Hsp70 partially
unfolds GR to inhibit ligand-binding, thus presumably Hsp90 refolds GR to restore
ligand-binding (Kirschke et al., 2014). A low resolution cryo-EM structure of the GR-

maturation complex indicates that GR is likely in a folded conformation once bound to



Hsp90:p23 (Lorenz et al., 2014). How the chaperones specifically remodel the
conformation of GR to control access to the buried, hydrophobic ligand-binding pocket
is unclear. Furthermore, how Hsp90 would directly restore ligand-binding is unknown—
specifically, does Hsp90 release GR in a folded, ligand-binding competent state or is
GR ligand-binding facilitated by Hsp90 in a more direct way? Beyond regulating ligand-
binding, Hsp90, aided by cochaperones, is also known to regulate other steps in GR
function, including facilitating degradation, altering post-translational modifications,
promoting nuclear translocation, and regulating GRE-binding (Echeverria & Picard,
2010). How Hsp90 couples the conformational state of GR to such a wide variety of
functional outcomes is critical to understanding the essential role of Hsp90 in client

regulation.

Thesis Project Objective

The object of this thesis project was to determine how Hsp90 remodels the
conformation of GR to restore GR ligand-binding and how the cochaperones p23,
FKBP51, and FKBP52 assist with the functional maturation and regulation of GR. My
approach was to use the in vitro reconstituted GR chaperone system to trap specific
GR:Hsp90 complexes in the GR chaperone cycle with a variety of bound cochaperones
and utilize single-particle cryo-EM to determine high-resolution structures of these
complexes. Accompanying in vitro and in vivo GR activation assays were used to

validate the structural models and generate mechanistic insights.
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Fig. 1.1: The energy landscape of folding and role of molecular chaperones

A protein folding energy landscape adapted from Hartl et al. 2011. Unfolded proteins
adopt high energy extended conformations. As protein folding occurs, the protein moves
towards lower energy native states. However, folding intermediates or off-pathway
aggregates can become trapped in energetic wells. The role of molecular chaperones is
to help proteins overcome these energetic barriers to folding and prevent off-pathway
aggregation. Most molecular chaperones, such as Hsp70, work in the early stages of
folding (black box), while Hsp90 uniquely works in the late stages of folding (blue box).
Hsp90 facilitates folding of near-native, inactive client conformations, to native, active

conformations.
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Fig. 1.2: Hsp90 clients are enriched in critical signaling molecules

A schematic adapted from Taipale et al. 2010 depicting Hsp90 at the hub of regulation
for a number of critical cellular functions. Hsp90 is able to regulate this diversity of
essential functions through interactions with a variety of client classes, which are
enriched in signaling molecules.
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Fig. 1.3: The human, cytosolic Hsp90a domains and conformational cycle

a, The domains and motifs of human, cytosolic Hsp90a. b, A diagram of the Hsp90
conformational cycle (Kirschke, 2015). Hsp90 transitions from an apo, open “v”
conformation on the left, to an ATP-bound closed, twisted conformation. The
cochaperone Hop stabilizes an intermediate, apo, semi-open Hsp90 conformation. The
cochaperone p23 stabilizes the closed, twisted conformation (right).
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Fig. 1.4: Hsp90 associates with cochaperones to regulate client function

A diagram demonstrating that Hsp90 can act as a platform to regulate client functions
beyond folding. Regulation of search a diversity of client functions is achieved by
associated with a variety of different cochaperones, such as the ones depicted: p23,
FKBPs, E3 ligases, and PP5.
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Fig. 1.5: The cryo-EM structure of Cdk4:Hsp90:Cdc37

The cryo-EM structure of the Cdk4:Hsp90:Cdc37 complex (PDB ID 5FWL) (Verba et al.,
2016). This structure demonstrated for the first time that Hsp90 clients are threaded
through the lumen of the closed Hsp90. In this structure, the kinase client, Cdk4, is
partially unfolded, with the N-lobe and C-lobe separated on either of Hsp90. Cdc37
makes stabilizing contacts with the Cdk4 C-lobe, mimicking the kinase N-lobe.
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Fig. 1.6: Domain architecture of human GR

GR is a multiple domain protein consisting of an N-terminal disordered domain (NTD),
DNA-binding domain, flexible hinge region, and ligand-binding domain (LBD), which is
engaged by Hsp90. Structures of the individual domains are shown: the DBD on DNA
(PDB ID 1GLU) (Luisi et al., 1991) and the LBD (PDB ID 1M2Z) (Bledsoe et al., 2002)
bound to ligand and a co-activator peptide.
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Fig. 1.7: The GR activation pathway in the cell

GR is maintained in the cytosol in a ligand-binding competent state by a group of
chaperones and cochaperones: Hsp90, Hsp70, Hsp40, Hop, and p23 (Pratt & Toft,
1997). Once GR binds ligand, the receptor is rapidly translocated to the nucleus and
dimerizes on GR response elements in the genome to regulate transcriptional programs
(Weikum et al., 2017).
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Fig. 1.8: GR ligand-binding activity is inhibited by Hsp70 and restored by Hsp90
These figures are adapted from Kirschke et al. 2014. a, GR ligand-binding is measured
by fluorescence polarization of fluorescein-dexamethasone (Fdex). The purified, apo
GR LBD is able to bind Fdex with high affinity. Addition of Hsp70 and Hsp40 inhibits GR
ligand-binding. GR ligand-binding activity is restored by the addition of Hsp90, Hop, and
p23. Restoration is dependent on Hsp90 ATP binding and hydrolysis, as the inhibitor
17AAG inhibits reactivation of GR ligand-binding. b, The GR affinity for ligand is
enhanced by the addition of chaperones (Hsp70, Hsp90, Hsp40, Hop, and p23). ¢, The
GR affinity for ligand is enhanced by about 2-3 fold by chaperones.
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Fig. 1.9: The GR-chaperone cycle

As discussed in Kirschke et al. 2014, GR cycles through a series of distinct chaperone
complexes as GR ligand-binding is inhibited and reactivated by the chaperones. First,
the ligand-bound active GR is bound by Hsp70, aided by the cochaperone Hsp40 (top),
which accelerates the ATPase activity of Hsp70 to facilitate high-affinity client binding.
Hsp70 inhibits GR ligand-binding likely by partially unfolding the GR LBD. Next, GR is
loaded onto the semi-closed Hsp90, which is stabilized by the cochaperone Hop (right).
GR remains in a ligand-binding inhibited state in this “GR-loading complex”. Then,
Hsp70 and Hop are released, Hsp90 binds and hydrolyzes ATP to close, and the
cochaperone p23 binds to stabilize Hsp90 closure. In this “GR-maturation complex” GR
is presumably remodeled to a conformation that is capable of binding ligand and the
active GR is released.
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Chapter 2 Structure of Hsp90-Hsp70-Hop-GR reveals the

Hsp90 client-loading mechanism

Preface

The work presented in this chapter was led by Dr. Ray Wang, former post-
doctoral researcher in the Agard lab, and this chapter contains excerpts from Wang et
al. 2022. The goal of this project was to determine a cryo-EM structure of the GR-
loading complex (GR:Hsp90:Hsp70:Hop) to elucidate how Hsp70 and Hsp90 cooperate
to modulate the conformation of GR to inactivate ligand-binding activity. This project
builds from decades of work investigating the role of Hsp70, Hsp90, and cochaperones
in regulating the activity of GR and other SHRs (Pratt & Toft, 1997). In particular, we
sought to describe in atomic detail the client hand-off mechanism between Hsp70 and
Hsp90 in the GR-loading complex, which was first biochemically described in detail by
Elaine Kirschke (Kirschke et al., 2014).

In this foundational work, Dr. Wang determined the structure of the GR-loading
complex, establishing novel principles of the Hsp70 and Hsp90 chaperoning
mechanism: how Hsp70 and Hsp90 directly associate to coordinate client hand-off, how
Hsp70 and Hsp90 locally unfold GR to inhibit ligand-binding, and how Hsp70, Hsp90,
and Hop directly stabilize the partially unfolded GR. My role in the GR-loading complex
project was to help with manuscript preparation, analyze data, and assist with
purification of GR with pBpa unnatural amino acids for cross-linking experiments to

validate the structural models. Jill Johnson provided in vivo biochemical validation of
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binding sites identified in the GR-loading complex, providing biological context to these
in vitro experiments.

During work on this project, Dr. Wang and | also worked on a joint project to
determine the structure of the related GR-maturation complex (Chapter 3) (Noddings et
al., 2022). The GR-loading complex and GR-maturation complex manuscripts were co-
published and together these structures establish the first complete Hsp90 chaperone
cycle for any client and elucidate the Hsp90 chaperoning mechanism in atomic and

mechanistic detail.

Abstract

Maintaining a healthy proteome is fundamental for organism survival (Kim et al.,
2013). Integral to this are Hsp90 and Hsp70 molecular chaperones that together
facilitate the folding, remodeling and maturation of Hsp90’s many “client” proteins
(Genest et al., 2019). The glucocorticoid receptor (GR) is a model client strictly
dependent upon Hsp90/Hsp70 for activity (Lorenz et al., 2014; Nathan et al., 1997;
Picard et al., 1990; Pratt et al., 2006; Smith & Toft, 2008). Chaperoning GR involves a
cycle of inactivation by Hsp70, formation of an inactive GR:Hsp90:Hsp70:Hop “loading”
complex, conversion to an active GR:Hsp90:p23 “maturation” complex, and subsequent
GR release (Kirschke et al., 2014). Unfortunately, a molecular understanding of this
intricate chaperone cycle is lacking for any client. Here, we report the cryo-EM structure
of the GR loading complex, in which Hsp70 loads GR onto Hsp90, revealing the
molecular basis of direct Hsp90/Hsp70 coordination. The structure reveals two Hsp70s—

—one delivering GR and the other scaffolding the Hop cochaperone. Unexpectedly, Hop
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interacts with all components of the complex including GR, poising Hsp90 for
subsequent ATP hydrolysis. GR is partially unfolded and recognized via an extended
binding pocket composed of Hsp90, Hsp70 and Hop, revealing the mechanism of GR
loading and inactivation. Together with the GR maturation complex (Noddings et al.,
2022), we present the first complete molecular mechanism of chaperone-dependent
client remodeling, establishing general principles of client recognition, inhibition, transfer

and activation.

Introduction

The highly abundant and conserved Hsp90 and Hsp70 molecular chaperones
are essential for proteome maintenance. Hsp70 recognizes virtually all
unfolded/misfolded proteins, and generally functions early in protein folding
(Rosenzweig et al., 2019). By contrast, Hsp90 typically functions later, targeting a select
set of “client” proteins (Taipale et al., 2010). Despite the differences, Hsp90 and Hsp70
share clients that are highly enriched for signaling and regulatory proteins (Genest et
al., 2019), making both chaperones important pharmaceutical targets for cancer
(Whitesell & Lindquist, 2005) and neurodegenerative diseases (Lackie et al., 2017).
Both chaperones are dynamic molecular machines with complex ATP-dependent
conformational cycles that drive client binding/release. Hsp70 uses its N-terminal
nucleotide-binding domain (Hsp70nep) to allosterically regulate its C-terminal substrate-
binding domain (Hsp70ssp), comprising a B-sandwich core (Hsp70sep-g) and an a-helical
lid (Hsp70sBp-a) (Mayer & Gierasch, 2019) (Extended Data Fig. 1a). In the weak client

binding ATP-bound “open” state (Hsp704™"), both the Hsp70sep-« and Hsp70sep-g dock
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onto the Hsp70nep. Upon ATP hydrolysis (Hsp704PP), the Hsp70nep and Hsp70sep
subdomains separate, resulting in a high-affinity client-binding state. Hsp90
constitutively dimerizes through its C-terminal domain (Hsp90ctp) (Extended Data Fig.
1a) and cycles through open and closed conformations acting as a molecular clamp
(Krukenberg et al., 2011; Schopf et al., 2017). In the nucleotide-free state (Hsp904#°),
Hsp90 populates a variety of open conformations, whereas ATP binding (Hsp90A™P)
drives clamp closure via secondary dimerization of the N-terminal domains (Hsp90ntD).
Clamp closure activates Hsp90 for ATP hydrolysis and is rate-limiting requiring
Hsp90ntp rotation, N-terminal helix rotation and ATP-binding pocket lid closure. Unlike
Hsp70, Hsp90 can engage clients independent of nucleotide state via the middle
domain (Hsp90mb) and the amphipathic helix-hairpins (Hsp90amphi-o) on the Hsp90cTp.
The glucocorticoid receptor (GR) is a steroid hormone-activated transcription factor that
constitutively depends on Hsp90 to function (Nathan et al., 1997; Picard et al., 1990).
Building on the pioneering work of Pratt, Smith, and Toft (Pratt et al., 2006; Smith &
Toft, 2008), we previously reconstituted GR’s Hsp90 dependence using an in vitro
system (Kirschke et al., 2014), establishing a 4-step cycle (Fig. 1a) starting with active
GR ligand-binding domain (hereafter GR for simplicity). Next, Hsp70 inactivates GR
ligand binding, then cochaperone Hop (Hsp90/Hsp70 organizing protein) helps load
Hsp70:GR onto Hsp90 forming the inactive “loading” complex (GR:Hsp90:Hsp70:Hop).
Upon Hsp90 ATP hydrolysis and closure, Hsp70 and Hop are released, followed by the
incorporation of p23, forming the GR:Hsp90:p23 “maturation” complex. In the
maturation complex, GR is reactivated, indicating GR is conformationally remodeled

during the transition. A similar pattern of Hsp70/Hsp90 functional antagonism has
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subsequently been shown for other clients (Boysen et al., 2019; Dahiya et al., 2019;
Moran Luengo et al., 2018), supporting a general mechanism.

Unfortunately, the molecular basis for almost all of this complex chaperone
interplay remains unknown, with high-resolution structural studies hampered by the
instability of clients and the highly dynamic nature of client:chaperone associations.
Here, we report a high-resolution cryo-EM structure of the client-loading complex,
providing much needed molecular insights into how Hsp90/Hsp70 coordinate their ATP
cycles, how they are organized by Hop, and the molecular mechanisms underlying GR’s

functional regulation by Hsp90/Hsp70.

Results
Structure determination and architecture of the client-loading complex

The client-loading complex was prepared by reconstitution using excess ADP to
enhance client binding by Hsp70 and an ATP-binding deficient Hsp90 (Hsp90P3N) to
stall the cycle at this intermediate step, followed by glutaraldehyde stabilization
(Extended Data Fig. 1b,c). A ~3.6A resolution cryo-EM reconstruction was obtained
from ~4 million particles (Extended Data Fig. 1d-f,2, Materials and Methods). The
resulting structure reveals an architecture drastically different than expected, with the
Hsp90 dimer (Hsp90A/B) surrounded by Hop, GR and unexpectedly two Hsp70s
(Hsp70“C” for client-loading and Hsp70“S” for scaffolding) (Fig. 1b,c). Hsp90 adopts a
previously unseen “semi-closed” conformation, in which the Hsp90nTps have rotated
into an Hsp90A™-like orientation, but have not yet reached the fully-closed ATP state

(Extended Data Fig. 3b,c). The observed Hsp90nTD orientations are stabilized by the
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Hsp70nebs that bind symmetrically to the Hsp90nTp:Hsp90wmp interface of each Hsp90
protomer. Hop intimately interacts with each Hsp90 protomer, the two Hsp70s, and
remarkably, a portion of GR. Although the two Hsp70sgps are not visible in the high-
resolution map, the Hsp70Cssp-g subdomain becomes visible in low-pass filtered maps
(Fig. 1b). Also seen in the filtered maps, GR is positioned on one side of the Hsp90
dimer (Fig. 1c). Additionally, another map (~7A) reveals a loading complex that has lost
Hsp70C, but retains Hsp70S, Hop and GR (Extended Data Fig. 3d,e). The observation
of the two-Hsp70 and one-Hsp70 loading complexes populated in our sample is

consistent with a previous study (Morgner et al., 2015).

The nucleotide-regulated interplay between Hsp90 and Hsp70

Two major interfaces (Fig. 1d) are formed in both of the nearly identical
Hsp70neo/Hsp90 protomer interactions (RMSD of 0.96A, Supplementary Fig. 1a-c). In
Interface |, the outer edge of the Hsp90wb B-sheet inserts into the cleft formed by the
Hsp70neb-1A and Hsp70nsp-a subdomains (Fig. 1d, Extended Data Fig. 4a). Notably, in
Hsp70A™P this cleft binds the Hsp70 interdomain linker and also contributes to binding
Hsp40's J-domain (Mayer & Gierasch, 2019) (Extended Data Fig. 4b). Hence, the cleft
is only available in Hsp70APP. Interface | is tightly packed (479A2 of buried surface area,
BSA), and is stabilized by numerous polar interactions (Fig. 1d,e). This explains why
mutations at Interface | on either Hsp90 (Bohen & Yamamoto, 1993; Kravats et al.,
2018; Nathan & Lindquist, 1995) (G333, K414, K418, K419) or Hsp70 (Doyle et al.,
2019) (R171,N174, D213) led to defective Hsp90:Hsp70 interaction, growth defects,

and impaired client maturation of GR, v-Src, and Luciferase (Fig. 1d,e Extended Data
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Fig. 4c-h; see Extended Data Table 3 for residue numbering references to the yeast
chaperone proteins).

The two ATPase domains of Hsp90 and Hsp70 directly interact with each other
at Interface Il (Fig. 1d,f, 280A2 BSA), where the interactions are composed of both
hydrophobic (Hsp90Y6'64:Hsp70V163.1164) and polar interactions (Hsp90QRe0.Y61:
Hsp70P'80). Importantly, Interface Il defines the Hsp90ATP-like position/orientation of the
Hsp90ntp with respect to the Hsp90wmp, explaining the observation that Hsp70
accelerates Hsp90 ATPase activity (Genest et al., 2015). Consistent with the
significance of Interface Il, mutation of the three Hsp90 interface residues
(Hsp90Re0.¥61.L64) showed marked yeast growth defects at 37°C (Flynn et al., 2020).
Similar to Interface | mutations Hsp9QG333S K418E (G309S,K394E in yeast Hsc82) gn HspQ(QR60
mutation (yHsc82R46C) displayed reduced Hsp70 interaction, inviability at 37°C, and
reduced v-Src activity (Extended Data Fig. 4e-h). Lastly, sequence alignments of
Hsp90/Hsp70 homologs/paralogs showed that Interface | & Il residues are generally
conserved, suggesting a universal Hsp70-Hsp90 binding strategy across species
(Genest et al., 2011; Kravats et al., 2018) and organelles (Sun et al., 2019; Sung et al.,
2016) (Supplementary Fig. 2a,b).

As expected from Hsp90P3N, both Hsp90ntp ATP-binding pockets are empty
with their lids open. The Hsp90ANTD and Hsp90BntDb closely resemble the structure of
an apo Hsp90nto fragment (RMSD of 0.43 and 0.35A to 3TOH, respectively, Extended
Data Fig. 5a). The ATP pocket lid and the first a-helix form a novel dimerization

interface (512A2 BSA, Extended Data Fig. 3a).The two Hsp70ngps clearly have ADP
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bound and are similar to the ADP-bound Hsp70nep crystal structure (Ca-RMSD of 0.50A
(Hsp70C) and 0.53A (Hsp70S) to 3AY9) (Fig. 1d, Supplementary Fig. 3a,b).
Coordination between the Hsp90/Hsp70 ATPase cycles is required for forming the
loading complex. The Hsp90A™P conformation is incompatible as closure of the
Hsp90ATP ATP pocket lid and the central helix of Hsp90nto would clash with the
Hsp70nep (Extended Data Fig. 5b,c). Thus, Hsp90 ATP binding and lid closure would be
expected to accelerate loss of the bound Hsp70s. Furthermore, the Hsp70A™
conformation is incompatible with the loading complex, as the entire Hsp70ssp would
clash with Hsp90nTo/Hsp90mp (Extended Data Fig. 5d,e). For Hsp70 to reenter its ATP
cycle, it must first leave Hsp90, thus nucleotide exchange on Hsp70 likely times its
dissociation. Notably, in the complex Hsp70nsp-ias deviate from the crystal structure
(Supplementary Fig. 3a,b) and Hsp90wp interacts with Hsp70R71.N174.T177 in the ATP
catalytic motif (Fig 2d, Supplementary Fig. 3c), suggesting how Hsp90 enhances the
nucleotide exchange on Hsp70 during the GR-chaperoning cycle (Kirschke et al., 2020).
The canonical nucleotide exchange factor (NEF) binding sites (Bracher & Verghese,
2015) on Hsp70nep-ii8 remain available, explaining how the NEF Bag-1 can accelerate
GR maturation (Kirschke et al., 2020) (Supplementary Fig. 4a,b) and also how the NEF
Hsp110 can be involved in GR maturation (Mandal et al., 2010) (Supplementary Fig.

4c,d).

Hop interacts extensively with all components in the loading complex
The cochaperone Hop is well conserved in eukaryotes and facilitates GR

maturation in vivo (Sahasrabudhe et al., 2017) and in vitro (Kirschke et al., 2014). Hop
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is thought to bring Hsp90 and Hsp70 together using its three TPR domains that bind the
EEVD C-termini on both Hsp90 and Hsp70 (Scheufler et al., 2000) (Extended Data Fig.
1a). Despite using the full-length Hop construct, only three C-terminal domains
(Hoptrr2a, HopTpPr2B, and Hopor2) are observed (Fig. 1b,c). Importantly, these three
domains are necessary and sufficient for full GR activation (Schmid et al., 2012). Hop
wraps around much of the loading complex, with extensive interactions made by
Hoprrr2a and Hoporz, demonstrating a far more integral role than anticipated (Fig. 2a,c).
The structure of Hoprpr2a-TRP28 Closely matches the yeast crystal structure(Schmid et
al., 2012) (Ca-RMSD of 1.47A to 3UQ3, Supplementary Fig. 5a,c,d), including the
conserved electrostatic network (HopY354R389,E385K388) that defines the unique inter-
domain angle (Supplementary Fig. 5h-j). Focused maps revealed that the Hoptrr2a and
Hoprtprres are bound to the EEVD termini of Hsp90 and Hsp70, respectively (Extended
Data Fig. 6d-f, Supplementary Fig. 6b-f k,l). Although the density for the remaining
Hsp70 and Hsp90 tails are missing, our structural modeling suggested the connectivity
(Supplementary Fig. 7). Unexpectedly, Hoptpr2a and Hsp70Snsp-1a form a novel and
extensive interface (578A2 BSA) composed largely of polar interactions (Fig. 2a,b and
Extended Data Fig. 6a-d). Notably, Hsp70Snep-ia interacts with Hop and Hsp90
simultaneously, thereby rigidly positioning Hop with respect to Hsp90. Mutations of
HopY296A-A328H (Y332-T364 in yeast, Sti1) gt the Hsp70Snep-11a:HopTPR24 interface (Extended Data
Fig. 6a-c,g) resulted in yeast growth defects (Extended Data Fig. 6i) and failed to
promote v-Src maturation (Extended Data Fig. 6j). These data indicate a crucial
scaffolding role for Hsp70S in the loading complex. Although Hoptpr2s was in close

proximity (~6 A) to Hsp90wmp no major contacts were observed (Fig. 2c). However, the

38



15A-resolution Hsp90:Hop cryo-EM structure (Southworth & Agard, 2011)
(Supplementary Fig. 8a) and previous studies(Lee et al., 2012; Schmid et al., 2012)
show that Hoprtrr2s can make direct contacts with Hsp90wmp. This suggests that Hop
may first prepare Hsp90 for Hsp70 and client interaction, and subsequently rearrange
upon Hsp70Snsp binding (Supplementary Fig. 8b,c).

Hopopr2 makes extensive interactions with both Hsp90 protomers at Hsp90Actp
and Hsp90Bwb, thereby defining and maintaining the semi-closed Hsp90 conformation
within the loading complex (Fig. 3a). Interestingly, conserved client-binding residues on
Hsp90A/B are repurposed for Hoporz binding (Fig. 3d). Supporting our observations,
Hsp90 mutations which would destabilize the Hopor2:Hsp90A interface
(yHsp82Ws8T.MS93T corresponding to hHsp90aW606:M614) cause yeast growth defects
(Reidy et al., 2018). Our Hopoe2 structure agrees well with the yeast NMR structure
(Schmid et al., 2012) (Ca-RMSD of 1.13A to 2LLW; Extended Data Fig. 19b), adopting
a hand-like a-helical structure, with many of its core hydrophobic sidechains exposed in
the “palm” of the “hand” (Fig. 3d). Importantly, this hydrophobic palm is continuous with
the client binding surface provided by the lumen between the Hsp90 protomers,
augmenting the Hsp90Aamphi-« With a stronger, more extensive hydrophobic binding

capability (Extended Data Fig. 7a).

GR is unfolded, threaded through the Hsp90 lumen and bound by Hsp90, Hop and
Hsp70
In the high-resolution map, a strand of density can be seen passing through the

Hsp90 lumen (Extended Data Fig. 7b,c). In the 10A low-pass filtered map, this density
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connects to the globular part of GR on one side of Hsp90 (Fig. 1c, Supplementary Fig.
7¢,f). On the other side, a GR helix is surprisingly cradled in the Hopor2 hydrophobic
palm and the rest of GR becomes a strand embedded in the Hsp70Csgp-g substrate
binding pocket (Fig. 4a-d, Extended Data Fig. 8d,9d, Supplementary Fig. 9a,b,10d-f).
Thus, GR is partially unfolded and threaded through the Hsp90 lumen, reminiscent of
how the CDK4 kinase was unfolded (Verba et al., 2016) by the fully closed Hsp90ATP.
To test this unexpected client:cochaperone interaction, we substituted Hop©®®'2 in
Hopor2 which is close to, but not directly interacting with, the GR helix with the photo-
reactive unnatural amino acid p-benzoyl-phenylalanine (Extended Data Fig. 8d). In
support of our structure, GR and Hop become photo-crosslinked (Extended Data Fig.
8a,b). Additionally, mutations of a Hopop2 residue (Hop508 (L5353 inyeast, Sti1)) jn the
hydrophobic palm that directly interacts with GR (Fig. 3d, Extended Data Fig. 8e)
decrease yeast viability (Extended Data Fig. 8g), and completely abrogated GR
(Schmid et al., 2012) and v-Src function (Extended Data Fig. 8h) in vivo. These data
indicate that client binding to Hopoe2 is crucial for both general cellular functions and
protein maturation across different client systems.

Which GR segment is captured in the loading complex lumen? The GR
maturation complex structure unambiguously demonstrates that GR’s pre-Helix 1 region
(GR517-533 GRpre-Helix 1) is gripped in the closed Hsp90 lumen (Noddings et al., 2022).
Reexamination of previous Hsp70-GR HDX-MS data (Kirschke et al., 2014 ) reveals that
only GRpre-Helix 1 becomes protected upon Hsp70 binding (Extended Data Fig. 9a,b) and
GRpre-Helix 1 also contains high-scoring predicted Hsp70 binding sites (GR318-524,

Extended Data Fig. 9a), strongly supporting a model in which GRpre-Helix 1 iS captured by
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Hsp70 in the loading complex (Extended Data Fig. 9b-d). This was tested by
incorporating the photo-reactive crosslinker at two positions in the GRpre-Helix 1 Strand:
residues either before (GR®'") or after (GR®?’) the predicted Hsp70 binding site
(Extended Data Fig. 10a). As expected, at both positions, crosslinks between GR and
Hsp70 were formed in the loading complex (Extended Data Fig. 10b,c). In addition, both
positions were able to crosslink with Hop (Extended Data Fig. 10b,c), indicating it is
Hsp70C that the GRpre-Helix 1 Strand crosslinked with, rather than Hsp70S. Consistent
with our model, a previous optical-tweezer study (Suren et al., 2018) demonstrated that
GRHelix 1 is readily detached, correlating with ligand binding loss. Together, this indicates
that perturbations to GRHeiix 1 by Hsp70 or the loading complex leads to loss of GR
ligand binding.

Despite extensive 3D classifications, the main body of GR remained at low
resolution. Nonetheless, the Hsp90wmbs from each protomer and the Hsp90Bamphi-a
clearly contact GR (Extended Data Fig. 7b-d,f,g). Hsp90 residues previously found
(Bohen, 1995; Bohen & Yamamoto, 1993; Genest et al., 2013; Hawle et al., 2006;
Nathan & Lindquist, 1995) to impact GR maturation are highlighted in Fig. 4e. The
exposed Hsp90AW320.F349 directly contacts GR in both the loading complex (Fig. 4e,
Supplementary Fig. 7g), and the maturation complex (Noddings et al., 2022). Notably,
Hsp9Q'W320 (W300in yHsp82) j5 an important binding residue exploited by both clients and
cochaperones. Not only does it interact with GR and Hoporz (Fig. 3d), but also with
another cochaperone Aha1 (Liu et al., 2020). Supporting its broad functional

importance, numerous studies have reported deleterious effects of Hsp90AW320
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mutations on GR activation (Hawle et al., 2006; Rutz et al., 2018) and yeast growth

(Flynn et al., 2020).

Discussion

Our client-loading complex structure provides the first view of how Hsp70, Hsp90
and Hop work together to chaperone a client. Several features were unexpected: 1) two
Hsp70s bind the Hsp90 dimer, one delivers client and the second scaffolds Hop. 2) Hop
interacts extensively with all components, including GR, going well beyond the
anticipated TPR-EEVD interactions. 3) Together Hop:Hsp90 and Hsp70:Hsp90
interactions define the Hsp90 conformation poising it for both client binding, and
ultimately for ATP hydrolysis and client activation. 4) Hsp90 repurposes one side of its
client-binding sites to bind Hoporz, which in turn augments the Hsp90 lumenal client-
binding site, facilitating client-loading from Hsp70 (Fig. 4a).

The loading complex provides an extraordinarily extended client-binding pocket,
with a large and very adaptable surface for client recognition (Fig. 3b and Extended
Data Fig. 7b-d): (1) Hsp70 binds a hydrophobic strand, (2) Hopop2 binds a
hydrophobic/amphipathic helix, (3) the remaining part of the Hsp90Aamphi-« provides
polar interactions, (4) the Hsp90Bamphi-a provides a hydrophobic surface, and (5) the
Hsp90A/B lumen provides a combination of hydrophobic and polar interactions. Not only
is the loading complex lumen spacious enough to bind a strand (as shown here) or
intact helix (Supplementary Fig. 7c), but the flexible positioning of the Hsp70Cssp and
the dynamic, adaptable conformation of the Hsp90amphi-« allow even broader flexibility for

client recognition (Fig. 4b,5a).
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Our structural insights reveal the molecular mechanism of GR inhibition in the
chaperone cycle (Fig. 1a), allowing us to propose the following pathway for loading
complex formation (Fig. 4b): Hsp70C captures the flexible GRpre-Heiix 1, causing the
following dynamic helix-strand motif to detach, thereby destabilizing the GR ligand-
binding pocket (Extended Data Fig. 9b,c). Hsp70C then delivers the partially unfolded
GR to Hop:Hsp70S:Hsp90. In the resultant loading complex, GR is further unfolded via
engagement of GRHelix 1's LXXLL motif with Hoppor2 and the GRpost-Heiix 1 Strand with the
Hsp90 lumen (Fig. 3b,d and Extended Data Fig. 8e), suppressing any possible ligand
binding. The rest of GR remains globular and is only loosely associated with the distal
surface of Hsp90.

How does the loading complex progress to the maturation complex—a process
requiring Hsp90 ATP hydrolysis and release of Hop and both Hsp70s? The one-Hsp70
loading complex (Extended Data Fig. 3d,e) suggests that the process is asymmetric and
sequential, with the loss of Hsp70C occurring first, while asymmetric Hsp90 ATP
hydrolysis drives the release of the more tightly engaged Hsp70S-Hop. Schematically
shown in Fig. 4b, we propose that a combination of Hsp90’s ATP binding and NEF
activities promotes Hsp70C to hand off GR and exit the complex. This leaves GR
engaged with Hopopr2 and the Hsp90 lumen, minimizing reformation of an Hsp70:GR
complex or premature release. Lastly, as discussed in detail in Noddings et al. 2022, the
conversion of the semi-closed Hsp90 in the loading complex to the fully closed
Hsp90ATP in the maturation complex may serve as a driving force for client remodeling

and hence activation (Extended Data Fig. 3b,c).
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GR uses a generalized chaperone (Hsp70) and cochaperone (Hop) for loading
onto Hsp90 clients, making the principles learned here broadly applicable to other
clients. Indeed, in this report, we show that the two most studied model clients, GR and
v-Src, seemingly share a similar client-loading mechanism for their maturation
(Extended Data Fig. 6j,8h). Although Hop is absent in bacteria and organellar
compartments, Hsp70s are ubiquitously present and the client-binding provided by
Hopor2 is likely substituted by the Hsp90amphi-a. While most, if not all, proteins engage
with Hsp70 at least during initial folding, only a subset are Hsp90 clients. Ultimately,
client properties must dictate this selectivity. Rather than an overall client property such
as stability, our loading complex structure suggests a more nuanced balance of three
effects: 1) the probability of partial unfolding fluctuations in the client, 2) the ability of
Hsp70 to capture a transiently exposed site, and 3) the likelihood that further unfolding
events would uncover adjacent client regions that can be captured by Hoppp2/Hsp90.
Experiments to test these general principles can now be designed to predict and identify

potential Hsp90/Hsp70 clients.
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Electron Microscopy Data Bank (EMDB) and the Protein Data Bank (PDB). The
accession codes for the GR-loading complex are EMD-23050 and 7KW?7. Focused
maps used for model refinements were also deposited with accession codes denoted in
Extended Data Table 2 (EMD-23051, EMD-23053, EMD-23054, EMD-23055, EMD-

23056).
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Fig. 2.1: Overview of the GR-loading complex and molecular basis of
Hsp90:Hsp70 interactions

a, GR ligand-binding activity is regulated by molecular chaperones in a constant cycle of
inactivation and activation. b,c, Front (b) and back (c) views of a composite cryo-EM
map and the atomic model of the GR-loading complex. Densities of Hsp70CSBD and
the globular C-terminal GR are taken from the 10A low-pass-filtered map of the high-
resolution reconstruction of the full complex. The subunit color code is used throughout.
d-f, Hsp90:Hsp70 interactions without the aid of Hop (Hsp90A:Hsp70C) are composed
with Interface | (purple rectangle (e)) and Interface Il (green rectangle (f)). In the close-
up views of the two interfaces (e,f), transparent surface and stick representations are
shown for residues involved in the interactions, and dashed lines depict the network of
polar interactions involved.
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Fig. 2.2: Hop interacts intimately with all components in the loading complex

a, Hop, shown in ribbon representation while the other components are shown in
surface representation, uses HopTPR2A to interact with Hsp70S (green rectangle) and
HopDP2 to interacts with both Hsp90 protomers, Hsp70CSBD and a portion of GR (red
rectangle), beyond the Hsp90/Hsp70 EEVD binding. b, Close-up view of the novel
Hop:Hsp70 interface. HopY296 inserts into a cavity on Hsp70SNBD-IIA (transparent
surface representation). Dashed lines depict polar interactions. ¢, A 90-degree rotation
from the bottom view in (a) with ribbon model. d, HopDP2 uses surface-exposed
hydrophobic residues, shown in sticks, to interact with Hsp90Aamphi-a (shown with
transparent surface and with hydrophobic residues in sticks) and Hsp90BW320,F349.
HopDP2 is loosely packed with many hydrophobic residues exposed in the “palm”
(black circle) of the “hand”. Note the GR-binding to HopDP2 is not shown here.
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Fig. 2.3: GR is unfolded and threaded through Hsp90 lumen, binding HopDP2 and
Hsp70CSBD-

a, Close-up front view of the loading complex (shown in surface representation). GR,
shown in the ribbon model, is partially unfolded, with the N-terminal residues
simultaneously gripped by Hsp70CSBD-3 and HopDP2, and is threaded through the
semi-closed lumen of Hsp90. The remaining GR is at the other side of the loading
complex; the ribbon model shown for the major body of GR is a modeling result from
docking the GR crystal structure to the low-pass-filtered GR density. b, Top-to-bottom
view of GR recognition via an extended client-binding pocket collectively formed by
Hsp70CSBD-3, HopDP2, and Hsp90A/Bamphi-as in ribbon representation. The N-
terminal residues of GR (residues 517-533), which form a strand-helix-strand motif
(yellow), are captured in the loading complex. The molecular properties provided by the
individual binding pockets are color coded and labelled on the top panel (H and P
denote hydrophobic and polar interactions, respectively). ¢, Side view (see-through) of
the GR N-terminal motif captured by the loading complex. d, HopDP2, shown in surface
representation, binds the LXXLL motif of GRHelix1, in which the hydrophobic residues
of HopDP2 are colored with purple and those of GR are shown in sticks. e, Residues on
Hsp90 (surface representation) previously reported to be important for GR (transparent
yellow ribbon) activation are highlighted in red.
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Fig. 2.4: Schematic model of how Hsp70 loads GR onto Hsp90

a, The molecular principle of GR recognition at the client-loading step. b, Molecular
mechanism of GR transfer from Hsp70 to Hsp90 and the use of ATP hydrolysis on
Hsp90. GR in physiological conditions is in an equilibrium of active and inactive states,
in which the Helix 1 motif acts as a lid to stabilize ligand binding when attached.
Hsp70C (dark orange) in its ADP state (D) binds GRpre-Helix 1 strand, facilitating the
following motif to detach and hence inhibit GR (top-middle). Facilitated by HopDP2
recognizing the LXXLL motif on GR Helix 1, Hsp70C loads GR to Hsp90 (blue), forming
the client-loading complex (top-right). Although the structure was determined in an
Hsp90Apo state, we reason that in physiological conditions the high abundance of ATP
would soon occupy Hsp90’s ATP binding pockets (T). Hsp90’'s ATP binding and NEF
activity facilitate Hsp70C release (bottom-right). The energy from the ATP hydrolysis (D)
on Hsp90B (light blue) is used to release Hsp70S (light orange) and Hop (bottom-
middle), followed by full closure of Hsp90 toward the GR-maturation complex.
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Chapter 3 Structure of Hsp90-p23-GR reveals the Hsp90

client-remodeling mechanism

Preface

The work presented in this chapter resulted from a joint project with Dr. Ray
Wang, a former post-doctoral researcher in the Agard lab. The goal of this project was
to determine a cryo-EM structure of the GR-maturation complex (GR:Hsp90:p23) to
elucidate how Hsp90 remodels the conformation of GR to restore GR ligand-binding
after Hsp70 inhibition. As with the GR-loading complex project (Chaper 2), this project
builds from decades of work investigating the role of Hsp70, Hsp90, and cochaperones
in regulating the activity of GR and other SHRs (Pratt & Toft, 1997). In particular, we
sought to describe in atomic detail the chaperoning mechanism of Hsp90, by describing
how Hsp90 refolds GR after Hsp70 partially unfolds GR to inhibit ligand-binding, which
was first biochemically described in detail by Elaine Kirschke (Kirschke et al., 2014).

In this work, we determined the structure of the GR-maturation complex,
revealing Hsp90 refolds GR to a completely native conformation. Unexpectedly, the
native GR is further stabilized by a C-terminal helix on the structurally uncharacterized
tail of p23, demonstrating p23 directly contributes to GR folding maturation. Surprisingly,
the structure revealed that GR is also bound to ligand, indicating GR ligand-binding
occurs in the transition from the GR-loading complex to the GR-maturation complex,
and therefore, ligand-binding is directly coordinated by the chaperoning actions of

Hsp70 and Hsp90.
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The GR-loading complex (Chaper 2) (Wang et al., 2022) and GR-maturation
complex manuscripts were co-published and together these structures established the
first complete Hsp90 chaperone cycle for any client. These findings elucidated the
Hsp90 chaperoning mechanism in atomic and mechanistic detail. In this mechanism,
Hsp90 refolds GR by allowing segments of the partially unfolded client to slide through
the lumen of Hsp90 and refold onto the body of GR in a protected manner. The folded,
ligand-bound GR is extensively stabilized by Hsp90 and p23. Hsp90 also protects GR
from Hsp70 re-binding and re-inhibition by occluding the Hsp70 binding site. Thus, GR
is refolded and activated by Hsp90, aided by the cochaperone p23.

During this project, Dr. Ray Wang trained me in all aspects of biochemistry and
cryo-EM, including how to prepare and work with the in vitro reconstituted GR-
chaperone cycle. Jill Johnson (University of Idaho) performed in vivo experiments on

the role of the p23 tail-helix in GR activation.

Abstract

Hsp90 is a conserved and essential molecular chaperone responsible for the
folding and activation of hundreds of ‘client’ proteins (Schopf et al., 2017; Taipale et al.,
2010; Taipale et al., 2012). The glucocorticoid receptor (GR) is a model client that
constantly depends on Hsp90 for activity (Lorenz et al., 2014; Morishima et al., 2000;
Nathan & Lindquist, 1995; Picard et al., 1990; Pratt & Toft, 1997; Smith & Toft, 2008).
Previously, we revealed GR ligand binding is inhibited by Hsp70 and restored by Hsp90,
aided by the cochaperone p23 (Kirschke et al., 2014). However, a molecular

understanding of the chaperone-mediated remodeling that occurs between the inactive
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Hsp70:Hsp90 ‘client-loading complex’ and an activated Hsp90:p23 ‘client-maturation
complex’ is lacking for GR, or any client. Here, we present a 2.56A cryo-EM structure of
the GR-maturation complex (GR:Hsp90:p23), revealing that the GR ligand-binding
domain is, surprisingly, restored to a folded, ligand-bound conformation, while
simultaneously threaded through the Hsp90 lumen. Also, unexpectedly, p23 directly
stabilizes native GR using a previously unappreciated C-terminal helix, resulting in
enhanced ligand-binding. This is the highest resolution Hsp90 structure to date and the
first atomic resolution structure of a client bound to Hsp90 in a native conformation,
sharply contrasting with the unfolded kinase:Hsp90 structure (Verba et al., 2016). Thus,
aided by direct cochaperone:client interactions, Hsp90 can directly dictate client-specific
folding outcomes. Together with the GR-loading complex structure (Wang et al., 2022),
we present the molecular mechanism of chaperone-mediated GR remodeling,

establishing the first complete chaperone cycle for any client.

Introduction

Hsp90 is required for the functional maturation of ~10% of the eukaryotic
proteome, including signaling proteins such as GR, a steroid hormone receptor (SHR)
(Taipale et al., 2010; Taipale et al., 2012; Zhao et al., 2005). We previously uncovered
the biochemical basis for GR’s Hsp90 dependence using in vitro reconstitution starting
with an active GR ligand-binding domain (hereafter GR, for simplicity) (Kirschke et al.,
2014). We demonstrated that GR ligand binding is regulated by a cycle of
GR:chaperone complexes in which GR is first inhibited by Hsp70, then loaded onto

Hsp90:Hop (Hsp70/Hsp90 organizing protein) forming an inactive
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GR:Hsp90:Hsp70:Hop loading complex (Wang et al., 2022). Upon ATP hydrolysis on
Hsp90, Hsp70 and Hop are released, and p23 is incorporated to form an active
GR:Hsp90:p23 maturation complex, restoring GR ligand binding with enhanced affinity.
Progression through this cycle is coordinated by the ATPase activities of Hsp70 and
Hsp90, enabling large conformational rearrangements (Rosenzweig et al., 2019; Schopf
et al., 2017). Particularly, Hsp90 functions as a constitutive dimer that undergoes an
open-to-closed transition upon ATP binding and this conformational cycle is further
regulated by cochaperones (Krukenberg et al., 2011). The cochaperone p23 specifically
binds and stabilizes the closed Hsp90 conformation (Ali et al., 2006) and is required for
full reactivation of GR ligand binding in vitro (Kirschke et al., 2014) and proper GR
function in vivo (Sahasrabudhe et al., 2017).

While the Hsp90/Hsp70 chaperone systems are fundamental in maintaining
protein homeostasis and regulating numerous crucial cellular functions (Taipale et al.,
2010), the absence of client:chaperone structures has precluded a mechanistic
understanding of the remodeling process for GR, or any client. The kinase:Hsp90
structure (Verba et al., 2016) first revealed how Hsp90 can stabilize an inactive client,
but provided no insights to explain how Hsp90 can reactivate a client, such as GR.
Here, we report the high-resolution cryo-EM structure of the GR-maturation complex,
providing a long-awaited molecular mechanism for chaperone-mediated client

remodeling and activation.
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Results

Structure determination

The GR-maturation complex was prepared through in vitro reconstitution of the
GR chaperone cycle, where the MBP (maltose-binding protein)-GR ligand-binding
domain (LBD) was incubated with Hsp70, Hsp40, Hop, Hsp90, and p23, allowing GR to
progress through the chaperone cycle to reach the maturation complex (Materials and
Methods, Extended Data Fig. 1a-e). A 2.56A cryo-EM reconstruction of the maturation
complex was obtained (Fig. 1a; Extended Data Fig. 2a,b; Supplementary Table 1) using
RELION (Scheres, 2012) and atomic models were built in Rosetta (Wang et al., 2016)
starting from previously published atomic structures. The structure reveals a fully
closed, nucleotide-bound Hsp90 dimer (Hsp90A and B) (Extended Data Fig. 2c)
complexed with a single GR and a single p23, which occupy the same side of Hsp90

(Fig. 1a,b).

Hsp90 stabilizes GR in an active state

GR and Hsp90 have three major interfaces (Fig. 1c-e): (1) Hsp90 lumen:GRpre-
Helix 1; (2) Hsp90mpicTD:GRHelix 1, and (3) Hsp90mpictp: GRHelices 3, 4, and 9. In the first
interface, the N-terminal GRpre-Heiix 1 (GR®23-53") is threaded through the closed Hsp90
lumen (~735A2 buried surface area (BSA))(Fig. 1c). The Hsp90 lumen provides a mostly
hydrophobic ‘tunnel’ that captures GRypre-Heiix 1 (Fig. 1c; Extended Data Fig. 3a).
Specifically, two residues (GR2%1528) occupy hydrophobic binding pockets within the
Hsp90 lumen. The interaction is further stabilized by multiple hydrogen bonds from

Hsp90 to the backbone and side chains of GRpre-Helix 1 (Extended Data Fig. 3b). Interface
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2 is mainly comprised of the short GRreiix 1 (GR%32-539) packing up against the
amphipathic helical hairpin (Hsp90amphi) in the C-terminal domain of Hsp90B
(Hsp90BcTp) and GRHelices 8 and 9 interacting with Hsp90Bwmp/co (~488A2 BSA)(Fig. 1d,
Extended Data Fig. 3c). In interface 3, the Hsp90Bamphi-a packs against GRreiix 3 and the
conserved, solvent exposed hydrophobic residues Hsp90%W320.F349 '|ocated in the middle
domain of Hsp90A (Hsp90Awp), make contact with GRHelices 4 and 9 (~467A2 BSA)(Fig. 1e,
Extended Data Fig. 3d). Notably, Hsp90'"320.F349 glso make contact with GR in the
loading complex (Wang et al., 2022) and Hsp90"32° is critical for client activation in vivo
(Hawle et al., 2006; Meyer et al., 2003; Rutz et al., 2018).

Surprisingly, in the maturation complex, despite being bound to Hsp90, GR
adopts an active, folded conformation (Ca. RMSD of 1.24A to crystal structure Protein
Data Bank (PDB) ID 1M2Z (Bledsoe et al., 2002)). Specifically, GRHeiix 12, @ dynamic
motif responsive to ligand binding, is in the agonist-bound position, as in the crystal
structure (PDB ID 1M2Z) (Extended Data Fig. 4a). Unlike the crystal structure, GRHelix 12
is not stabilized by a co-activator peptide, although co-activator peptide binding would
be sterically allowed (Extended Data Fig. 4b). Unexpectedly, the density also revealed
that GR is ligand-bound (Extended Data Fig. 4c). The only ligand source was the initial
GR purification with agonists, after which GR was extensively dialyzed, removing the
majority of ligand (Kirschke et al., 2014). During preparation of the maturation complex,
GR likely rebound residual ligand and despite multiple washes, the ligand remained
bound, suggesting a high affinity and slow ligand off-rate from the maturation complex.
Based on the ligand density and positions of GRY’3%, the bound ligand is likely

dexamethasone (Extended Data Fig. 4c). The native, ligand-bound GR LBD is known to
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dimerize for function (Bledsoe et al., 2002); however, in the GR-maturation complex,
while the putative dimerization interface is solvent accessible, the binding of a second

GR would clash with the Hsp90BcTp (Extended Data Fig. 4d).

p23 interacts directly with GR

The Hsp90:p23 interface is comparable to the crystal structure of the yeast
Hsp90:p23 complex (PDB ID 2CG9) (Ali et al., 2006), where p23 makes extensive
contacts with the N-terminal domains of Hsp90 (Hsp90ntDps) to stabilize the Hsp90
closed state (~1274A2 BSA)(Extended Data Fig. 5a-d). Only one p23 is bound to the
Hsp90 dimer, consistent with a previous report (Lorenz et al., 2014), although a 2-fold
excess of p23 was added during complex preparation and two p23 molecules are in the
yeast Hsp90:p23 structure (Ali et al., 2006). The slight asymmetry observed here
between the Hsp90ntp dimer interfaces (Extended Data Fig. 5e) combined with the
avidity afforded by simultaneous interactions with Hsp90 and GR likely provides a
molecular explanation.

Unexpectedly, p23 also makes direct and extensive contacts with GR (~702A2
BSA) through the early part (p23'%-133) of its ~58 residue C-terminal tail (p23103-160),
while the following 27 tail residues (p23134160) were not visible. As observed in the yeast
Hsp90:p23 crystal structure (PDB ID 2CG9), the beginning of the p23 tail
(p23F103.N104,W106) nteracts with the Hsp90Bnto (Extended Data Fig. 5¢). The following
loop (p23198-118) forms polar interactions with both GR and Hsp90 (Fig. 2a,c). Although
the tail was previously thought to be unstructured (Weikl et al., 1999), we found a 13-

residue helix (p23'19-131, p23tai-neiix) bound to GR (Fig. 2a,c; Extended Data Fig. 6a,b).
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This newly identified p23ti-heiix Was also predicted by multiple state-of-the-art secondary
structure prediction algorithms and AlphaFold v2.0 (Jumper et al., 2021) (Extended
Data Fig. 6d). Furthermore, a peptide corresponding to this region (p23'"8-131) was
previously found to have helical propensity (Seraphim et al., 2015) and an interaction
between p23'7-12” and GR has been suggested (Biebl et al., 2021). In the GR
maturation complex, the hydrophobic surface of the p23tai-heiix packs against an exposed
hydrophobic patch on the GR surface made by GRHelices 9 and 10 (Extended Data Fig.
6a,b). The p23ti-heiix also contacts the C-terminal strand of GR (GRM77%), potentially
allosterically stabilizing the dynamic GRweiix 12 (GR7%%-767) in the agonist-bound position
(Fig. 2c, Extended Data Fig. 6e).

Notably, in both p23 and GR, residues involved in this novel p23:GR interface are
conserved across vertebrates (Fig. 2b, Extended Data Fig. 6f). The GR hydrophobic
patch at the p23:GR interface is also conserved across SHRs, which are thought to
undergo similar regulation by Hsp90/Hsp70 (Extended Data Fig. 6¢) (Pratt & Tofft,

1997). Attesting to its importance beyond SHRs, the p23tai-heiix motif is conserved in
yeast, which lack SHRs (Extended Data Fig. 6f). Due to the high level of conservation of
the p23tail-helix and the hydrophobic patch on SHRs, we reasoned other proteins may
utilize a p23tail-helix -like motif to bind SHRs. Using ScanProsite (de Castro et al., 2006) to
search the human proteome for a p23tai-neiix -like motif (“FXXMMN?”), remarkably,
Nuclear Coactivator 3 (NCoA3/SRC-3), a canonical co-activator protein for SHRs, was
among the top 10 hits. The identified NCoA3 motif (ENSMMNQM) aligns with the p23tai-
helix Sequence (FSEMMNNM) and contains the key conserved hydrophobic residues that

interact with GR (Fig. 2a,c; Extended Data Fig. 6f). This suggests NCoA3 may use this
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newly identified motif to bind GR at the novel interface, in addition to the canonical

NCoA3 LXXLL motif:SHRHelix 12 interface (McKenna & O'Malley, 2002).

The p23tai-heiix potentiates GR

To quantitatively assess the importance of the p23:GR interface for the enhanced
ligand binding in the in vitro chaperone cycle, we compared full length p23 to two p23
tail mutants: p23'-133 (p23tail) and p23'-112 (p23aneiixatail) (Extended Data Fig. 7a). In both
mutants, critical Hsp90:p23 contacts were unperturbed. While p23ati had no significant
effect on the chaperone-mediated enhancement of ligand binding, p23aneiixatail abolished
the enhancement, reducing binding almost to GR alone levels (Fig. 2d, Extended Data
Fig. 7b). Thus, the observed chaperone-mediated ligand-binding enhancement is
dependent upon the p23tai-heiix. Importantly, p23aneiixatail did not reduce the GR ligand-
binding activity to the same extent as omitting p23, indicating the p23 core plays a
distinct and critical role in stabilizing the closed Hsp90 conformation in the maturation
complex. We also found p23 had no significant effect on GR ligand binding in vitro,
independent of the chaperone cycle (Extended Data Fig. 7c), although p23 has general
Hsp90-independent chaperoning properties (Freeman et al., 1996; Weaver et al., 2000;
Weikl et al., 1999).

To assess the importance of the p23taik-heiix in vivo, we tested the ability of human
p23 and the p23 tail mutants to rescue yeast growth defects due to the absence of Sba1
(yeast p23) in a strain expressing a sensitizing yeast Hsp90 mutant (Hsc82/°88A-M589A)
(Extended Data Fig. 7d). At 37°C, in the absence of SBA17 (sba), exogenous

expression of full-length human p23 and p23atwi rescued the sba? growth defect and, in
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fact, exhibited enhanced viability compared to exogenous expression of Sba1. The
enhanced viability is dependent on the p23tai-heiix, as pP23anelixatail abolished this
enhancement, indicating the p23tai-heiix is functionally important in vivo.

We also tested whether the p23tai-heiix is important for GR activity in vivo, given
that p23 can substitute for Sba1 in yeast GR transactivation assays (Bohen, 1998;
Freeman et al., 2000). We measured GR activity with exogenous expression of p23,
p23 tail mutants, or Sba1 (Extended Data Fig. 7e). All p23/Sba1 constructs showed
equivalent expression levels (Extended Data Fig. 7f) and expression of p23 significantly
enhanced GR activity relative to Sba1, consistent with a previous report (Freeman et al.,
2000). However, both p23ataitand p23anelixatail Significantly reduced GR activity
equivalently compared to p23. The effect of deleting the unstructured part of the p23 tail
(p23134-160) on GR activity in vivo may be related to p23-dependent regulation of GR
functions downstream of ligand binding (Freeman & Yamamoto, 2002), which may

dominate any effect of the p23tai-neix on GR activation in vivo.

Hsp90 lumen density in the absence of GR

From the same GR:Hsp90:p23 dataset, we also obtained reconstructions of
Hsp90:p23 (2.66A resolution) (Extended Data Fig. 8a,b) and MBP:Hsp90:p23 (3.63A
resolution) (Extended Data Fig. 9a,b), which both contain Hsp90 lumen density
(Extended Data Fig. 8c,d; 9d,e). In the MBP:Hsp90:p23 complex, one p23 with low
occupancy is bound to Hsp90 on the opposite side of MBP. Notably, MBP is partially
unfolded, as density for the two C-terminal helices is missing. The MBP C-terminal

region likely threads through Hsp90, accounting for the lumen density. The MBP is also
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in an apo state, consistent with the unfolding of the last two helices, which form part of

its binding pocket (Extended Data Fig. 9c).

Discussion

We present the first atomic resolution structure of a client bound to Hsp90 in a
native folded conformation, as well as the highest resolution structure of full-length
Hsp90 to date. In the maturation complex, GR simultaneously threads through the
closed Hsp90 lumen and adopts a native, ligand-bound conformation that is extensively
stabilized by both Hsp90 and the p23tai-heiix. The active, native GR in our complex
starkly contrasts with the only other structure of a closed Hsp90:client complex, which
stabilizes an unfolded kinase client (Verba et al., 2016). Both clients are threaded
through the closed Hsp90 lumen, suggesting a universal binding mode for Hsp90 clients
(Liu et al., 2020; Verba et al., 2016) (Extended Data Fig. 10a,b). Although the overall
Hsp90:client interactions are similar, the outcomes for folding and function of these two
clients are opposing, demonstrating evolutionarily determined, client-specific
conformational remodeling by Hsp90 (Extended Data Fig. 10c).

While previously thought to be a general cochaperone whose primary function is
to stabilize closed Hsp90, our structure reveals that p23 also makes extensive contacts
with GR through a previously unappreciated helix in the p23 tail. This p23tai-helix iS
necessary for the enhanced GR ligand-binding activity in vitro; thus, p23 not only serves
as a cochaperone to stabilize the closure of Hsp90, but also directly contributes to client
maturation. In support of this essential p23:GR interaction, the p23til-heix and GR

hydrophobic groove are well conserved, and a helix in the yeast p23 tail supports GR
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transactivation in vivo (Biebl et al., 2021). Furthermore, the hydrophobic groove is
conserved across SHRs, suggesting that the p23tai-neix contributes to Hsp90-dependent
chaperoning of all SHRs. Indeed, where examined, SHR activity has been dependent
on p23 (Sahasrabudhe et al., 2017) and the progesterone receptor (PR) requires the
p23 tail for chaperone-mediated ligand-binding activity (Weaver et al., 2000).
Intriguingly, NCoAS3 contains a p23tai-helix -like motif, suggesting other GR coregulators
may utilize this novel helix motif to bind the hydrophobic groove on GR and compete
with p23, potentially facilitating GR release. These findings support an emerging
paradigm in which Hsp90 cochaperones make specific, direct contact with Hsp90 clients
to aid in client recognition and function (Verba et al., 2016; Wang et al., 2022).
Together with the structure of the GR-loading complex (Wang et al., 2022), we
provide for the first time, a complete picture of the chaperone cycle for any client (Fig.
3b-d). These two structures reveal how GR is remodeled from a partially unfolded
conformation in the loading complex to an active, folded conformation in the maturation
complex. In the loading complex, GRpre-Helix 1 is captured by Hsp70, GRrelix 1 is stabilized
by Hop, and GRypost-Helix 1 is threaded through the semi-closed Hsp90 lumen. First, Hsp70
and Hop release from the loading complex, driven by Hsp90 ATP binding/hydrolysis
(Kirschke et al., 2014; Wang et al., 2022). Then, GRpre-Heiix 1 can slide into the Hsp90
lumen, allowing GRreiix 1 to refold onto the GR core, thereby generating a ligand binding
capable, native GR, stabilized by the p23tai-neiix (Fig. 3b,c). During this transition, Hsp90
twists to the p23-stabilized closed conformation, likely facilitating client sliding and
rearranging the client-binding site to fully enclose GRpre-Heiix 1 (Fig. 3a,b). Given that

GRureiix 1 is proposed to function as a lid over the ligand-binding pocket (Suren et al.,
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2018), ligand likely binds during the loading complex to maturation complex transition,
just as GRreiix 1 slides through the Hsp90 lumen to seal the ligand-binding pocket (Fig.
3c). The ligand-bound GR becomes protected from Hsp70 rebinding and re-inhibition
once it is in the maturation complex, allowing protected nuclear translocation (Czar et
al., 1997; Freeman & Yamamoto, 2002; Galigniana et al., 2001).

The proposed sliding mechanism may be a general theme for Hsp90'’s client
remodeling. Our two other reconstructions, Hsp90:p23 and MBP:Hsp90:p23, have
density in the Hsp90 lumen, suggesting Hsp90 has bound regions in our construct other
than GR. Given that GRreiix 1 slides through the Hsp90 lumen, it is possible that Hsp90
can act processively to remodel other client domains beyond the one initially engaged,
potentially explaining the other reconstructions. The mechanism of GRHelix 1 sliding
explains how Hsp90 can provide protected refolding of client domains as they exit the
lumen to become directly stabilized by cochaperones. How eukaryotes overcome the
folding challenges of large, multi-domain proteins remains unclear (Netzer & Hartl,
1997). While here we show how GR sliding through Hsp90 regulates GR function, more
generally, sliding could also ensure folding fidelity in multi-domain proteins by allowing
domains to fold independently on either side of the lumen or allowing misfolded/cross-

folded domains to be annealed.

74



Data availability

The cryo-EM maps generated in this study have been deposited in the Electron
Microscopy Data Bank (EMDB) under the accession codes EMD-23004
(GR:Hsp90:p23), EMD-23006 (Hsp90:p23), and EMD-23005 (MBP:Hsp90:p23). The
atomic coordinates have been deposited in the PDB under the accession code 7KRJ
(GR:Hsp90:p23). Publicly available PDB entries used in this study are: 5FWK, 1M2Z,
4P6X, 1EJF, 2CG9, 10MP, and 1ANF. The human p23 structure prediction is available
from AlphaFold v2.0 with the accession code P83868
(https://alphafold.ebi.ac.uk/entry/P83868). Protein sequence data for sequence
alignments are available from Uniprot (see Methods for accession codes). Source data

related to Fig. 2d and Extended Data Fig. 7b,c,e are provided with this paper.
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Figures

Fig. 3.1: Architecture of the GR-maturation complex

a, Composite cryo-EM map of the GR-maturation complex. Hsp90A (dark blue),
Hsp90B (light blue), GR (yellow), p23 (green). Color scheme is maintained throughout.
b, Atomic model in cartoon representation. ¢, Interface 1 of the Hsp90:GR interaction
depicting GRpre-Helix 1 (GR523-%31) threading through the Hsp90 lumen. Hsp90A/B are in
surface representation with hydrophobic residues colored in pink. d, Interface 2 of the
Hsp90:GR interaction depicting GRHeiix 1 (GR332-539) packing against the entrance to the
Hsp90 lumen. Hsp90A/B are in surface representation with hydrophobic residues
colored in pink. e, Interface 3 of the Hsp90:GR interaction depicting residues on the
Hsp90AwD loops (Hsp90AN318.W320,R346,F349) and Hsp90Bamphi-a (Hsp9OB T624,Y627.M628)
packing against GR (surface representation).
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Fig. 3.2: p23tail-heiix interactions and effect on GR ligand binding

a, Interface between the p23ti-neiix (green), GR (yellow, surface representation),
Hsp90A (dark blue), and Hsp90B (light blue). The p23tai-heiix (p23'1%-13") binds GR, while
the preceding p23 loop (p23'%8-118) interacts with GR and Hsp90. b, GR protein
sequence conservation mapped onto the GR surface colored from most variable (white)
to most conserved residues (maroon). The p23ti-heiix (green) is overlaid to indicate the
p23:GR interface. ¢, Interface between the p23ti-heiix, GR, and Hsp90 showing
interacting side chains and hydrogen bonds (dashed pink lines). d, Equilibrium binding
of 20nM fluorescent dexamethasone to 250nM GR with chaperones and p23 tail
mutants measured by fluorescence polarization (mean+SD). n=3 biologically
independent samples per condition (n=6 biologically independent samples for the GR
only condition). See Extended Data Fig. 8b for data points. Significance was evaluated
using a one-way ANOVA (F3,8) = 636.2; p < 0.0001) with post-hoc Dunnett’s test (n.s. P
>0.05;*P<0.05; " P<0.01; *™* P<0.001; *** P <0.0001). P-values: p(p23 vs.
p23Atail) = 0.1512, p(p23 vs. p23AhelixAtail) = 0.0002, p(p23 vs. no p23) = <0.0001.
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Fig. 3.3: Mechanism of GR activation by Hsp90

a, Surface representation of the Hsp90 dimer in the GR-loading complex'? versus the
GR-maturation complex, showing the Hsp90 conformational change. Hsp90A (dark
blue), Hsp90B (light blue). b, Top view of the loading complex (left) with GRHelix 1
extended through the Hsp90 lumen. Top view of the maturation complex (right) with
GRHelix 1 docked onto GR. Hsp70 (orange, transparent surface), Hop (pink, transparent
surface), Hsp90A (dark blue, surface representation), Hsp90B (light blue, surface
representation), GR (yellow), p23 (green, transparent surface). ¢, Schematic showing
the conformational change of GRHelix 1 from the loading complex to the maturation
complex. Boxes represent chaperone and cochaperone binding sites along the GRHelix 1
region (H=hydrophobic interface, P=polar interface). The GRpre-Helix 1 Strand is
highlighted (tan). Color scheme maintained from (b). d, Schematic of the GR
chaperone-dependent activation cycle. Ligand-bound, active GR (left) is aggregation
prone under physiological conditions. GR ligand binding is inhibited by Hsp70. Inactive
GR is loaded onto Hsp90, with Hop, to form the loading complex, where GRHeiix 1 is
extended through the Hsp90 lumen. Hsp70/Hop release and p23 binds to form the
maturation complex, where GRHelix 1 is redocked back onto the body of GR and ligand
binding is restored.
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Extended Data Figures and Tables
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Extended Data Fig. 3.1: Sample Preparation

a, Coomassie-stained raw, uncropped SDS-PAGE (4-12% acrylamide gel) with elution
from the MBP-GR pulldown from the in vitro reconstituted GR chaperone cycle. Assay
conditions are as follows- Lane 1: 5 uM MBP-GR only; Lane 2-5: 5 uM MBP-GR, 2 uM
Hsp40, 5 uM Hsp70, 5 uM Hop, 15 uM Hsp90, 15 uM Bag-1, 30 uM p23, 5 mM ATP.
Lane 2: no Molybdate addition, Lane 3: addition of 20mM Molybdate, Lane 4: addition of
20 mM Molybdate after 1 hour pre-incubation (see Methods) b, Shodex KW-804 size
exclusion chromatography profile of the GR-maturation complex purified by MBP-GR
pulldown from the reconstituted GR chaperone cycle. mAU=milli-absorbance units. c,
Coomassie-stained raw, uncropped SDS-PAGE (4-12% acrylamide gel) of the fractions
from size exclusion chromatography. Colors indicate which gel lanes correspond to
specific regions of the size exclusion chromatography profile. Sample fractions from the
region highlighted in purple were collected and used for cryo-EM data collection. This
experiment was repeated 4 independent times with similar results. d, Representative
electron micrograph for the cryo-EM dataset (-2.32 um defocus). A total of 5608
micrographs were obtained. Scale bar is 20nm. e, Domain organization of the proteins
in the GR-maturation complex.
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Extended Data Fig. 3.2: Cryo-EM Data Analysis

a, Cryo-EM data processing procedure with 3D reconstructions colored by local
resolution. b, Gold-standard Fourier shell correlation (FSC) curves of the 3D
reconstructions. The black dashed lines intercept the y-axis at an FSC value of 0.143.
For the GR:Hsp90:p23 reconstruction, the map-model FSC is plotted in blue, with the
blue dashed line intercepting the y-axis at an FSC value of 0.5. ¢, GR maturation
complex map density with atomic model showing ATP-magnesium density in both
Hsp90 protomers (Hsp90A/B). Bottom images show increased contour level on the map
density to indicate that the ATP y-phosphate position has much stronger density relative
to the o and B-phosphates, likely corresponding to molybdate, which may act as a y-
phosphate analog (see Methods).
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Extended Data Fig. 3.3: Hsp90:GR Interfaces

Atomic model of the maturation complex with Hsp90A (dark blue), Hsp90B (light blue),
GR (yellow). a, View of the GRpre-helix 1 strand threaded through the Hsp90 lumen and
GR helices 1 and 3 packing against the entrance to the Hsp90 lumen. Side chains on
GR in contact with Hsp90 are shown. Hsp90A/B are in surface representation.
Hydrophobic residues on Hsp90 are colored in pink. b, Interface 1 of the Hsp90:GR
interaction depicting the GRpre-Helix 1 region (GR523-%31) threading through the Hsp90
lumen. Side chains in contact between GR and Hsp90 are shown, along with hydrogen
bonds (dashed pink lines). ¢, Interface 2 of the Hsp90:GR interaction depicting GRHelix 1
(GR5325%) packing against Hsp90B. Side chains in contact between GR and Hsp90 are
shown, along with hydrogen bonds (dashed pink lines). d, Interface 3 of the Hsp90:GR
interaction depicting residues on the Hsp90Awb loops (Hsp90AN318:W320,F349,R346) gng
Hsp90Bamphi-a (Hsp90BT624.Y627.M628) hacking against GR. Side chains in contact between
GR and Hsp90 are shown, along with hydrogen bonds (dashed pink lines).
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Extended Data Fig. 3.4: GR is in a Native, Ligand-Bound State in the Maturation
Complex

a, Atomic model of GR from the maturation complex (yellow) compared with GR from
the crystal structure (PDB ID 1M22) (light pink) with co-activator peptide NCoA2
(purple) and ligand (pink). GRHelix 12 is indicated. b, GR-maturation complex atomic
model in surface representation with the co-activator peptide NCoA2 (purple) docked
based on the GR:NCo0AZ2 crystal structure (PDB ID M2Z). The NCoA2 peptide binding
interface is available and the bound NCoA2 peptide does not clash with Hsp90. Hsp90A
(dark blue), Hsp90B (light blue), GR (yellow), p23 (green). ¢, GR maturation complex
map density (sharpened with B factor -40) with either the dexamethasone-bound crystal
structure docked (left panel, PDB ID 1M2Z) or the cortisol-bound crystal structure
docked (right panel, PDB ID 4P6X) into the GR map density. In the top images, the
ligand density is shown with the agonist dexamethasone (left) or the agonist cortisol
(right) from the docked crystal structures. Arrow indicates the extra carbon atom in
dexamethasone compared to cortisol. In the bottom images, density for GRY"3% is shown
with either the dexamethasone-bound crystal structure docked (left) or the cortisol-
bound crystal structure docked (right). d, GR-maturation complex atomic model in
surface representation depicting the GR LBD dimerization interface. Hsp90A (dark
blue), Hsp90B (light blue), GR (yellow), p23 (green). Left, the GR LBD dimerization
interface is highlighted (light pink). Right, while the dimerization interface is solvent
accessible in the GR-maturation complex, the binding of a second GR LBD (light pink)
clashes with the Hsp90B CTD. The dimerization interface is based on the GR LBD
dimer crystal structure (PDB ID 1M22).
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Extended Data Fig. 3.5: Hsp90:p23 Interfaces

a, Atomic model of the maturation complex with Hsp90A (dark blue), Hsp90B (light
blue), GR (yellow), p23 (green). b, Interface 1 of the Hsp90:p23 interaction depicting
Hsp90B interacting with one side of the p23 core. Side chains in contact between p23
and Hsp90B are shown, along with hydrogen bonds (dashed pink lines). ¢, Interface 2
of the Hsp90:p23 interaction depicting Hsp90B interacting with the base of the p23 core.
Side chains in contact between p23 and Hsp90B are shown, along with hydrogen bonds
(dashed pink lines). d, Interface 3 of the Hsp90:p23 interaction depicting Hsp90A
interacting with the side of the p23 core. Side chains in contact between p23 and Hsp90
are shown, along with hydrogen bonds (dashed pink lines). e, Atomic model of a
symmetric Hsp90 dimer (orange) compared with Hsp90 from the maturation complex
atomic model, indicating a slight asymmetry in the Hsp90 dimer interface in the
maturation complex. Hsp90A (dark blue), Hsp90B (light blue), p23 (green).
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Extended Data Fig. 3.6: The p23tail-helix:GR Interface

a, Focused map of GR:p23tai-heix showing density for the p23 tail with the atomic model
built in. GR (yellow), p23 (green). b, Interface between the p23tai-heiix (green) and GR
(colored by hydrophobicity, surface representation) showing that the p23tai-heiix binds to
a hydrophobic patch on GR. p23 side chains interacting with GR are shown. c,
Sequence identity across human steroid hormone receptors (GR, mineralocorticoid
receptor, androgen receptor, progesterone receptor, estrogen receptor o and ) plotted
onto the GR structure. The p23i-heiix (light green) was overlaid to indicate the p23:GR
interface. d, Secondary structure predictions for human p23 from three different servers.
Porter 4.0 (orange), RaptorX (blue), Psipred (purple), AlphaFold v2.0 (pink). The p23tail-
helix from the maturation complex atomic model is shown with the top green line. e,
Atomic model of GR (yellow) and p23 (green) from the maturation complex highlighting
the interaction between the p23taitnelix and the GR C-terminus, which connects to GRHeiix
12. f, Sequence alignment of eukaryotic p23 showing conservation of the p23tail-helix
sequence. The p23tai-heiix from the maturation complex atomic model is shown with the
top green line. The bottom aligned sequence is the p23tai-neiix -like motif identified in
NCoA3 using the ScanProsite server. Red boxes on the S. cerevisiae p23 sequence
indicate predicted helices from the PsiPred server. The alignment is colored according
to the ClustalW convention.
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Extended Data Fig. 3.7: Effect of p23 Tail Mutants on GR Activity and Cell Survival
a, Depiction of the two p23 tail mutants used in the GR activity assays. b, Individual
data points corresponding to Fig. 2d. Equilibrium binding of 20 nM fluorescent
dexamethasone to 250 nM GR with chaperones and p23 tail mutants measured by
fluorescence polarization (mean+SD). n=3 biologically independent samples per
condition (n=6 biologically independent samples for the GR only condition). Significance
was evaluated using a one-way ANOVA (F,8) = 636.2; p < 0.0001) with post-hoc
Dunnett’s multiple comparisons test (n.s. P =2 0.05; * P <0.05; ** P <0.01; *** P < 0.001;
**** P <0.0001). P-values: p(p23 vs. p23Atail) = 0.1512, p(p23 vs. p23AhelixAtail) =
0.0002, p(p23 vs. no p23) = <0.0001. ¢, Equilibrium binding of 20 nM fluorescent
dexamethasone to 250 nM GR with addition of 15 uM p23 or p23 tail mutants measured
by fluorescence polarization (mean+SD). n=7 biologically independent samples per
condition (n=6 biologically independent samples for the GR + p23Atail condition).
Fluorescence polarization values are baseline subtracted in accordance with the
measured fluorescent dexamethasone baseline polarization value. There were no
statistically significant differences between group means as determined by a one-way
ANOVA (F@,23) = 1.708; p=0.1933). d, Yeast survival assay with human p23 or p23 tail
mutants. Top panels: hsc82hsp824 yeast expressing Hsc82 1588A-M589A exhibit a
growth defect at 37°C in the presence of SBAT and enhanced defects in cells lacking
SBA1 (sbat). Bottom panels: Growth is restored by addition of human p23, although
p23AhelixAtail exhibits reproducibly reduced growth relative to p23 or p23Atail. e, GR
activation assay in wild-type yeast strain JJ762 expressing p23, p23 mutants, or Sba1 in
addition to wild-type amounts of Sba1 from the native promoter. The fold increase in GR
activities compared to the empty vector (e.v.) control are shown (mean+SD). n=18
biologically independent samples per condition (10 independent samples for the +Sba1
condition). Significance was evaluated using a one-way ANOVA (F@4,77)=7.077; p <
0.0001) with post-hoc Sidak’s multiple comparisons test (n.s. P = 0.05; * P < 0.05; ** P <
0.01; ** P <0.001). P-values: p(e.v. vs. p23) = 0.0001, p(p23 vs p23Atail) = 0.0164,
p(p23 vs. p23AhelixAtail) = 0.0021, p(p23 vs. Sba1) = 0.0002, p(p23Atail vs.
p23AhelixAtail) = 0.9721. f, Expression of human p23 or p23 tail mutants in wild-type
yeast strain JJ762 assayed by immunoblot with polyclonal antisera raised against Sba1
or human p23.
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Extended Data Fig. 3.8: Hsp90:p23 Complex

a, Cryo-EM density map of the Hsp90:p23 complex. Hsp90A (dark blue), Hsp90B (light
blue), p23 (green). This color scheme is maintained in all figures that show the
structure. b, Atomic model of Hsp90 and p23 from the GR-maturation complex docked
into the Hsp90:p23 map density. ¢, Top view of the Hsp90:p23 complex density map
with clipping plane to show unidentified density (gray) through the Hsp90 lumen. d,
Cartoon representation of the Hsp90:p23 complex illustrating that MBP and GR LBD are
not present in the map density (represented by a gray box).
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Extended Data Fig. 3.9: MBP:Hsp90:p23 Complex

a, Cryo-EM density map of the MBP:Hsp90:p23 complex. Far right image shows the
density map lowpass-filtered to 8A. Hsp90A (dark blue), Hsp90B (light blue), p23
(green), MBP (orange). This color scheme is maintained throughout. b, Apo MBP
crystal structure (PDB ID 10OMP) and atomic model of Hsp90 and p23 from the GR-
maturation complex docked into the MBP:Hsp90:p23 map density. Note the missing
density for the two MBP C-terminal helices. Far right image shows the density map
lowpass-filtered to 8A. ¢, Maltose-bound MBP crystal structure (PDB ID 1ANF) docked
into the MBP:Hsp90:p23 map density. MBP (orange), maltose (pink). d, Top view of the
MBP:Hsp90:p23 complex density map with clipping plane to show unidentified density
(gray) through the Hsp90 lumen. e, Cartoon representation of the MBP:Hsp90:p23
complex illustrating the GR LBD is not present in the map density (represented by a
gray box).
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Extended Data Fig. 3.10: Comparison of the GR-Maturation Complex with the
Hsp90:Kinase Complex

a, Structure of Hsp90 bound to an unfolded kinase client (PDB ID 5FWK) with a strand
of the kinase client threaded through the Hsp90 lumen. The two hydrophobic residues
on the kinase (Cdk4Y8%V92) that occupy the Hsp90 hydrophobic pockets are displayed.
In the GR-maturation complex, two hydrophobic residues on GR (GR%25528) occupy
the Hsp90 hydrophobic pockets, demonstrating a conserved client binding mode.
Hsp90A (dark blue, surface representation), Hsp90B (light blue, surface representation),
Cdk4 kinase (purple). Hydrophobic residues on Hsp90 are colored in pink. b, Structure
of Hsp90 bound to an unfolded kinase client (PDB ID 5FWK) depicting Hsp90AF341
(Hsp90 isoform ) and Hsp90Bamphi-« packing against the kinase. In the GR-maturation
complex, the corresponding residue Hsp90AF34° (Hsp90 isoform o) and the Hsp90Bamphi-
aalso pack against GR, demonstrating a conserved Hsp90:client binding interface.
Hsp90A (dark blue), Hsp90B (light blue), Cdk4 kinase (purple, surface representation).
¢, Top, atomic models of the GR-maturation complex and Hsp90:kinase complex
showing that both clients thread through the closed Hsp90 lumen. Hsp90A (dark blue,
surface representation), Hsp90B (light blue, surface representation), GR (yellow), Cdk4
kinase (purple). Bottom, schematics demonstrating that both clients thread through the
mostly hydrophobic Hsp90 lumen, but have different folding outcomes (H=hydrophobic
interface).
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Supplementary Table 3.1: Cryo-EM data collection, refinement and validation
statistics

GR:Hsp90:p23
(EMDB-23004)

Hsp90:p23

(EMDB-23006)

MBP:Hsp90:p23
(EMDB-23005)

(PDB 7KRJ)

Data collection and processing
Magnification 105,000 105,000 105,000
Voltage (kV) 300 300 300
Electron exposure (e—/A?) 60 60 60
Defocus range (um) 0.8-2.0 0.8-2.0 0.8-2.0
Pixel size (A) 0.835 0.835 0.835
Symmetry imposed C1 C1 C1
Initial particle images (no.) 6,062,152 6,062,152 6,062,152
Final particle images (no.) 140,217 454,385 31,566
Map resolution (A) 2.56 2.66 3.63

FSC threshold 0.143 0.143 0.143
Map resolution range (A) 2.4-3.6 2.5-3.5 3.4-6.9

Refinement
Initial model used (PDB code)
Model resolution (A)
FSC threshold
Map sharpening B factor (A2)
Model composition
Non-hydrogen atoms
Protein residue atoms
Ligand atoms
Mean B factors [min-max] (A2)
Protein
Ligand
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Validation
MolProbity score
Clashscore
Poor rotamers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

S5FWK, 1M2Z, 1EJF
2.98

0.5

-32

13460
13368
92

76.2 [38.3-238.7]
57.6 [26.5-119.7]

0.0261
1.81

0.67
0.48
0.07

97.98
1.90
0.12
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Methods

Data analysis and figure preparation
Figures were created using UCSF Chimera v.1.14 (Pettersen et al., 2004) and
UCSF ChimeraX v0.94 (Goddard et al., 2018). GR ligand binding data was analyzed

using Prism v.9.1.1 (GraphPad).

Protein expression and purification

Human Hsp90a, Hsp70 (Hsp70A1A), Hop, p23, p23atai (1-133), p23anelixatail (1-
112), and yeast Ydj1 (Hsp40) were expressed in the pET151 bacterial expression
plasmid with a cleavable N-terminal, 6x-His tag. Human Bag-1 isoform 4 (116-345) was
expressed in a pET28a vector with a cleavable N-terminal, 6x-His tag. Proteins were
expressed and purified by the following procedure. Proteins were expressed in E. coli
BL21 star (DE3) strain. Cells were grown in either LB or TB at 37°C until ODsoo reached
0.6-0.8 and then induced with 0.5 mM IPTG overnight at 16°C. Cells were harvested
and lysed in 50 mM Potassium Phosphate pH 8, 500 mM KCI, 10 mM imidazole pH 8,
10% glycerol, 6 mM BME, and Roche cOmplete, mini protease inhibitor cocktail using
an EmulsiFlex-C3 (Avestin). Lysate was centrifuged and the soluble fraction was affinity
purified by gravity column with Ni-NTA affinity resin (QIAGEN). The protein was eluted
with 30 mM Tris pH 8, 50 mM KCI, 250 mM imidazole pH 8, and 6 mM BME. For Hsp90,
Hsp70, and Ydj1, an extra wash step with 0.1% Tween20 and 2 mM ATP/MgCl2 was
added to the Ni-NTA resin before eluting. The 6x-His tag was removed with TEV

protease during the following overnight dialysis in 30 mM Tris pH 8, 50 mM KCI, and 6
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mM BME. Cleaved protein was then loaded onto an ion exchange column, MonoQ
10/100 GL (GE Healthcare), with 30 mM Tris pH 8, 50 mM KCI, and 6 mM BME and
eluted with a linear gradient of 50-500 mM KCI. Protein was further purified by size
exclusion in 30 mM HEPES pH 7.5, 50 mM KCI, 10% glycerol, 1-2 mM DTT using a
HiLoad 16/60 Superdex 200 (GE Healthcare) or Hi Load 16/60 Superdex 75 (GE
Healthcare). For Hsp70, each peak from ion exchange was collected separately and
purified by size exclusion in 30 mM HEPES pH 7.5, 100 mM KCI, 10% glycerol, 4 mM
DTT, where only the monomeric peak was then collected. Protein was concentrated,

flash frozen, and stored at -80°C.

GR LBD expression and purification

For GR, the ligand binding domain (LBD) (F602S) (520-777) was codon
optimized and expressed in the pMAL-c3X derivative with an N-terminal cleavable 6x-
His-MBP tag. GR LBD was expressed and purified as previously described (Kirschke et

al., 2014).

GR-maturation complex sample preparation

The GR chaperone cycle was reconstituted in vitro with purified components as
previously described (Kirschke et al., 2014). Buffer conditions were 30 mM HEPES pH
8, 50 mM KCl, 0.05% Tween20, and 2 mM TCEP. Proteins and reagents were added at
the following concentration: 5 uM MBP-GR LBD, 2 uM Hsp40, 5 uM Hsp70, 5 uM Hop,
15 uM Hsp90, 15 uM p23, 5 mM ATP/MgCl2. This reaction was incubated at room

temperature for 60 minutes, then 15 uM p23, 15 uM Bag-1, and 20 mM sodium
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molybdate (used to stabilize the closed conformation of Hsp90 (Csermely et al., 1993;
Johnson & Toft, 1995; Verba et al., 2016), likely by acting as a y-phosphate analog to
stabilize the post-ATP hydrolysis transition state of Hsp90 (Extended Data Fig. 2c))
were added, and the reaction was incubated at room temperature for another 30
minutes. Following incubation, amylose resin (New England Biolabs) was added to the
reactions in a 1:1 ratio and incubated at 4°C with nutation. Resin was then washed 4
times with wash buffer (30 mM HEPES pH 8, 50 mM KCI, 5 mM ATP/MgCl2, 0.05%
Tween20, 2 mM TCEP, 20 mM sodium molybdate) and eluted with 50 mM maltose in
elution buffer (30 mM HEPES pH 8, 50 mM KCI, 2 mM TCEP, 20 mM sodium
molybdate). The elution was analyzed by SDS-PAGE (4-12% acrylamide gel) (Extended
Data Fig. 1a). The elution was concentrated and purified by size exclusion using a
Shodex KW-804 on an Ettan LC (GE Healthcare) and fractions were analyzed by SDS-
PAGE (4-12% acrylamide gel) (Extended Data Fig. 1b,c). Fractions containing the full
complex were concentrated to ~2 uM. 2.5 uL of sample was applied to glow-discharged
QUANTIFOIL R1.2/1.3, 400-mesh, copper holey carbon grid (Quantifoil Micro Tools
GmbH) and plunge-frozen in liquid ethane using a Vitrobot Mark IV (FEI) with a blotting

time of 15 seconds, blotting force 3, at 10°C, and with 100% humidity.

Cryo-EM data acquisition

The images were collected on a FEI Titan Krios electron microscope (Thermo
Fisher Scientific) operating at 300kV using a K3 direct electron camera (Gatan) and
equipped with a Bioquantum energy filter (Gatan) set to a slit width of 20 eV (example

micrograph Extended Data Fig. 1d). Images were recorded at a nominal magnification
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of 105,000x, corresponding to a physical pixel size of 0.835A. A nominal defocus range
of 0.8 um —2.0 um underfocus was used. A total exposure of 5.9 seconds was used with
0.05 second subframes (117 total frames). The total accumulated electron dose was 60
electrons/A? and 0.5128 electrons/A2/frame. Data was acquired using SerialEM
software v.3.8-beta (Schorb et al., 2019).

A small dataset on the GR-maturation complex was collected before the larger
dataset described above. The smaller dataset was collected from the same GR-
maturation complex sample preparation concentrated to 1.2 uM with grids prepared in a
similar manner. Images were collected on a FEI Titan Krios electron microscope
(Thermo Fisher Scientific) operating at 300kV using a K3 direct electron camera
(Gatan). Images were recorded at a nominal magnification of 105,000x, corresponding
to a physical pixel size of 0.835A. A nominal defocus range of 0.8 um —2.0 pm
underfocus was used. A total exposure of 3.0 seconds was used with 0.0255 second

subframes (118 total frames). Data was acquired using SerialEM software.

Cryo-EM data processing

The smaller dataset consisted of ~1500 dose-fractionated image stacks, which
were motion corrected using UCSF MotionCor2 (Zheng et al., 2017) and analyzed with
RELION v.3.0.8 (Scheres, 2012). Motion corrected images without dose weighting were
used for contrast transfer function (CTF) estimation using CTFFIND v.4.1 (Rohou &
Grigorieff, 2015) and template-based particle picking was done with Gautomatch v.0.53
(http://Iwww.mrc-Imb.cam.ac.uk/kzhang/) with the Hsp90:p23 crystal structure (PDB ID:

2CG9) as a reference to select a total of 718,080 particles. Multiple rounds of 3D
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classification were performed with 2CG9 as a low-pass-filtered (40 A) initial model until
a medium-resolution (~8 A) GR:Hsp90:p23 reconstruction was obtained from 13,570
particles. This reconstruction was used as a reference for the larger dataset.

The larger dataset consisted of 5,608 dose-fractionated image stacks, which
were motion corrected using UCSF MotionCor2 and analyzed with RELION v.3.0.8.
Motion corrected images with dose weighting were used for contrast transfer function
(CTF) estimation using CTFFIND v.4.1 and reference-free particle picking was done
with RELION v.3.0.8 Laplacian-of-Gaussian auto-picking to select a total of 6,062,152
particles. The processing scheme is depicted in Extended Data Fig. 2a. An initial round
of three-dimensional (3D) classification was performed without symmetry using a
reference model from the previously collected smaller dataset (see above). The class
with clearly recognizable Hsp90 density was used for a second round of 3D
classification. In this second round, a class with only Hsp90:p23 density was obtained
(454,385 particles). This class was refined after per-particle CTF refinement and beam-
tilt correction in RELION to a nominal resolution of 2.66 A. Particles from two other
classes, which contained GR density, were combined (~1 million particles) for a third
round of 3D classification. After the third round of 3D classification, particles from
classes with the best GR density were then combined (~340,000 particles) and refined.
To improve the resolution of GR and the p23tai-helix, the particles were further classified
using focused classification with a mask including GR and the p23tai-heiix. The best
focused classes were combined (140,217 particles) and refined to a nominal resolution
of 2.56 A. Using the 2.56 A reconstruction, per-particle CTF and beam-tilt were refined

using RELION. Although the FSC showed slightly improvement over the pre-refined
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reconstruction at medium resolution range (5-10 A), the nominal resolution at 0.143
FSC remained unchanged. Nevertheless, we used the CTF/beam-tilt refined particles
for the following focused refinement on GR:p23tai-neiix and for the resulting
reconstructions used for model building. To further improve the resolution of GR and the
p23tail-helix for model building, these regions were refined using focused refinement with a
mask including GR and the p23tail-helix.

From the third round of 3D classification, particles from 3D classes with MBP
density were combined (~650,000 particles) and refined. To improve the resolution of
MBP, the particles were further classified using focused classification with a mask on
MBP. The best focused 3D classes were combined (31,556 particles) and refined to a
nominal resolution of 3.63 A after per-particle CTF refinement and beam-tilt correction in
RELION.

No ligand-free GR complexes were identified during image analysis, despite
many rounds of focused classification using masks of different sizes on GR at various
stages of data processing. Only classes with clear ligand density in the GR ligand
binding pocket were obtained, suggesting ligand-free GR is either too dynamic or
quickly released from the complex.

All final reconstructions were post-processed in RELION in which the nominal
resolution was determined by the gold standard Fourier shell correlation (FSC) using
the 0.143 criterion (Extended Data Fig. 2b). Maps were sharpened and filtered
automatically as determined by RELION according to an estimated overall map B-factor
and filtered to their estimated resolution. RELION was used to estimate the local

resolution of each map (Extended Data Fig. 2a). For GR:Hsp90:p23, a composite map
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was generated by combining the overall refinement map with the GR:p23 tail focused
refinement map using vop maximum in Chimera. Note that the composite map was only

used for presentation in Fig. 1a, but not used in atomic model building or refinement.

Model building and refinement

For the GR-maturation complex atomic model, the dexamethasone-bound
human GR crystal structure (PDB ID: 1M2Z) and the human p23 crystal structure (PDB
ID: 1EJF) were used as a starting model for model building. A homolog model of human
Hsp90a was derived from human Hsp90p from the Hsp90:Cdk4:Cdc37 cryo-EM
structure (PDB ID: 5FWK) with the sequence alignment (86% sequence identity)
obtained from HHpred server (Zimmermann et al., 2018) and this was also used as a
starting model for model building (Supplementary Table 1). Models were refined using
Rosetta v.3.11 throughout. Following the split map approach (Wang et al., 2016) to
prevent and monitor overfitting, the Rosetta iterative backbone rebuilding procedure
was used to refine models against one of the half maps obtained from RELION, with the
other half map only used for validations. The structurally uncharacterized p23tai-heiix Was
first de novo built into the focused map of GR:p23tai-heiix using RosettaCM (Song et al.,
2013) and then was further refined using the same Rosetta iterative backbone
rebuilding procedure. With a proper density weight obtained using the half maps, the
final model of the GR:Hsp90:p23 complex was refined against the full reconstruction
allowing only sidechain and small-scale backbone refinement. The final refinement
statistics are provided (Supplementary Table 1). For the Hsp90:p23 and

MBP:Hsp90:p23 cryo-EM maps (Extended Data Fig. 8a,b and Extended Data Fig.
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9a,b), the Hsp90:p23 atomic model from the GR-maturation complex was rigid-body
docked into the maps using Chimera. For MBP:Hsp90:p23, the apo MBP crystal
structure (Sharff et al., 1992) (PDB ID: 10MP) was rigid-body docked into the map
using Chimera. For Extended Data Fig. 9c, the maltose-bound MBP crystal structure
(Quiocho et al., 1997) (PDB ID: 1ANF) was rigid-body docked into the map for

comparison.

Fluorescence polarization assays

Fluorescence polarization of fluorescent dexamethasone (F-dex) (Thermo Fisher)
was measured on a SpectraMax M5 plate reader (Molecular Devices) with
excitation/emission wavelengths of 485/538 nm, temperature control set at 25°C. Buffer
conditions were 50 mM HEPES pH 8, 100 mM KCI, 2 mM DTT. For equilibrium ligand
binding in Fig. 2d and Extended Data Fig. 7b, proteins were pre-equilibrated together at
room temperature for 60 minutes prior to F-dex addition. Proteins and reagents were
added at the following concentration: 20 nM F-dex, 250 nM GR, 2 uM Hsp40, 15 uM
Hsp70, 15 uM Hsp90, 15 uM Hop, 15 uM p23 or p23 tail mutants, and 5 mM
ATP/MgCl2. Note that the dissociation constant (Kp) between GR and F-dex is ~150 nM
(Kirschke et al., 2014). Ligand binding was initiated with 20 nM F-dex and association
was measured until reaching equilibrium. For the GR control sample, 3 experiments
were done with a 1-hour room temperature preincubation of GR in the reaction buffer
and 3 experiments were done without a preincubation of GR to account for small effects
on equilibrium ligand binding from the preincubation. The plotted equilibrium values in

Fig. 2d and Extended Data Fig. 7b represent the mean of 3 biologically independent

106



samples (except the GR control reaction, which represents the mean of 6 biologically
independent samples), with error bars representing the standard deviation. Statistical
significance was evaluated by an ordinary one-way ANOVA with post-hoc Dunnett’'s
multiple comparisons test using Prism v.9.1.1 (GraphPad). For equilibrium ligand
binding in Extended Data Fig. 7c, proteins were pre-equilibrated together at room
temperature for 60 minutes prior to F-dex addition. Proteins and reagents were added at
the following concentration: 20 nM F-dex, 250 nM GR and 15 uM p23 or p23 tail
mutants. Ligand binding was initiated with 20 nM F-dex and association was measured
until reaching equilibrium. The plotted data points for each reaction represent 7
biologically independent samples (6 biologically independent samples for the GR +
p23Atail reaction) and polarization values were baseline subtracted in accordance with
the measured F-dex only baseline polarization value. Statistical significance was
evaluated by an ordinary one-way ANOVA using Prism v.9.1.1 (GraphPad). GR ligand
binding behavior was affected by buffer conditions; therefore, reactions were always

normalized such that each reaction had equivalent amounts of buffer reagents.

Sequence alignments and p23tai-heix motif search
For the p23 sequence alignments in Extended Data Fig. 6f, sequences were
obtained from Uniprot (UniProt, 2021), aligned in Clustal Omega (Madeira et al., 2019)

(https://www.ebi.ac.uk/Tools/msa/clustalo/), and visualized in JalView 2.11.1.0

(Waterhouse et al., 2009). Sequences in the alignment are: H. sapiens p23, M.
musculus p23, R. norvegicus p23, G. gallus p23, X. tropicalis p23, D. melanogaster

p23, A. thaliana p23, and S. cerevisiae p23 (Uniprot accession codes: Q15185,
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Q9R0Q7, P83868, Q90955, Q5U420, Q7SZQ8, AOAOB4K6D2, Q8L7U4, P28707,
respectively). Secondary structure prediction for the S. cerevisiae p23 protein sequence
was performed using Psipred v.4.0 (Jones, 1999) (http://bioinf.cs.ucl.ac.uk/psipred/).
For Fig. 2b, the ConSurf server (Ashkenazy et al., 2016; Landau et al., 2005)

(https://consurf.tau.ac.il/) was used to select and align 87 GR protein sequences as

follows: the human GR crystal structure (He et al., 2014) (PDB ID: 4P6X) was used to
select sequences from UNIREF90 with maximal percent ID at 95% and minimal percent
ID at 65%. Conservation scores were calculated and provided by the server. The
conservation scores calculated by the ConSurf server were mapped onto GR from the
maturation complex atomic model using Chimera.

For Extended Data Fig. 6¢, the sequences were obtained from Uniprot (UniProt,
2021), aligned in Clustal Omega (Madeira et al., 2019)

(https://lwww.ebi.ac.uk/Tools/msa/clustalo/), and mapped onto GR from the maturation

complex using Chimera. Sequences in the alignment are the human steroid hormone
receptors: glucocorticoid receptor, mineralocorticoid receptor, androgen receptor,
progesterone receptor, estrogen receptor a and 3 (Uniprot accession codes: P04150,
P08235, P10275, P06401, E3WH19, Q92731, respectively). Conservation was
calculated using AL2CO (Pei & Grishin, 2001) parameters (unweighted frequency
estimation and entropy-based conservation measurement). Relating to Extended Data
Fig. 6f, the p23tai-neiix motif search was performed using the ScanProsite server (de
Castro et al., 2006) (https://prosite.expasy.org/scanprosite/). The motif “FXXMMN” was
used to search the UniProtKB sequence database with taxonomy restricted to Homo

Sapiens. There were 10 total hits on the motif, which included p23 and NCoA3/SRC-3.
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Relating to Extended Data Fig. 6d, the human p23 helix predictions were
performed using state-of-the-art secondary structure prediction algorithms: Porter 4.0
(Mirabello & Pollastri, 2013) (http://distillf.ucd.ie/porterpaleale/), RaptorX (Kallberg et al.,
2012) (http://raptorx.uchicago.edu/StructurePrediction/predict/), and Psipred v.4.0
(Jones, 1999) (http://bioinf.cs.ucl.ac.uk/psipred/). The human p23 structure prediction is

available from AlphaFold v2.0 (Jumper et al., 2021) with the accession code P83868

Yeast survival assays

Relating to Extended Data Fig. 7d, yeast survival assays were performed using
S. cerevisiae strain hsc82hsp82A (JJ816) or sbaThsc82hsp82A (JJ94) expressing
either wild-type Hsc82 or a mutant in pPRS313GPDHis-Hsc82 (hsc82-1588A,
M589A)(Johnson et al., 2007). The sba1hsc82hsp82A strain expressing hsc82-1588A,
M589A was transformed with either empty vector (pR416GPD), human p23, or p23 tail
mutants constitutively expressed from the p416GPD plasmid. Cells were grown
overnight at 30°, then serially diluted 10-fold and grown on selective media at the

indicated temperature for 2 days.

Expression of human p23 tail mutants

Human p23 and Sba1 protein expression levels in wild-type strain (JJ762 (PJ51-
3a), a derivate of W303) (Johnson & Craig, 2000) were assessed by SDS-PAGE
(12.5% acrylamide gel) followed by immunoblot analysis with polyclonal antisera raised
against human p23 (Novus NBP1-85485)(1:200 dilution) or Sba1 (Johnson et al., 2007)

(1:500 dilution) (Extended Data Fig. 7f).
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In vivo GR activity assays

Relating to Extended Data Fig. 7e, GR transactivation was measured in the wild-
type S. cerevisiae strain (JJ762) expressing GR on a single copy plasmid (p414GPD-
GR) and a single copy LacZ reporter plasmid (pRS317-GRE-lacZ) that were
constructed using multicopy versions of each plasmid(Johnson & Craig, 2000). Human
p23, p23 tail mutants, or Sba1 were constitutively expressed from the p416-GPD
plasmid. Cells were grown at 30°C with shaking overnight in selective media, diluted 10-
fold and grown to ODsoo 0.4-0.5. Cultures were split in two and one set was induced
with ligand (10 uM DOC, deoxycorticosterone) (Sigma) for 1 hour. After 1 hour, cultures
were put on ice to stop growth. The -galactosidase (B-gal) activity of paired samples in
the presence and absence of hormone was measured as described using the yeast f3-
galactosidase assay kit from Thermo Scientific (Catalog number #75768).

GR activity was determined by the fold difference in B-gal activity between the
hormone treated duplicate relative to the untreated duplicate. Relative GR activation
was calculated by normalizing the GR activity of each experimental sample to the
average GR activity of strain JJ762 expressing p416GPD (empty vector [e.v.]). GR
activity was measured with 18 biologically independent samples (10 biologically
independent samples for the + Sba1 condition). Statistical significance was evaluated
by an ordinary one-way ANOVA with post-hoc Sidak’s multiple comparisons test using

Prism v.9.1.1 (GraphPad).
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Quantification and statistical analysis

All data were tested for statistical significance with Prism v.9.1.1 (GraphPad).
Statistical significance was determined by ordinary one-way ANOVA (with post-hoc
Dunnett’s or Sidak’s multiple comparisons test). All experiments were performed at
least three times. Statistical details (including sample sizes (n), F-statistics, p-values,
and degrees of freedom) are included in the figure legends for each experiment.
Relating to Fig. 2d and Extended Data Fig. 7b, the one-way ANOVA with post-hoc
Dunnett’s test p-values are as follows: p(p23 vs. p23atail) = 0.1512, p(p23 vs. p23anelix-tail)
= 0.0002, p(p23 vs. no p23) = <0.0001. Relating to Extended Data Fig. 7e, the one-way
ANOVA with post-hoc Sidak’s test p-values are as follows: p(e.v. vs. p23) = 0.0001,
pP(p23 vs p23atail) = 0.0164, p(p23 vs. p23ahelix-tail) = 0.0021, p(p23 vs. Sba1) = 0.0002,
P(p23atail VS. p23anelix-tail) = 0.9721. For all statistical tests performed, variances across
groups were not significantly different (as evaluated using the Brown-Forsythe test) and
therefore no corrections were used (Fig. 2d and Extended Data Fig. 7b [Brown-Forsythe
test p = 0.9966]; Extended Data Fig. 7c [Brown-Forsythe test p = 0.9224]; Extended

Data Fig. 7e [Brown-Forsythe test p = 0.1696]).
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Chapter 4 Cryo-EM reveals how Hsp90 and FKBP

cochaperones regulate the Glucocorticoid Receptor

Preface

The work presented in this chapter is from a manuscript in preparation. This
project was conceived as a follow-up to the GR-maturation complex manuscript
(Chapter 3) to determine how additional cochaperones, FKBP51 and FKBP52, integrate
with the GR chaperone cycle to regulate GR activity. My goals were to 1) determine
structures of FKBP51 and FKBP52 bound to complexes in the GR chaperone cycle and
2) characterize the effect of FKBP51 and FKBP52 on GR ligand-binding activity in vitro.
Jill Johnson (University of Idaho) performed in vivo experiments validating the novel
binding sites revealed in these structures and demonstrated the importance of
FKBP:GR interactions in regulating GR activity in vivo.
Abstract

Hsp90 is an essential molecular chaperone responsible for the folding and
activation of hundreds of ‘client’ proteins, including the glucocorticoid receptor (GR)
(Schopf et al., 2017; Taipale et al., 2010; Taipale et al., 2012). Previously, we revealed
that GR ligand binding activity is inhibited by Hsp70 and restored by Hsp90, aided by
cochaperones (Kirschke et al., 2014). We then presented cryo-EM structures
mechanistically detailing how Hsp70 and Hsp90 remodel the conformation of GR to
regulate ligand binding (Noddings et al., 2022; Wang et al., 2022). In vivo, GR-
chaperone complexes are found associated with numerous Hsp90 cochaperones,
including the immunophilins FKBP51 and FKBP52, which further regulate the activity of
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GR and other steroid receptors (Pratt & Toft, 1997; Storer et al., 2011; Zgajnar et al.,
2019). A molecular understanding of how FKBP51 and FKBP52 integrate with the GR-
chaperone cycle and couple the GR ligand-binding state to nuclear translocation is
lacking. Here, we present a 2.96 A cryo-EM structure of the GR:Hsp90:FKBP52
complex, revealing that FKBP52 directly binds to the folded, ligand-bound GR using
three distinct interfaces, which we show are critical in vivo. We demonstrate FKBP52
advances GR to the next stage of maturation and potentiates GR ligand binding in vitro,
in a process dependent upon a single residue at the GR:FKBP52 interface. We also
present a 3.29 A cryo-EM structure of the GR:Hsp90:FKBP51 complex, which largely
mimics the GR:Hsp90:FKBP52 structure. Surprisingly, FKBP51 and FKBP52 advance
GR to the next stage of maturation and in the process allosterically compete with p23
for GR binding. Altogether, we reveal for the first time how FKBP51 and FKBP52
integrate into the GR chaperone cycle, how FKBP52 potentiates GR activity in vitro and
in vivo, and how FKBP51 and FKBP52 compete to bind GR, leading to functional

antagonism.

Introduction

Hsp90 is required for the functional maturation of 10% of the eukaryotic
proteome (Zhao et al., 2005). Hsp90 ‘clients’ are enriched in signaling proteins and
transcription factors, such as steroid hormone receptors (SHRs), making Hsp90 an
important clinical target (Taipale et al., 2010). SHRs, which include GR, are hormone-
regulated transcription factors that depend on Hsp90 for function throughout their

functional lifetimes (Morishima et al., 2000; Nathan & Lindquist, 1995; Picard et al.,

127



1990; Pratt & Toft, 1997; Smith & Toft, 2008; Weikum et al., 2017). We previously
established in vitro reconstitution of the ‘GR-chaperone cycle’, revealing that GR
depends on Hsp90 for function due to constant inactivation of ligand binding by Hsp70
and subsequent reactivation by Hsp90 (Kirschke et al., 2014). In the GR-chaperone
cycle, now understood in atomic detail through cryo-EM, GR ligand binding is regulated
by a cycle of three distinct chaperone complexes (Noddings et al., 2022; Wang et al.,
2022). In this chaperone cycle, GR is first inhibited by Hsp70 and Hsp40, then loaded
onto Hsp90:Hop (Hsp70/Hsp90 organizing protein cochaperone) forming an inactive
GR-loading complex (GR:Hsp70:Hsp90:Hop) (Wang et al., 2022). Upon hydrolysis of
one of the two ATPs on Hsp90, two Hsp70s and Hop are released, and p23 is
incorporated to form an active GR-maturation complex (GR:Hsp90:p23), restoring GR
ligand-binding with enhanced affinity (Noddings et al., 2022). The cryo-EM structures of
the GR-loading complex and GR-maturation complex reveal Hsp70 and Hsp90 locally
unfold and refold the GR LBD in a controlled manner to directly regulate ligand binding.
In vivo, additional Hsp90 cochaperones are found associated with the GR-
chaperone cycle, including the large immunophilins, FKBP51 and FKBP52 (Pratt & Tofft,
1997). FKBP51 and FKBP52 are peptidyl proline isomerases (PPlases) that contain an
N-terminal FK1 domain with PPlase activity, an FK2 domain lacking PPlase activity, and
a C-terminal TPR domain, which canonically binds the EEVD motifs at the C-termini of
Hsp90 and Hsp70 (Kumar et al., 2017; Pirkl & Buchner, 2001; Sinars et al., 2003; Wu et
al., 2004). Additionally, the TPR domain contains a helical extension at the C-terminus
(Helix 7e), which was previously described to bind the C-terminal Domain (CTD) closed

dimer interface of Hsp90 (Cheung-Flynn et al., 2003; Lee et al., 2021). Although
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FKBP51 and FKBP52 are 70% similar in sequence, these cochaperones have
antagonistic functional effects on GR in vivo (Storer et al., 2011). FKBP51 inhibits GR
ligand binding, transcriptional activity, and nuclear translocation, while FKBP52
potentiates each of these fundamental GR activities (Davies et al., 2005; Denny et al.,
2000; Echeverria et al., 2009; Galigniana et al., 2001; Hinds et al., 2014; Riggs et al.,
2007; Riggs et al., 2003; Tatro et al., 2009; Vandevyver et al., 2012; Wochnik et al.,
2005; Wolf et al., 2009). FKBP51 and FKBP52 have also been implicated in the
regulation of all other SHRs (Storer et al., 2011; Zgajnar et al., 2019). Due to the critical
importance of steroid hormone signaling in the cell, altered expression of FKBP51 and
FKBP52 is associated with various endocrine-related disease states, including a wide
variety of cancers, infertility, stress and anxiety disorders, and immune-related diseases
(Kolos et al., 2018; Storer et al., 2011; Zgajnar et al., 2019). Despite their importance,
the absence of structures of FKBP cochaperones bound to Hsp90:client complexes
precludes a mechanistic understanding of how these cochaperones integrate with
Hsp90:client complexes to regulate client function or how to design selective small-
molecule therapeutics (Bauder et al., 2021; Feng et al., 2015; Gaali et al., 2015; Guy et
al., 2015; Kolos et al., 2018; Sabbagh et al., 2018). Here we present a 2.96 A cryo-EM
structure of the GR:Hsp90:FKBP52 complex, revealing for the first time how FKBP52
integrates into the GR-chaperone cycle and directly binds to the active client,
potentiating GR activity in vitro and in vivo. We also present a 3.29 A cryo-EM structure
of the GR:Hsp90:FKBP51 complex, revealing how FKBP51 competes with FKBP52 for
GR:Hsp90 binding and demonstrating how FKBP51 can act a potent antagonist to

FKBP52.
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Results

GR:Hsp90:FKBP52 Structure Determination

The GR:Hsp90:FKBP52 complex was prepared by in vitro reconstitution of the
complete GR-chaperone cycle. GR DBD-LBD (amino acids 418-777) (hereafter, GR for
simplicity) with an N-terminal maltose-binding protein (MBP) tag was incubated with
Hsp70, Hsp40, Hop, Hsp90, p23, and FKBP52, allowing GR to progress through the
chaperone cycle to reach the GR:Hsp90:FKBP52 complex (Extended Data Fig. 1a,b).
The complex was stabilized with sodium molybdate and then purified by affinity
purification on MBP-GR followed by size exclusion chromatography and light
crosslinking (Extended Data Fig. 1c,d). A 2.96 A cryo-EM reconstruction of the
GR:Hsp90:FKBP52 complex was obtained using RELION and CryoSparc with atomic
models built using Rosetta (Fig. 1a,b; Extended Data Fig. 1e, 2). The structure revealed
a fully closed, nucleotide bound Hsp90 dimer (Hsp90A and Hsp90B) complexed with a
single GR and a single FKBP52, which occupied the same side of Hsp90 (Fig. 1a,b, ED.
Fig. 3a). Despite using a multi-domain GR construct, only the GR LBD was visible in the

density map.

Hsp90 Stabilizes the GR LBD in a Folded, Ligand-Bound State

In the GR:Hsp90:FKBP52 complex, GR adopts a fully folded, ligand-bound
conformation (Extended Data Fig. 3b) distinct from that adopted in the GR:Hsp90:p23
maturation complex (discussed below). The folded GR is stabilized by Hsp90 at three

major interfaces (Fig. 1c-e, Extended Data Fig. 1c-f): (1) Hsp90 Src loop:GR
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hydrophobic patch, (2) Hsp90 MD/CTD:GR Helix 1, and (3) Hsp90 lumen:GR pre-helix
1. In the first interface, the Hsp90A Src loop (Hsp90345-360) flips out from the Hsp90
lumen, to interact with the previously described hydrophobic patch formed by GR
Helices 9/10 and the GR C-terminus (Noddings et al., 2022) (approximately 767 A2 of
buried surface area (BSA)) (Fig. 1c, Extended Data Fig. 1c). Along the Src loop,
Hsp90A F349.L351.F352.E353, contact GR helices 9/10 and the conserved, solvent exposed
Hsp90AW320 interacts with GRF77# on the GR C terminus. Notably, Hsp90AWs320.F349 g|go
make contact with GR in the GR-loading complex and GR-maturation complex,
although at different locations (Noddings et al., 2022; Wang et al., 2022). Additionally,
there are multiple hydrogen bonds formed between the Hsp90 NTD/MD to GR Helix 10
and the GR C-terminus (GRX777),

Interface 2 is comprised of Hsp90Y%%* packing against GR Helix 1 (GR®32-%39) and
Hsp90Y%?” sticking into a hydrophobic pocket on GR formed by Helices 3, 4, and 9
(approximately 345 A2 BSA) (Fig. 1d, Extended Data Fig. d,e). This hydrophobic pocket
was previously identified in the androgen receptor (AR) as a druggable hydrophobic site
(Estebanez-Perpina et al., 2007). In interface 3, the unstructured GR pre-helix 1 region
(GR?®19-531) js threaded through the closed Hsp90 lumen (approximately 758 A2
BSA)(Fig. 1e, Extended Data Fig. 3f). Two hydrophobic residues on GR (GRP522.P526)
occupy two hydrophobic pockets within the Hsp90 lumen. The interaction is further
stabilized by multiple polar and hydrophobic interactions between GR pre-helix 1 and

the Hsp90A/B amphipathic helical hairpin (Hsp906°6-628),
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FKBPS52 Interacts with the Closed Hsp90

FKBP52 engages the closed Hsp90 at three major interfaces (Fig. 1f,g, ED
Fig.4a,b): (1) FKBP52 TPR H7e:Hsp90A/B CTDs, (2) FKBP52 TPR:Hsp90B MEEVD,
and (3) FKBP52 TPR:Hsp90B CTD. In Interface 1, the extended C-terminal H7e
(FKBP52387-424) from the TPR domain binds in a hydrophobic cleft formed by the
Hsp90A/B CTDs at the closed dimer interface (approximately 1109 A2 BSA)(Fig. 1f,
Extended Data Fig. 1a). As compared to the crystal structure, H7e breaks at positions
FKBP52411-414 to allow hydrophobic residues (FKBP52410.Y411,M414,F415,L418) {q flip into the
hydrophobic cleft formed by the Hsp90 CTDs, consistent with the FKBP51 H7e:Hsp90
interaction observed by cryo-EM (Lee et al., 2021). Mutating the corresponding
conserved residues on FKBP51 H7e (FKBP51M412.F413 corresponding to FKBP52
M414,F415) abolishes FKBP51:Hsp90 binding, indicating the importance of this binding site
(Lee et al., 2021). The interface is further stabilized by multiple hydrogen bonds and salt
bridges from Hsp90A/B to H7e flanking the helix break (Extended Data Fig. 4a).
Furthermore, a portion of the Hsp90B MEEVD linker (Hsp90B7%0-796) binds along
FKBP52 H7e stabilized by polar interactions and salt bridges (Extended Data Fig. 4a).

In Interface 2, the C-terminal MEEVD peptide motif of Hsp90B binds in the
FKBP52 TPR helical bundle (approximately 779 A2 BSA) (Fig. 1g, Extended Data Fig.
4b), with multiple hydrogen bonds, salt bridges, and hydrophobic interactions,
analogous to other FKBP51:Hsp90MEEVD structures (Kumar et al., 2017; Lee et al.,
2021). However, the MEEVD peptide binds in an opposite orientation relative to the
FKBP52:Hsp90MEEVD crystal structure (Wu et al., 2004), which may have been

incorrectly modeled as previously suggested (Blundell et al., 2017; Kumar et al., 2017).
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Interface 3 is comprised of the FKBP52 TPR helices 5/6 binding to the Hsp90B CTD,
stabilized by multiple hydrogen bonds (approximately 193 A2 BSA) (Extended Data Fig.
4c), also observed in the FKBP51:Hsp90 cryo-EM structure (Lee et al., 2021). While the
interactions between FKBP52 TPR/H7e:Hsp90 are conserved in the FKBP51:Hsp90
structure, the positions of the FKBP52 FK1 and FK2 domains are significantly altered
(Extended Data Fig. 4d), owing to the presence of the bound GR client, as discussed

below.

FKBP52 Directly Interacts with GR, which is Functionally Important in vivo

Unexpectedly, FKBP52 directly and extensively interacts with GR, where the
three FKBP52 domains wrap around GR, cradling the folded, ligand-bound client near
the GR ligand-binding pocket (Fig. 2a). The tertiary structure within each FKBP52
domain closely matches isolated domains from FKBP52 crystal structures; however, the
interdomain angles are significantly different (Extended Data Fig. 4d), likely owing to the
extensive interaction with GR. There are three major interfaces between FKBP52 and
GR (Fig. 2b-d): (1) FKBP52 FK1:GR, (2) FKBP52 FK2:GR, and (3) FKBP52 FK2-TPR
linker:GR Helix 12.

In interface 1, FKBP52 FK1 interacts with a large surface on GR, canonically
used for GR dimer formation, consisting of the GR post-helix 1 strand (helix 1-3 loop),
helix 5, and B1,2 (approximately 280 A2 BSA) (Fig. 2b). 3D variability analysis in
CryoSparc reveals that the interaction between FKBP52 FK1 and GR is highly dynamic,
even as the other FKBP52 domains (FK2, TPR) remain stably associated with GR

(Supplemental Movie 1). At the FK1:GR interface, GRY%#% on the post-Helix 1 strand
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interacts with a hydrophobic surface formed by the FKBP528'-88 |oop and forms a
hydrogen bond with FKBP52Y''3, Species-specific differences in the GR post-helix 1
strand (GR®%4-%46) have previously been implicated in cortisol resistance in an
FKBP51/52-dependent manner (Cluning et al., 2013; Fuller et al., 2004). In addition, the
FKBP52 proline-rich loop (B4-p5 loop or 80S loop) contacts GR Helix 5 and $1,2. 3D
variability analysis in CryoSparc reveals that the proline-rich loop positioning is flexible,
deviating from the position in the crystal structure (PDB ID: 4LAV) (Bracher et al., 2013)
and adopting different interfaces with GR (Supplemental Movie 2). In the consensus 3D
refinement map, the proline-rich loop adopts a position similar to the crystal structure,
and FKBP52A116:5118P119 interact with the tip of GR Helix 5 and p1,2. The mutation
FKBP52P1"% has been shown to reduce GR and AR activation in vivo, while
FKBP52A116V has been shown to increase AR activation in vivo (Riggs et al., 2007),
demonstrating the functional significance of this interaction site. FKBP525'18 has been
identified as a phosphorylation site in FKBP52 (QPTM database (Yu et al., 2022)), but
not FKBP51, possibly due to the unique adjacent FKBP52P'"® as a signal for proline-
directed protein kinases. We demonstrate that the mutation FKBP525"18A significantly
reduces FKBP52-dependent GR potentiation in vivo (Fig. 2e), suggesting
phosphorylation at FKBP525'"® may help promote interaction between the proline-rich
loop and GR.

While the FKBP52 FK1 domain is known to have PPlase enzymatic activity, GR
is not bound in the PPlase active site and accordingly, no GR prolines were found to
have been isomerized compared to other GR structures (PDB ID: 1M2Z (Bledsoe et al.,

2002), 7KRJ (Noddings et al., 2022)). Consistent with this, mutation of GR prolines does
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not disrupt FKBP52-dependent regulation of GR (Cluning et al., 2013). Additionally,
mutations that disrupt PPlase activity do not affect FKBP52-dependent GR potentiation
in vivo (Riggs et al., 2007). Conversely, PPlase inhibitors have been shown to block the
FKBP52-dependent potentiation of GR in vivo (Riggs et al., 2003). This can know be
understood, as docking of PPlase inhibitors (FK506, rapamycin) into the PPlase active
site based on previous structures demonstrate that the inhibitors would sterically block
the FKBP52 FK1:GR interface (Extended Data Fig. 4e), as previously hypothesized
(Riggs et al., 2007; Riggs et al., 2003).

Interface 2 is comprised of the FKBP52 FK2Y'1 sticking into a shallow
hydrophobic pocket formed by GR Helix 3 and the Helix 11-12 loop (GRM565.T561,E748)
and a hydrogen bond between the FKBP52 backbone and GRE48 (approximately 125
A2 BSA) (Fig. 2c). Supporting this interaction, we show that the FKBP52Y'6'0 mutation
significantly reduces FKBP52-dependent GR potentiation in vivo (Fig. 2e). In interface
3, the solvent exposed, conserved W259 on the FKBP52 FK2-TPR linker makes
electrostatic and hydrophobic interactions with GR Helix 12 (approximately 235 A2 BSA)
(Fig. 2d), which adopts the canonical agonist-bound position even in the absence of a
stabilizing coactivator peptide interaction (Bledsoe et al., 2002) (Extended Data Fig. 3b).
We show that the corresponding FKBP52259P mutation significantly reduces FKBP52-
dependent GR potentiation in vivo, demonstrating the functional importance of this
single residue (Fig. 2e). Interestingly, FKBP52"2>9 is also conserved in the FKBP-like
cochaperone XAP2 and a recent structure reveals XAP2 engages with an Hsp90-client using this

same conserved residue interaction, suggesting this residue is critical more broadly for FKBP

cochaperone:client engagement. At interface 3, FKBP52K254.E257.Y302 make further polar
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interactions between the FK2-TPR linker and GR Helix 12 (Fig. 2d). While a significant
portion of the GR AF2 co-activator binding site is available in the FKBP52-bound GR,
the N-terminus of a co-activator peptide would sterically clash with the FKBP52 TPR
based on the GR:NCo0AZ2 structure (Bledsoe et al., 2002) (Extended Data Fig. 5b). In
agreement with our finding that single point mutations at each of the three FKBP52:GR
interfaces has a significant effect on GR function in vivo, the residues at the

FKBP52:GR interfaces are conserved across metazoans (Fig. 2f,g).

FKBP52 advances GR to the next stage of maturation

We previously described another GR-chaperone complex, the GR-maturation
complex(Noddings et al., 2022), which has important similarities and differences when
compared to the GR:Hsp90:FKBP52 complex. Both the GR-maturation complex
(GR:Hsp90:p23) and the GR:Hsp90:FKBP52 complex are comprised of a closed Hsp90
dimer and a folded, ligand-bound GR (Fig. 3a). In the GR:Hsp90:FKBP52 complex, GR
is rotated by approximately 45° relative to the GR-maturation complex (Fig. 3a). The
Hsp90A Src loop, which interacts with GR in the Hsp90 lumen, flips out and stabilizes
the rotated GR position by interacting with the GR hydrophobic patch (GR Helices
9/10)(Fig.3b-c). In both complexes, the pre-Helix 1 strand of GR is threaded through the
Hsp90 lumen; however, in the GR:Hsp90:FKBP52 complex, GR has translocated
through the Hsp90 lumen by two residues, positioning two prolines (GRP%22.P526) in the
hydrophobic pockets in the Hsp90 lumen (Fig. 3d). This translocation positions the GR
LBD further from Hsp90, likely allowing enough space for the observed GR rotation and

potentially allowing the GR LBD to dimerize, which is on pathway to activation
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(Extended Data Fig. 5c). Despite the translocation and rotation of GR, Hsp90 uses the
same surfaces to bind GR (Hsp90B amphipathic helical hairpin, Hsp90A Src loop,

Hsp90AY32%); however, the GR contact surfaces are different.

FKBP52 Competes with p23 for GR:Hsp90 Binding through Allostery

Surprisingly, FKBP52 competes with p23 to bind the GR:Hsp90 complex,
although there is no direct steric conflict between FKBP52 and p23 binding (Fig. 3a).
During 3D classification on the cryo-EM dataset, GR:Hsp90:p23 complexes were
observed at low abundance; however, the GR:Hsp90:FKBP52 complexes showed no
apparent p23 density (Extended Data Fig. 2), despite p23 being present at high
concentration. Furthermore, FKBP52 was found only associated with the rotated GR
position, while the GR position in the p23-containing classes were only consistent with
the GR-maturation complex. Thus, FKBP52 appears to specifically bind the rotated GR
position, which is not compatible with p23 binding. This is consistent with mass
spectrometry studies, demonstrating FKBP52 competes off p23 to form a stable
GR:Hsp90:FKBP52 complex (Ebong et al., 2016). In the rotated GR position, the
Hsp90A Src loop flips out of the lumen to bind the conserved GR hydrophobic patch,
which was previously engaged by the p23 tail-helix (Fig. 3a-c). Thus, p23 and Hsp90
compete for binding to the same GR hydrophobic patch and the rotation of GR dictates
the accessibility of the hydrophobic patch to either Hsp90 or p23. FKBP52 stabilizes the
rotated position of GR and therefore favors Hsp90 binding to GR over p23 and this in

turn leads to p23 dissociation.
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FKBP52 Potentiates GR Ligand Binding in vitro

To quantitatively assess the functional significance of FKBP52 on GR activation,
we added FKBP52 to the in vitro reconstituted GR-chaperone cycle, using the extended
GR construct (residues 418-777) and monitored GR ligand binding, as previously
described (Kirschke et al., 2014; Noddings et al., 2022). Addition of FKBP52 resulted in
the enhancement of GR ligand binding above the already enhanced GR + chaperones
control reaction at equilibrium (Fig. 3e), strongly suggesting FKBP52 increases the GR
ligand binding affinity, consistent with reports in vivo (Riggs et al., 2003). Given that
FKBP52 appears to stabilize the folded, ligand-bound GR, we hypothesized that
FKBP52 could functionally replace the p23 tail-helix, which we previously found
stabilizes the ligand-bound GR (Noddings et al., 2022). As previously described,
removal of the p23 tail-helix (p23Ahelix) resulted in a decrease in GR ligand binding
activity in the GR-chaperone system; however, addition of FKBP52 to the reaction fully
rescued GR ligand binding in the p23Ahelix background (Fig. 3e), suggesting FKBP52
functions in a similar manner to the p23 tail-helix in stabilizing the ligand-bound GR.
Additionally, in the p23Ahelix background, FKBP52 potentiated ligand binding to a
greater extent than in the wildtype p23 background. We hypothesize that removing the
p23 tail-helix alleviates the competition between p23 and FKBP52, allowing p23 to
remain bound to the GR:Hsp90:FKBP52 complex. Given that p23 is known to stabilize
the closed Hsp90 conformation (Ali et al., 2006; Noddings et al., 2022), the enhanced
ligand binding in the p23Ahelix background may be due to stabilization of closed Hsp90
by p23. Interestingly, FKBP52 also affected GR ligand binding independent of Hsp90,

with addition of FKBP52 to GR resulting in enhanced ligand binding, likely due to an
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Hsp90-independent chaperoning effect (Bose et al., 1996; Pirkl & Buchner, 2001)

(Extended Data Fig. 5d).

FKBP52 Functionally Replaces p23 in vitro when Hsp90 Closure is Stabilized

Given that FKBP52 can functionally replace the p23 tail-helix, we wondered
whether FKBP52 could also functionally replace p23 altogether. p23 is known to
stabilize Hsp90 NTD closure through the globular p23 domain (Ali et al., 2006;
Noddings et al., 2022) in addition to stabilizing the ligand-bound GR through the p23
tail-helix. Omitting p23 from the GR-chaperone cycle drastically reduces GR ligand
binding, as previously described (Kirschke et al., 2014; Noddings et al., 2022). The
addition of FKBP52 in place of p23 results in a modest increase in ligand binding, but
does not fully rescue ligand binding activity (Fig. 3f). We reasoned this could be due to
the inability of FKBP52 to sufficiently stabilize closure of the Hsp90 NTDs. Therefore,
we added molybdate to these reactions, which stabilizes NTD closure by acting as a y-
phosphate analogue in the Hsp90 NTD ATP-binding site (Noddings et al., 2022; Verba
et al., 2016). Addition of molybdate to the reaction lacking p23 resulted in a small
increase in GR ligand binding, but did not fully rescue ligand binding activity. However,
addition of molybdate to the reactions containing FKBP52 without p23, resulted in a full
reactivation of ligand binding and even potentiated ligand binding over the control GR +
chaperones reaction (Fig. 3f). Thus, FKBP52 is able to functionally replace p23 if Hsp90
NTD closure is stabilized. Taken together, these results suggest FKBP52 can stabilize

the ligand-bound GR, like p23, but cannot stabilize the closed Hsp90 NTD
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conformation, which requires p23.

GR:Hsp90:FKBP51 Structure Determination

In vivo the interplay between FKBP52 and the highly similar FKBP51 have
profound implications on GR activity. FKBP51 is functionally antagonistic to FKBP52-
dependent potentiation of GR in vivo, thus the relative ratios of FKBP51 and FKBP52
dictate GR activity levels (Davies et al., 2005). In order to understand mechanistically
how FKBP51 antagonizes FKBP52, we prepared the GR:Hsp90:FKBP51 complex in the
same manner as the GR:Hsp90:FKBP52 complex (Extended Data Fig. 1c-e). We
obtained a 3.29 A cryo-EM reconstruction of GR:Hsp90:FKBP51 using RELION and
CryoSparc with atomic models built using Rosetta (Fig. 4a,b, Extended Data Fig. 6).
Somewhat surprisingly, the FKBP51-containing structure appears nearly identical to the
FKBP52-containing structure. The GR:Hsp90:FKBP51 structure reveals a fully closed,
nucleotide bound Hsp90 dimer complexed with a single GR and a single FKBP51,
which occupy the same side of Hsp90 (Fig. 4a,b, Extended Data Fig. 7a). FKBP51
binds to the closed Hsp90 CTD interface in an analogous manner to the FKBP52:Hsp90
interface, including the Helix 7e break at the Hsp90 CTD interface and the Hsp90B
MEEVD peptide binding to the FKBP52 TPR domain (Fig. 4b, Extended Data Fig. 7b-d).
The GR:Hsp90 interfaces are nearly identical when comparing the FKBP51 and
FKBP52-containing complexes, including the Hsp90 Src loop:GR hydrophobic patch
interface and the Hsp90 lumen:GR pre-Helix 1 strand interface (Fig. 4b, Extended Data
Fig. 7e-g). FKBP51 also binds GR in an analogous manner to the FKBP52:GR

interaction (Fig. 4c-e). FKBP51 binds a folded, ligand-bound, and rotated GR using the
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same three major interfaces (1) FKBP51 FK1:GR, (2) FKBP51 FK2:GR Helix 3, and (3)
FKBP51 FK2-TPR linker:GR Helix 12. The GR:FKBP52 interaction residues are largely
conserved for GR:FKBP51 (Fig. 2f). As with the FKBP52-containing structure, no GR
prolines appear to be isomerized and PPlase inhibitors would likely block the FKBP51
FK1:GR interface (Extended Data Fig. 7h). Furthermore, the FKBP51 FK1 domain and
FK1 proline-rich loop are highly dynamic, as revealed by CryoSparc 3D variability
analysis, analogous to the FKBP52-containing structure (Supplemental Movie 3).
However, in the GR:Hsp90:FKBP51 consensus map and corresponding atomic model,
the FK1 domain contacts GR at a different angle relative to the GR:Hsp90:FKBP52
model; thus, the FK1:GR interface is distinct between the two complexes, specifically at
the functionally important, but divergent, residue 119 in the proline-rich loop
(FKBP51L11° FKBP52P119) (Fig. 2b, 3c) (Riggs et al., 2007), which we investigated

further below.

Functional Difference Between FKBP51 and FKBP52 Depends on Residue 119

To quantitatively assess the functional effect of FKBP51 on GR in vitro, we
added FKBP51 to the GR-chaperone cycle and measured ligand binding activity.
FKBP51 had no effect on the GR equilibrium value, unlike FKBP52, which potentiates
GR ligand binding (Extended Data Fig. 8a). However, we found FKBP51 can
functionally replace the p23 tail-helix or p23 (if molybdate is added), just as we
observed with FKBP52 (Fig. 4f, Extended Data Fig. 8b). However, FKBP51 does not

potentiate GR ligand binding in any of these conditions, unlike FKBP52.
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The residues responsible for the functional difference between FKBP51 and
FKBP52 in vivo has been suggested to come from the proline-rich loop on the FK1
domain, specifically the divergent residue 119 (FKBP51-119, FKBP52P119) (Riggs et al.,
2007). To assess whether this residue is responsible for the functional difference
between FKBP51 and FKBP52 in vitro, we swapped residue 119 in FKBP51 and
FKBP52 and added these mutants (FKBP51 L119P, FKBP52 P119L) to the in vitro
reconstituted GR-chaperone cycle. We then measured ligand binding activity in the
p23Ahelix background, where the largest potentiation due to FKBP52 is observed.
Surprisingly, the residue 119 swapped mutants almost fully reversed the FKBP51/52
effects on GR—FKBP51 L119P potentiated GR ligand binding over the GR +
chaperones control reaction, while FKBP52 P119L showed significantly less
potentiation of ligand binding compared to wildtype FKBP52 (Fig. 4f). These results are
consistent with the effects of the FKBP51/52 residue 119 swapped mutants in vivo
(Riggs et al., 2007). Thus, residue 119 on the proline-rich loop provides a critical
function difference between the activities of FKBP51 and FKBP52 toward GR in vitro

and in vivo.

Discussion

We present the first structures of the FKBP51 and FKBP52 cochaperones bound
to an Hsp90 client complex. The 2.96 A GR:Hsp90:FKBP52 structure reveals that
FKBP52 directly and extensively binds the client, stabilizing the folded, ligand-bound
conformation of GR. We show for the first time, that FKBP52 enhances GR ligand

binding in vitro, consistent with in vivo reports, and that each of the three GR:FKBP52
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interfaces is critical for FKBP52-dependent potentiation in vivo. We also provide a 3.29
A GR:Hsp90:FKBP51 structure, demonstrating FKBP51 binds to the GR:Hsp90 in a
similar manner to FKBP52. The FKBP51 interaction with closed Hsp90 is distinct from a
previous NMR model (Oroz et al., 2018), but consistent with a recent cryo-EM structure
demonstrating FKBP51 binds closed Hsp90 (Lee et al., 2021). Thus, these structures
provide a molecular explanation for the functional antagonism between these two
cochaperones.

Surprisingly, we show FKBP51 and FKBP52 compete with p23 to bind the
GR:Hsp90 complex through an allosteric mechanism. Previous reports showed FKBP51
and p23 could simultaneously bind the closed Hsp90 in the absence of client (Lee et al.,
2021). We demonstrate that the position of the client can dictate which cochaperone is
bound, with the FKBPs and p23 binding to distinct GR positions. FKBP51 and FKBP52
both stabilize a rotated position of GR relative to the GR-maturation complex. One
functional consequence of this rotated position may be to promote GR dimerization,
which is a required step in GR activation. The rotated GR position relieves this steric
hindrance to dimerization in the GR-maturation complex and would allow the GR LBD to
dimerize once FKBP51/52 release (Extended Data Fig. 5c). Indeed, a previous report
has suggested FKBP51/52 promote AR dimerization in vivo (Maeda et al., 2022),
raising the possibility that the FKBPs promote this next step in SHR maturation.

Our structures also contribute to an emerging theme in which Hsp90
cochaperones bind to distinct Hsp90 conformations, while simultaneously binding to
specific client conformations (Gruszczyk et al., 2022; Jaime-Garza et al., 2022,

Noddings et al., 2022; Verba et al., 2016; Wang et al., 2022). FKBP51 and FKBP52
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each wrap around the folded, ligand-bound client using all three FKBP domains, while
FKBP Helix 7e binds the closed Hsp90 conformation. The Helix 7e is found in many
TPR-containing cochaperones (Lee et al., 2021), however, our structures, along with
others, reveal Helix 7e can bind Hsp90 in distinct positions due to sequence divergence
of H7e at the Hsp90 binding site (Gruszczyk et al., 2022; Jaime-Garza et al., 2022).

While FKBP51 binds similarly to FKBP52, competing with p23 and stabilizing the
rotated GR, we find that FKBP51 does not significantly enhance GR ligand binding in
vitro, like FKBP52, consistent with in vivo reports (Denny et al., 2000; Riggs et al.,
2003). Interestingly, we find residue 119 on FKBP51/52 is critical for enhancement of
ligand binding in vitro, also consistent with in vivo reports (Riggs et al., 2007). NMR
studies have found the proline at residue 119 on FKBP52 decreases dynamics of the
proline-rich loop (also called 80S loop or 34-35 loop) relative to the leucine at FKBP51
(Mustafi et al., 2014). Analysis of dynamics of our structures using 3D variability
analysis demonstrates that the proline-rich loop is highly dynamic in its interaction with
GR. Thus, the dynamics of this loop may dictate the specificity and/or stability of this
interaction, leading to distinct regulation of GR activity.

Many models have been proposed for FKBP51/52 regulation of GR. Here, we
show that FKBP51/52 do not alter the GR conformation by isomerizing prolines or
engaging with the GR NLS1 (nuclear localization signal 1) (GR*67-59%) (Savory et al.,
1999) to directly regulate GR translocation, as previously hypothesized (Pratt et al.,
2004; Rein, 2020; Sivils et al., 2011; Smith & Toft, 2008). Instead, the FKBPs bind the
folded, ligand-bound GR and compete with p23 through GR sliding and rotation on

Hsp90. We propose additional steps in the GR-chaperone cycle that account for
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FKBP51/52 incorporation and subsequent regulation of GR activity in the cell (Fig. 5).
Once the folded, ligand-bound GR reaches the GR maturation complex, either FKBP51
or FKBP52 can bind, competing with p23. The p23 and FKBP51/52 complexes are likely
in a dynamic equilibrium, given that each of these complexes appear to be in the same
Hsp90 nucleotide state and conformation; however, our data suggest that FKBP51/52
outcompete p23, advancing GR to the next state of its maturation. FKBP52 binds and
stabilizes the ligand-bound GR, resulting in enhanced ligand affinity, and connects the
active GR to dynein for translocation to the nucleus, releasing GR from the chaperone
cycle(Galigniana et al., 2010; Galigniana et al., 2001; Tatro et al., 2009; Wochnik et al.,
2005). FKBP51 in contrast binds the folded GR, either in the ligand-bound or apo forms
(Davies et al., 2002) and sequesters GR in the cytosol until GR release from Hsp90
upon ATP hydrolysis. Interestingly, the expression of FKBP51 is upregulated by GR (as
well as PR and AR), leading to a short negative feedback loop (Baughman et al., 1997;
Cheung & Smith, 2000; Denny et al., 2000; Jaaskelainen et al., 2011; Zannas & Binder,
2014; Zannas et al., 2016). The relative concentrations of FKBP51 and FKBP52 dictate
the equilibrium between GR:Hsp90:FKBP51 and GR:Hsp90:FKBP52 complexes,
resulting in alterations to GR activity levels in vivo (Reynolds et al., 1999). Beyond GR,
FKBP51/52 are known to regulate the entire SHR class and given the sequence and
structural conservation of the SHR LBDs at the FKBP51/FKBP52 contact sites, we
propose FKBP51 and FKBP52 engage with the rest of the SHRs in a similar manner to
GR (Extended Data Fig. 9a,b). Thus, FKBP51/52 can fine-tune the activity of these
critical and clinically important signaling molecules and allow for crosstalk between the

hormone signaling pathways. Altogether, we demonstrate how Hsp90 provides a
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platform for the FKBP cochaperones to engage Hsp90 clients after Hsp90-dependent
folding and promote the next step of client maturation, providing a critical layer of

functional regulation.
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Figures
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Fig. 4.1: Architecture of the GR:Hsp90:FKBP52 complex

a, Composite cryo-EM map of the GR:Hsp90:FKBP52 complex. Hsp90A (dark blue),
Hsp90B (light blue), GR (yellow), FKBP52 (teal). Color scheme is maintained
throughout. b, Atomic model in cartoon representation with boxes corresponding by
color to the interfaces shown in detail in b-g. ¢, Interface 1 of the Hsp90:GR interaction,
depicting the Hsp90A Src loop (Hsp90A34%-360) interacting with the GR hydrophobic
patch. GR is in surface representation. d, Interface 2 of the Hsp90:GR interaction,
depicting GRreiix 1 (GR332-93%) packing against the entrance to the Hsp90 lumen.
Hsp90A/B are in surface representation. e, Interface 3 of the Hsp90:GR interaction,
depicting GRpre-Helix 1 (GR519-531) threading through the Hsp90 lumen. Hsp90A/B are in
surface representation. f, Interface 1 of the Hsp90:FKBP52 interaction, depicting
FKBP52 TPR H7e (FKBP52387-424) interacting with the Hsp90A/B CTD dimer interface.
Hsp90A/B are in surface representation. g, Interface 2 of the Hsp90:FKBP52
interaction, depicting the Hsp90B MEEVD motif (Hsp90B7°0-7%) binding in the helical
bundle of the FKBP52 TPR domain. FKBP52 is in surface representation.
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Fig. 4.2: The GR:FKBP52 interaction and functional significance

a, Atomic model depicting the three interfaces between GR (yellow) and FKBP52 (teal)
in the GR:Hsp90:FKBP52 complex. The FKBP52 proline-rich loop and PPlase site
catalytic site are highlighted in gray. b, Interface 1 between GR (yellow) and the
FKBP52 FK1 domain (teal), showing interacting side chains and hydrogen bonds
(dashed pink lines). ¢, Interface 2 between GR (yellow) and the FKBP52 FK2 domain
(teal), showing interacting side chains and hydrogen bonds (dashed pink lines). d,
Interface 3 between GR (yellow) and the FKBP52 FK2-TPR linker (teal), showing
interacting side chains and hydrogen bonds (dashed pink lines). e, GR activation assay
in wild-type yeast strain JJ762 expressing FKBP52 (“52”) or FKBP52 mutants. The fold
increase in GR activities compared to the empty vector (e.v.) control are shown
(meanxSD). n=3 biologically independent samples per condition. Significance was
evaluated using a one-way ANOVA (F,14) = 67.82; p < 0.0001) with post-hoc Dunnett’s
multiple comparisons test (n.s. P 2 0.05; * P < 0.05; ** P <0.01; *** P <0.001). See
Methods for p-values. f, Sequence alignment of eukaryotic FKBP52 showing
conservation residues involved in the GR:FKBP52 interaction (denoted by a black
asterisk). The bottom aligned sequence is human FKBP51. The alignment is colored
according to the ClustalW convention. g, GR protein sequence conservation mapped
onto the GR atomic model from the GR:Hsp90:FKBP52 complex. Residue conservation
is depicted from most variable (cyan) to most conserved residues (maroon).
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Fig. 4.3: FKBP52 competes with p23 to bind GR:Hsp90

a, Atomic model of the GR-maturation complex (above) and the GR:Hsp90:FKBP52
complex (below) in cartoon representation with boxes corresponding to the interfaces
shown in detail in b-d. FKBP52 competes off p23 and re-positions GR in an
approximately 45° rotated position. Hsp90A (dark blue), Hsp90B (light blue), GR
(yellow), p23 (green), FKBP52 (teal). b, Position of the Hsp90A Src loop in the GR-
maturation complex (Hsp90A, cyan) versus the GR:Hsp90:FKBP52 complex (Hsp90A,
dark blue). The Hsp90A Src loop flips up in the GR:Hsp90:FKBP52 complex to interact
with the hydrophobic patch on the rotated GR (yellow, surface representation). Hsp90A
Src loop residues interacting with the GR hydrophobic patch are shown. ¢, Interface
between the p23 tail-helix (green) and the GR hydrophobic patch (yellow, surface
representation) in the GR-maturation complex (top). The p23 tail-helix is replaced by the
Hsp90A Src loop (dark blue) in the GR:Hsp90:FKBP52 complex (bottom), which flip up
to interact with the GR hydrophobic patch (yellow, surface representation). Interacting
side chains are shown. d, Interaction between the GR.+.ix1 (GR52#531) threading through
the Hsp90 lumen in the GR-maturation complex (top) versus the GRyeteix1 (GR519531)
threading through the Hsp90 lumen in the GR:Hsp90:FKBP52 complex (bottom).
Hsp90A/B are in surface representation colored by hydrophobicity. The GR;e+eix1 region
translocates through the Hsp90 lumen by 2 residues in the transition from the GR-
maturation complex to the GR:Hsp90:FKBP52 complex. Two hydrophobic residues on
GRyeneix1 (GRs25528 or GRPs22Pe26 ) remain bound in the Hsp90 lumen hydrophobic pockets
in both complexes. e, Equilibrium binding of 10nM fluorescent dexamethasone to
100nM GR with chaperones, FKBP52 (“562”), and mutants. “Chaperones”= 15uM Hsp70,
Hsp90, Hop, and p23 or p23Ahelix, 2uM Ydj1 and Bag-1. Significance was evaluated
using a one-way ANOVA (Fs = 541.2; p < 0.0001) with post-hoc Sidak’s test (n.s. P =
0.05;*P=<0.05;**P<0.01; ** P <0.001; **** P <0.0001). See Methods for p-values.
f, Equilibrium binding of 10nM fluorescent dexamethasone to 100nM GR with
chaperones and FKBP52 (“562”). “Chaperones”= 15uM Hsp70, Hsp90, Hop, and p23 or
p23Ahelix, 2uM Ydj1 and Bag-1. Significance was evaluated using a one-way ANOVA
(Fsry = 761.5; p < 0.0001) with post-hoc Sidak’s test (n.s. P = 0.05; * P < 0.05; ** P <
0.01; ** P <0.001; **** P <0.0001). P-values < 0.0001 for each comparison.
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Fig. 4.4: Architecture of the GR:Hsp90:FKBP51 complex

a, Composite cryo-EM map of the GR:Hsp90:FKBP51 complex. Hsp90A (dark blue),
Hsp90B (light blue), GR (yellow), FKBP51 (purple). Color scheme is maintained
throughout. b, Atomic model in cartoon representation with boxes corresponding by
color to the interfaces shown in detail in c-e. ¢, Interface 1 between GR (yellow) and the
FKBP51 FK1 domain (purple), showing interacting side chains and hydrogen bonds
(dashed pink lines). d, Interface 2 between GR (yellow) and the FKBP51 FK2 domain
(purple), showing interacting side chains and hydrogen bonds (dashed pink lines). e,
Interface 3 between GR (yellow) and the FKBP51 FK2-TPR linker (yellow), showing
interacting side chains and hydrogen bonds (dashed pink lines). f, Equilibrium binding of
10nM fluorescent dexamethasone to 100nM GR with chaperones, FKBP51 (“51”),
FKBP52 (“52”), or mutants. “Chaperones”= 15uM Hsp70, Hsp90, Hop, and p23 or
p23Ahelix, 2uM Ydj1 and Bag-1. Significance was evaluated using a one-way ANOVA
(F.12) = 404.1; p < 0.0001) with post-hoc Sidak’s test (n.s. P = 0.05; * P < 0.05; ** P <
0.01; ** P <0.001; **** P <0.0001). See Methods for p-values.
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Fig. 4.5: Mechanism of GR regulation by FKBP51 and FKBP52 in the GR
chaperone cycle

Schematic of the GR chaperone cycle in the cell. Starting on the top left, GR (yellow,
cartoon representation) is in dynamic equilibrium between cortisol-bound and unbound
(apo) states. Hsp70 (orange) binds GR and locally unfolds GR to inhibit cortisol-binding,
stabilizing GR in a partially unfolded, apo state. Hsp70 transfers the partially unfolded
GR to Hsp90 (light and dark blue):Hop (pink) to form the GR-loading complex (Wang et
al. 2022), in which GR is stabilized in a partially unfolded, apo state with the cortisol-
binding pocket accessible. Cortisol (pink), which enters the cell through diffusion, binds
to GR during the transition from the GR-loading complex to the GR-maturation complex
when Hsp90 refolds the GR to a native conformation, sealing the cortisol-binding pocket
through the refolding of the GR Helix 1 region (Noddings et al. 2022). In GR-maturation
complex, the cortisol-bound, folded GR is stabilized by Hsp90 and p23 (green), and is
protected from Hsp70 re-binding. Depending on the relative concentrations of the
FKBPs, either FKBP51 (purple) or FKBP52 (teal) can bind the GR:Hsp90 complex,
competing off p23, and stabilizing the rotated position of GR. FKBP51 sequesters
GR:Hsp90 in the cytosol until ATP hydrolysis on Hsp90 allows release of GR back to
the chaperone cycle. In contrast, FKBP52 promotes rapid nuclear translocation of
GR:Hsp90 by acting as an adapter to the dynein/dynactin motor complex. Once in the
nucleus, the cortisol-bound GR can dimerize, nucleate the assembly of transcriptional
regulatory complexes, and activate the transcription of thousands of genes, including
the gene for FKBP51 (FKBPS5), leading to a negative feedback loop that regulates GR
activity in the cell. The GR chaperone cycle also occurs in the absence of ligand and
evidence supports preferential binding of FKBP51 over FKBP52 to apo GR:Hsp90
complexes, insuring the apo (inactivated) GR is not improperly translocated to the
nucleus to regulate transcription.
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Extended Data Fig. 4.1: Sample preparation of GR:Hsp90:FKBP51 and
GR:Hsp90:FKBP52 complexes for cryo-EM

a, The in vitro reconstituted GR-chaperone cycle. On the left, GR alone is active and
able to bind ligand. Hsp70, aided by the co-chaperone Hsp40, engages GR and inhibits
ligand binding. Hsp70 loads GR onto Hsp90 and Hop, which forms the “GR-loading
complex”. GR is stabilized in an inhibited, partially unfolded conformation by semi-
closed Hsp90, Hsp70, and Hop (PDB ID 7KW7). Hsp70 and Hop are released, Hsp90
hydrolyzes ATP to fully close, and the co-chaperone p23 binds, forming the “GR-
maturation complex” (PDB ID 7KRJ). GR binds ligand in the transition from the GR-
loading complex to the GR-maturation complex. In the maturation complex, GR is in a
fully folded, native conformation and bound to ligand. Upon Hsp90 re-opening, GR is
released from the complex to return to the cycle. b, Domain organization of the proteins
in the GR:Hsp90:FKBP complexes as well as p23. ¢, Coomassie-stained SDS-PAGE
(4-12% acrylamide gel) with elution from the MBP-GR pulldown from the in vitro
reconstituted GR chaperone cycle. Lanes 1 and 2 show the elution from the FKBP51-
containing sample, while Lanes 3 and 4 show the elution from the FKBP52-containing
sample. Assay conditions are as follows- Lane 1: 5 uM MBP-GR, 2 uM Hsp40, 5 uM
Hsp70, 5 uM Hop, 15 uM Hsp90, 15 uM Bag-1, 30 uM FKBP51, 5 mM ATP, 20mM
Sodium Molybdate; Lane 2: sample from Lane 1 after size exclusion chromatography
(d) and chemical crosslinking with 0.02% glutaraldehyde; Lane 3: 5 uM MBP-GR, 2 uM
Hsp40, 5 uM Hsp70, 5 uM Hop, 15 uM Hsp90, 15 uM Bag-1, 30 uM FKBP52, 5 mM
ATP, 20mM Sodium Molybdate; Lane 4: sample from Lane 3 after size exclusion
chromatography (d) and chemical crosslinking with 0.02% glutaraldehyde. d, S200
3.2/300 size exclusion chromatography (SEC) profile of the elution from the MBP-GR
pulldown. The green trace represents the SEC profile of the from the reconstituted GR
chaperone cycle with FKBP51, while the blue trace represents the SEC profile from the
reconstituted GR chaperone cycle with FKBP52. mAU=milli-absorbance units.
Coomassie-stained SDS-PAGE (4-12% acrylamide gel) of the fractions from size
exclusion chromatography corresponding to the GR:Hsp90:FKBP52 sample (left) or the
GR:Hsp90:FKBP51 sample (right). Colors indicate which gel lanes correspond to
specific regions of the size exclusion chromatography profile. Sample fractions from the
region highlighted in purple were collected and used for cryo-EM data collection. This
experiment was repeated 11 independent times with similar results. e, Representative
electron micrograph for the cryo-EM dataset of the GR:Hsp90:FBKP52 complex (left) (-
1.48 um defocus) and GR:Hsp90:FKBP51 complex (right) (-2.23 um defocus). A total of
11,162 and 26,413 micrographs were obtained, respectively.
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Extended Data Fig. 4.2: Cryo-EM data analysis for the GR:Hsp90:FKBP52 complex
Cryo-EM data processing procedure for the GR:Hsp90:FKBP52 complex performed in
RELION and CryoSparc. Gold-standard Fourier shell correlation (GSFSC) curves of the
final 3D reconstructions, including the focused maps and the consensus map, are
shown (bottom). The blue lines intercept the y-axis at an FSC value of 0.143.
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Extended Data Fig. 4.3: Hsp90:GR interfaces in the GR:Hsp90:FKBP52 structure
a, Hsp90:GR:FKBP52 complex map density with atomic model showing ATP-
magnesium density in both Hsp90 protomers (Hsp90A/B). Bottom images show
increased contour level on the map density to indicate that the ATP y-phosphate
position has much stronger density relative to the a and B-phosphates, likely
corresponding to molybdate, which may act as a y-phosphate analog (see Methods). b,
Atomic model of GR from the GR:Hsp90:FKBP52 complex (yellow) compared with GR
from the crystal structure (PDB ID 1M22Z) (light pink) with co-activator peptide NCoA2
(purple) and ligand (dark pink). GRHeiix 12 is indicated. c-f, Atomic model of
GR:Hsp90:FKBP52 complex with Hsp90A (dark blue), Hsp90B (light blue), GR (yellow).
Side chains in contact between GR and Hsp90 are shown, along with hydrogen bonds
(dashed pink lines).c, Interface 1 of the GR:Hsp90 interaction depicting the GR
hydrophobic patch (GR Helices 9 and 10) interacting with the Hsp90A Src loop
(Hsp90345-360)  Hsp90AW320 and Hsp90A NTD/MD helices. d, Interface 2 of the
GR:Hsp90 interaction depicting GR pre-Helix 1 strand and Helix 1 packing up against
the Hsp90B amphipathic a-helices. e, Interface 2 of the GR:Hsp90 interaction depicting
GR in surface representation colored by hydrophobicity (green = polar, brown =
nonpolar) with Hsp90BY%27 sticking into a the BF3 druggable hydrophobic pocket. f,
Interface 3 of the GR:Hsp90 interaction depicting the GR pre-Helix 1 strand threading
through the Hsp90 lumen between Hsp90A and Hsp90B.
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Extended Data Fig. 4.4: GR:FKBP52 interfaces in the GR:Hsp90:FKBP52 structure
Atomic model of the GR:Hsp90:FKBP52 complex with Hsp90A (dark blue), Hsp90B
(light blue), GR (yellow), and FKBP52 (teal). Side chains in contact between Hsp90 and
FKBP52 are shown, along with hydrogen bonds (dashed pink lines). a, Interface 1 of the
Hsp90:FKBP52 interaction depicting the FKBP52 TPR H7e binding to the Hsp90A/B
CTD dimer interface. The helix of FKBP52 H7e breaks to fit into the cleft formed by the
Hsp90 CTDs. b, Interface 2 of the Hsp90:FKBP52 interaction depicting the Hsp90B
MEEVD motif binding the FKBP52 TPR helical bundle. ¢, Interface 3 of the
Hsp90:FKBP52 interaction depicting the FKBP52 TPR helices 5 and 6 binding to the
Hsp90B CTD. d, FKBP52 (teal) from the GR:Hsp90:FKBP52 atomic model aligned with
the cryo-EM structure of FKBP51 (light blue) (PDB ID 7L7I) (top) and crystal structures
of FKBP52 (PDB ID 1P5Q, 1Q1C) (bottom) showing the difference in interdomain
angles. 1P5Q contains the FKBP52 FK1 and FK2 domain, while 1Q1C contains the
FKBP52 FK2 and TPR domains. e, The GR:Hsp90:FKBP52 atomic model with FKBP52
(teal), GR (yellow), and dexamethasone (pink) with proline-isomerase inhibitors,
rapamycin (brown) or FK506 (orange), docked into the atomic model to indicate the
steric clash with GR. Rapamycin was docked in based on the FKBP52:rapamycin
crystal structure (PDB ID 4DRJ) and FK506 was docked in based on the
FKBP52:FK506:FRB crystal structure (PDB ID 4LAX).
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Extended Data Fig. 4.5: Analysis of the GR:Hsp90:FKBP52 structure

a, Expression of human FKBP52 or FKBP52 mutants in wild-type yeast strain JJ762
assayed by immunoblot with a monoclonal antibody specific for FKBP52. An antibody
against PGK1 was used as a loading control. The asterisk marks an unknown protein
that cross reacts with the anti-FKBP52 antibody. b, Atomic model of the
GR:Hsp90:FKBP52 complex shown in surface representation. FKBP52 (teal), GR
(yellow). The NCoA2 (nuclear coactivator 2) co-activator peptide is docked in based on
the GR:NCoA2 crystal structure (PDB ID 1M2Z). While most of the coactivator peptide
binding is sterically permitted, the N-terminus of NCoA2 clashes with the FKBP52 TPR
domain (red circle). ¢, Atomic models of the GR-maturation complex (GR:Hsp90:p23)
(left) and the GR:Hsp90:FKBP52 complex without FKBP52 (right) depicting GR LBD
dimerization. Hsp90A (dark blue), Hsp90B (light blue), GR (yellow). In both complexes,
the GR LBD dimerization site is accessible, however; binding of the second GR LBD
(light pink) to the GR-maturation complex clashes with the Hsp90B CTD, highlighted in
gray (left). Binding of the second GR LBD (light pink) to the GR:Hsp90:FKBP52
complex is permitted once FKBP52 is released (right). Docking of the dimerized GR
LBD is based on the GR LBD dimer crystal structure (PDB ID 1M2Z). d, Equilibrium
binding of 10 nM fluorescent dexamethasone to 100 nM GR DBD-LBD with addition of
15 uM FKBP51 (“51”) or FKBP52 (“52”) measured by fluorescence polarization
(meanzSD). n=3 biologically independent samples per condition. Fluorescence
polarization values are baseline subtracted in accordance with the measured
fluorescent dexamethasone baseline polarization value. Statistical significance was
evaluated by an ordinary one-way ANOVA (F6) = 1414, p < 0.0001) with post-hoc
Tukey’s multiple comparisons test. P-values: p(GR vs. GR + 51) < 0.0001, p(GR vs. GR
+52) < 0.0001, p(GR + 51 vs. GR + 52) = 0.004. (n.s. P=0.05; *P<0.05; ** P<0.01; "™ P
<0.001; **** P <0.0001).
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Extended Data Fig. 4.6: Cryo-EM data analysis for the GR:Hsp90:FKBP51 complex
Cryo-EM data processing procedure for the GR:Hsp90:FKBP51 complex performed in
RELION and CryoSparc. Gold-standard Fourier shell correlation (GSFSC) curves of the
final 3D reconstructions, including the focused maps and the consensus map, are
shown (bottom). The blue lines intercept the y-axis at an FSC value of 0.143.
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Extended Data Fig. 4.7: Hsp90:FKBP51 and GR:Hsp90 interfaces in the
GR:Hsp90:FKBP51 structure

Atomic model of the GR:Hsp90:FKBP51 complex with Hsp90A (dark blue), Hsp90B
(light blue), GR (yellow), and FKBP51 (purple). Side chains in contact between Hsp90
and FKBP51 or Hsp90 and GR are shown, along with hydrogen bonds (dashed pink
lines). a, Hsp90:GR:FKBP51 complex map density with atomic model showing ATP-
magnesium density in both Hsp90 protomers (Hsp90A/B). Bottom images show
increased contour level on the map density to indicate that the ATP y-phosphate
position has much stronger density relative to the o and B-phosphates, likely
corresponding to molybdate, which may act as a y-phosphate analog (see Methods). b,
Interface 1 of the Hsp90:FKBP51 interaction depicting the FKBP51 TPR H7e binding to
the Hsp90A/B CTD dimer interface. The helix of FKBP51 H7e breaks to fit into the cleft
formed by the Hsp90 CTDs. ¢, Interface 2 of the Hsp90:FKBP51 interaction depicting
the Hsp90B MEEVD motif binding the FKBP51 TPR helical bundle d, Interface 3 of the
Hsp90:FKBP51 interaction depicting the FKBP51 TPR helices 5 and 6 binding to the
Hsp90B CTD. e, Interface 1 of the GR:Hsp90 interaction depicting the GR hydrophobic
patch (GR Helices 9 and 10) interacting with the Hsp90A Src loop (Hsp90345-360),
Hsp90AW32° and Hsp90A NTD/MD helices. f, Interface 2 of the GR:Hsp90 interaction
depicting GR pre-Helix 1 strand and Helix 1 packing up against the Hsp90B
amphipathic a-helices. g, Interface 3 of the GR:Hsp90 interaction depicting the GR pre-
Helix 1 strand threading through the Hsp90 lumen between Hsp90A and Hsp90B. h,
The GR:Hsp90:FKBP51 atomic model with FKBP51 (purple), GR (yellow), and
dexamethasone (pink) with proline-isomerase inhibitors, rapamycin (brown) or FK506
(orange) docked into the atomic model to indicate the steric clash with GR. Rapamycin
was docked in based on the FKBP52:rapamycin crystal structure (PDB ID 4DRJ) and
FK506 was docked in based on the FKBP52:FK506:FRB crystal structure (PDB ID
4LAX). The FKBP52-specific inhibitor SAFit2 was docked into the atomic model to
indicate there is no steric clash with GR at the backbone level (although some side
chains do clash). SAFit2 was docked in based on the FKBP51:SAFit2 crystal structure
(PDB ID 6TXX).
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Extended Data Fig. 4.8: Effect of FKBP51 on GR ligand-binding activity

a, Equilibrium binding of 10nM fluorescent dexamethasone to 100nM GR DBD-LBD with
chaperones and FKBP51. “Chaperones”™= 15uM Hsp70, Hsp90, Hop, and p23, 2uM
Ydj1 and Bag-1. Statistical significance was evaluated by an unpaired two-tailed t test,
p-value =0.5737. (n.s. P 20.05; * P < 0.05; ** P <0.01; ** P <£0.001; **** P < 0.0001.b,
Equilibrium binding of 10nM fluorescent dexamethasone to 100nM GR DBD-LBD with
chaperones, FKBP51, and sodium molybdate (“Mo”). “Chaperones”= 15uM Hsp70,
Hsp90, Hop, and p23, 2uM Ydj1 and Bag-1. Statistical significance was evaluated by an
ordinary one-way ANOVA (Fs,12) = 647.1, p < 0.0001) with post-hoc Sidak’s multiple
comparisons test. P-values: p(Chaperones vs. Chaperones -p23) < 0.0001,
p(Chaperones vs. Chaperones -p23 + 51) < 0.0001= 0.0287, p(Chaperones -p23 vs.
Chaperones -p23 + 51) = 0.0123, p(Chaperones + Mo. Vs. Chaperones -p23 + Mo. ) <
0.0001, p(Chaperones + Mo. Vs. Chaperones -p23 + 51 + Mo. ) = 0.1640,
p(Chaperones -p23 + Mo. Vs. Chaperones -p23 + 51 + Mo. ) <0.0001. (n.s. P 20.05; *
P <0.05;* P<0.01; " P<0.001; *™** P <0.0001).
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Extended Data Fig. 4.9: Model of all five SHRs binding to FKBP52 and sequence
conservation across the SHRs at the putative SHR:FKBP52 interface

a, The FKBP52 bound to the glucocorticoid receptor (GR, yellow), progesterone
receptor (PR, tan), mineralocorticoid receptor (MR, orange), estrogen receptor (ERa,
pink), or androgen receptor (AR, green) based on the structure of the
GR:Hsp90:FKBP52 complex. Due to the structural conservation of the LBDs across the
five SHRs, all SHRs fit well with FKBP52 from the GR:Hsp90:FKBP52 atomic model,
with no backbone clashes between the SHRs and FKBP52. The PDB IDs used to dock
in the SHRs are as follows: PR (1A28), MR (2AA7), ERa (1ERE), AR (1T7R). b,
Sequence conservation across human steroid hormone receptors (GR, MR, ERa, ERp,
AR) plotted onto the GR structure from the GR:Hsp90:FKBP52 atomic model. Residues
are colored from most variable (blue) to most conserved (red).
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Methods

Data analysis and figure preparation
Figures were created using UCSF Chimera v.1.14 (Pettersen et al., 2004) and
UCSF ChimeraX v1.0.0 (Goddard et al., 2018). GR ligand binding data was analyzed

using Prism v.9.4.0 (GraphPad).

Protein expression and purification

Human Hsp90a, Hsp70 (gene Hsp70A1A), Hop, p23, p23Ahelix (1-112),FKBP51,
FKBP52, and yeast Ydj1 (Hsp40) were expressed in the pET151 bacterial expression
plasmid with a cleavable N-terminal, 6x-His tag. Human Bag-1 isoform 4 (116-345) was
expressed in a pET28a vector with a cleavable N-terminal, 6x-His tag. Proteins were
expressed and purified by the following procedure. Proteins were expressed in E. coli
BL21 star (DE3) strain. Cells were grown in either LB or TB at 37°C until ODsoo reached
0.6-0.8 and then induced with 0.5 mM IPTG overnight at 16°C. Cells were harvested
and lysed in 50 mM Potassium Phosphate pH 8, 500 mM KCI, 10 mM imidazole pH 8,
10% glycerol, 6 mM BME, and Roche cOmplete, mini protease inhibitor cocktail using
an EmulsiFlex-C3 (Avestin). Lysate was centrifuged and the soluble fraction was affinity
purified by gravity column with Ni-NTA affinity resin (QIAGEN). The protein was eluted
with 30 mM Tris pH 8, 50 mM KCI, 250 mM imidazole pH 8, and 6 mM BME. For Hsp90,
Hsp70, and Ydj1, an extra wash step with 0.1% Tween20 and 2 mM ATP/MgCl2 was
added to the Ni-NTA resin before eluting. The 6x-His tag was removed with TEV

protease during the following overnight dialysis in 30 mM Tris pH 8, 50 mM KCI, and 6
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mM BME. Cleaved protein was then loaded onto an ion exchange column, MonoQ
10/100 GL (GE Healthcare), with 30 mM Tris pH 8, 50 mM KCI, and 6 mM BME and
eluted with a linear gradient of 50-500 mM KCI. Protein was further purified by size
exclusion in 30 mM HEPES pH 7.5, 50 mM KCI, 10% glycerol, 1-2 mM DTT using a
HiLoad 16/60 Superdex 200 (GE Healthcare) or Hi Load 16/60 Superdex 75 (GE
Healthcare). For Hsp70, each peak from ion exchange was collected separately and
purified by size exclusion in 30 mM HEPES pH 7.5, 100 mM KCI, 10% glycerol, 4 mM
DTT, where only the monomeric peak was then collected. Protein was concentrated,

flash frozen, and stored at -80°C.

GR DBD-LBD expression and purification

The human GR DBD-LBD construct contains the GR DNA binding domain
(DBD), hinge, and ligand binding domain (LBD) (418-777) with solubilizing mutation
F602S. The construct was codon optimized and expressed in the pMAL-c3X derivative
with an N-terminal cleavable 6x-His-MBP tag. For datasets |, I, and 1ll, GR DBD-LBD
was expressed and purified with ligand as follows. GR DBD-LBD were expressed in E.
coli BL21 star (DE3) strain. Cells were grown in either LB or TB at 37°C until ODeoo
reached 0.6 and then 100 uM dexamethasone and 50 uM ZnCl2 were added. Cells were
induced with 1 mM IPTG at ODeoo 0.8. Cells were grown overnight (~16-18 hours) at
16°C. Cells were harvested and lysed in 50 mM Tris pH 8, 300 mM KCI, 50 uM
dexamethasone, 5 mM imidazole pH 8, 10% glycerol, 2 mM DTT, and 0.2 mM PMSF.

Lysate was centrifuged and the soluble fraction was affinity purified by gravity column
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with Ni-NTA affinity resin (QIAGEN). During Ni-NTA affinity purification, the resin was
washed with a buffer containing 30mM Tris pH 8, 500mM KCI, 50 uM dexamethasone,
10% glycerol, 2mM DTT, 2mM ATP, 5mM MgCl2, and 0.1% Tween20. Then the resin
was washed with a buffer containing 30mM Tris pH 8, 500mM KCI, 50 uM
dexamethasone, 10% glycerol, 2mM DTT, and 5mM EDTA. The protein was eluted with
30 mM Tris pH 8, 150 mM KCI, 50 uM dexamethasone, 300 mM imidazole pH 8, 10%
glycerol, and 3mM DTT. Protein was then purified by size exclusion in 30 mM HEPES
pH 7.5, 150 mM KCI, 50 uM dexamethasone, 10% glycerol, and 4 mM DTT using a
HiLoad 16/60 Superdex 200 (GE Healthcare). Protein was purified a second time by
size exclusion using a HiLoad 16/60 Superdex 200 (GE Healthcare) with the same
buffer to further remove degradation products. Protein was concentrated, flash frozen,
and stored at -80°C.

For dataset IV and GR ligand binding assays, apo GR DBD-LBD was expressed
and purified as follows. GR DBD-LBD were expressed in E. coli BL21 star (DE3) strain.
Cells were grown in either LB or TB at 37°C until ODsoo reached 0.6 and then 180 uM
dexamethasone and 50 uM ZnCl2 were added. Cells were induced with 1 mM IPTG at
ODeoo 0.8. Cells were grown overnight (~16-18 hours) at 16°C. Cells were harvested
and lysed in 50 mM Tris pH 7.5, 300 mM KCI, 50 uM dexamethasone, 20 mM imidazole
pH 8, 10% glycerol, 2 mM DTT, 0.04% CHAPS, 1 mM PMSF, and Roche cOmplete,
mini protease inhibitor cocktail using an EmulsiFlex-C3 (Avestin). Lysate was
centrifuged and the soluble fraction was affinity purified by gravity column with Ni-NTA
affinity resin (QIAGEN). During Ni-NTA affinity purification, the resin was washed with a

buffer containing 50mM Tris pH 7.5, 300mM KCI, 50 uM dexamethasone, 20 mM

175



imidazole pH 8, 10% glycerol, 2mM DTT, 2mM ATP, 5mM MgCl2, 0.04% CHAPS, 1 mM
PMSF, and Roche cOmplete, mini protease inhibitor cocktail using an EmulsiFlex-C3
(Avestin). The protein was eluted with 30 mM Tris pH 7.5, 150 mM KCI, 100 uM cortisol,
300 mM imidazole pH 8, 10% glycerol, and 3mM DTT. Protein was then dialyzed
overnight in a buffer containing 30mM Tris pH 7.5, 150mM KCI, 10% glycerol, and 2mM
DTT. Protein was then purified by hydrophobic interaction chromatography (HIC) on a
HiScreen Butyl-S FF (4.7mL) column (Cytiva Life Sciences) to remove degradation
products. First, solid KCl was slowly added to the protein solution at 4°C to a final
concentration of 2mM KCI. Then the protein was injected onto the HIC column and
eluted over a gradient of 2 M KCI to 0 M KCI overs 10 column volumes in a buffer
containing 30mM Tris pH 7.5, 10% glycerol, and 2mM DTT. Then the protein was
further purified by size exclusion in 30 mM HEPES pH 8, 150 mM KCI, 10% glycerol,
and 0.5mM TCEP using a HiLoad 16/60 Superdex 200 (GE Healthcare). Protein was
then dialyzed for 3 days, with fresh buffer each day, in a buffer containing 30mM
HEPES pH 8, 150 mM KCI, 10% glycerol, and 2mM DTT. Protein was concentrated,

flash frozen, and stored at -80°C.

GR:Hsp90:FKBP complex sample preparation

The GR chaperone cycle was reconstituted in vitro with purified components as
previously described (Kirschke et al., 2014). Buffer conditions were 30 mM HEPES pH
8, 50 mM KClI, 0.05% Tween20, and 2 mM TCEP. Proteins and reagents were added at

the following concentration: 5 uM MBP-GR LBD, 2 uM Hsp40, 5 uM Hsp70, 5 uM Hop,

15 uM Hsp90, 15 uM p23, 15 uM FKBP51 or FKBP52, and 5 mM ATP/MgClz. This
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reaction was incubated at room temperature for 60 minutes, then 15 uM FKBP51 or
FKBP52, 15 uM Bag-1, and 20 mM sodium molybdate (used to stabilize the closed
conformation of Hsp90 (Csermely et al., 1993; Johnson & Toft, 1995; Verba et al.,
2016), likely by acting as a y-phosphate analog to stabilize the post-ATP hydrolysis
transition state of Hsp90 (Extended Data 3a, 7a)) were added, and the reaction was
incubated at room temperature for another 30 minutes. Following incubation, amylose
resin (New England Biolabs) was added to the reactions in a 1:1 ratio and incubated at
4°C with nutation. Resin was then washed 4 times with wash buffer (30 mM HEPES pH
8, 50 mM KCI, 5 mM ATP/MgClz, 0.05% Tween20, 2 mM TCEP, 20 mM sodium
molybdate) and eluted with 50 mM maltose in elution buffer (30 mM HEPES pH 8, 50
mM KCI, 2 mM TCEP, 20 mM sodium molybdate). The elution was analyzed by SDS-
PAGE (4-12% acrylamide gel) (Extended Data Fig. 1c). The elution was concentrated
and purified by size exclusion using a Superdex 200 Increase 3.2/300 (Cytiva Life
Sciences) and fractions were analyzed by SDS-PAGE (4-12% acrylamide gel)
(Extended Data 1d). Fractions containing the full complex were concentrated to ~2 uM.
2.5 uL of sample was applied to glow-discharged QUANTIFOIL R1.2/1.3, 400-mesh,
copper holey carbon grid (Quantifoil Micro Tools GmbH) and plunge-frozen in liquid
ethane using a Vitrobot Mark IV (FEI) with a blotting time of 12-16 seconds, blotting

force 3, at 10°C, and with 100% humidity.

Cryo-EM data acquisition
All data was acquired using SerialEM software v.4.0 (Schorb et al., 2019).

Datasets I-IV were collected on an FEI Titan Krios electron microscope (Thermo Fisher
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Scientific) operating at 300kV using a K3 direct electron camera (Gatan) and equipped
with a Bioquantum energy filter (Gatan) set to a slit width of 20 eV (example
micrographs Extended Data Fig. 1e). Images were recorded at a nominal magnification
of 105,000x, corresponding to a physical pixel size of 0.835 A. Datasets |, II, and IlI
were collected in super resolution mode, corresponding to a super resolution pixel size
of 0.4175 A. Dataset IV was not collected in super resolution mode. All datasets were
acquired using fringe-free imaging (FFI) and multi-hole targeting using image shift in
which 3 micrographs were collected per hole. A nominal defocus range of 0.8 um -2.0
um under focus was used for all datasets. For exposure, frame rates, and total dose see
Extended Data Table 1.

Two small datasets on the GR:Hsp90:FKBP52 and GR:Hsp90:FKBP51 complex
were collected before the larger datasets described above. The smaller datasets were
collected on samples prepared in a similar manner as described above. For
GR:Hsp90:FKBP52, images were collected on a FEI Titan Krios electron microscope
(Thermo Fisher Scientific) operating at 300kV using a K3 direct electron camera
(Gatan). Images were recorded in super-resolution mode at a nominal magnification of
105,000x, corresponding to a physical pixel size of 0.835 A. A nominal defocus range of
0.8 um —2.0 um underfocus was used. A total exposure of 5.9 seconds was used with
0.05 second subframes (117 total frames). A dose rate of 8.0 e”/pix/s was used, with a
total dose of 67 e/A2. For GR:Hsp90:FKBP51, images were collected on a Talos
Arctica (Thermo Fisher Scientific) operating at 200kV using a K3 direct electron camera
(Gatan). Images were recorded in super-resolution mode at a nominal magnification of

28,000x, corresponding to a physical pixel size of 1.44 A. A nominal defocus range of
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0.8 um —2.0 um underfocus was used. A total exposure of 11.5 seconds was used with

0.1 second subframes (115 total frames). A dose rate of 10.4 e”/pix/s was used, with a

total dose of 57.5 e/A2.

Cryo-EM data processing

The smaller GR:Hsp90:FKBP52 dataset consisted of 2,022 dose-fractionated
image stacks, which were motion corrected using UCSF MotionCor2 (Zheng et al.,
2017) and analyzed with RELION v.3.0.8 (Scheres, 2012). Motion corrected images
were used for contrast transfer function (CTF) estimation using CTFFIND v.4.1 (Rohou
& Grigorieff, 2015) and Laplacian-of-Gaussian particle picking was done in RELION.
Multiple rounds of 3D classification with symmetry C1 were performed with the GR-
maturation complex (PDB ID: 7KRJ) (Noddings et al., 2022) as a low-pass-filtered (20
A) initial model until a medium-resolution (~8 A) GR:Hsp90:FKBP52 reconstruction was
obtained from 11,756 particles. This reconstruction was used as an initial reference for
the larger GR:Hsp90:FKBP52 datasets.

The smaller GR:Hsp90:FKBP51 dataset consisted of 1,181 dose-fractionated
image stacks, which were motion corrected using UCSF MotionCor2 (Zheng et al.,
2017) and analyzed with RELION v.3.0.8 (Scheres, 2012). Motion corrected images
were used for contrast transfer function (CTF) estimation using CTFFIND v.4.1 (Rohou
& Grigorieff, 2015) and Laplacian-of-Gaussian particle picking was done in RELION.
Multiple rounds of 3D classification with symmetry C1 were performed with the GR-
maturation complex (PDB ID: 7KRJ) (Noddings et al., 2022) as a low-pass-filtered (20

A) initial model until a medium-resolution (~6 A) GR:Hsp90:FKBP52 reconstruction was
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obtained from 45,000 particles. This reconstruction was used as an initial reference for
the larger GR:Hsp90:FKBP51 datasets.

Datasets I-IV were motion corrected using UCSF MotionCor2 and analyzed with
RELION v.3.1.0. Motion corrected images with dose weighting were used for contrast
transfer function (CTF) estimation using CTFFIND v.4.1 and reference-based picking
was done in RELION using the corresponding references from the smaller datasets
described above. The processing scheme for datasets I-IV are depicted in Extended
Data Fig. 2 and Extended Data Fig. 6. After initial rounds of 3D classification with
symmetry C1, the GR:Hsp90:FKBP52 datasets (I and Il) were combined and
GR:Hsp90:FKBP51 datasets (lll and IV) were combined.

For the GR:Hsp90:FKBP52 combined dataset, a particle stack of ~496,000
particles were obtained representing a GR:Hsp90:FKBP52 reconstruction at nominal
resolution 3.82 A. This stack was then subjected to 3D classification without alignment
and subsequent 3D refinement on the best classes (~307,000 particles), which yielded
the best overall consensus reconstruction at a nominal resolution of 3.56 A. Additionally,
to improve the resolution of the GR:FKBP52 region, the ~496,000 particle stack was
subjected to signal subtraction of the Hsp90 region. Focused refinement on the Hsp90-
subtracted particle stack was then performed (initial angular sampling 1.8°, initial offset
range 3 pixels, initial offset step 0.75 pixels, local searches from auto-sampling 1.8°)
using a mask including GR and FKBP52 only. Focused classification without alignment
was then performed using a mask including GR and FKBP52 only. Focused refinement
on the best class (~107,000 particles) was then performed (initial angular sampling 0.9°,

initial offset range 3 pixels, initial offset step 0.75 pixels, local searches from auto-
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sampling 0.9°) using focused refinement using a mask including GR and FKBP52 only,
which yielded a GR:FKBP52 reconstruction with a nominal resolution of 4.31 A.

Per-particle CTF, beam-tilt refinement, trefoil and 4" order aberration refinement,
and astigmatism were estimated for both the consensus reconstruction and
GR:FKBP52 focused reconstruction in RELION. The corrected particles stacks were
then imported to CryoSparc (v3.3.2) and 2D Classification was performed to clean-up
the particle stacks. The consensus reconstruction (307,109 particles) was subjected to
Non-Uniform Refinement with an envelope mask and a mask including Hsp90 only,
each of which refined to a nominal resolution of 2.96 A and 2.85 A, respectively. The
GR:FKBP52 focused reconstruction (106,318 particles) was subjected to Local
Refinement with a mask including GR and FKBP52 only, which refined to a nominal
resolution of 3.76 A.

For the GR:Hsp90:FKBP51 combined dataset, a particle stack of ~500,000
particles was obtained, representing a GR:Hsp90:FKBP51 reconstruction at a nominal
resolution of 4.05 A. This stack was then subjected to 3D classification without
alignment and subsequent 3D refinement on the best classes (~172,000 particles) to
obtain the best overall consensus reconstruction at a nominal resolution of 3.23 A.
Additionally, to improve the resolution of the GR:FKBP51 region, the ~500,000 particle
stack was subjected to signal subtraction of the Hsp90 region. Focused refinement on
the Hsp90-subtracted particle stack was then performed (initial angular sampling 0.9°,
initial offset range 3 pixels, initial offset step 1 pixels, local searches from auto-sampling
0.9°) using a mask including GR and FKBP51 only. Focused classification without

alignment was then performed using a mask including GR and FKBP51 only. Focused
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refinement on the best class (~120,000 particles) was then performed (initial angular
sampling 0.9°, initial offset range 3 pixels, initial offset step 1 pixels, local searches from
auto-sampling 0.9°) using focused refinement using a mask including GR and FKBP51
only, which yielded a GR:FKBP51 reconstruction with a nominal resolution of 4.24 A.

Per-particle CTF, beam-tilt refinement, trefoil and 4" order aberration refinement,
and astigmatism were estimated for both the consensus reconstruction and
GR:FKBP51 focused reconstruction in RELION. The corrected particles stacks were
then imported to CryoSparc (v3.3.2) and 2D Classification was performed to clean-up
the particle stacks. The consensus reconstruction (171,778 particles) was subjected to
Non-Uniform Refinement with an envelope mask and a mask including Hsp90 only,
each of which refined to a nominal resolution of 3.19 A. The GR:FKBP51 focused
reconstruction (109,900 particles) was subjected to Local Refinement with a mask
including GR and FKBP51 only, which refined to a nominal resolution of 4.14 A,

All final reconstructions were post-processed in CryoSparc in which the nominal
resolution was determined by the gold standard Fourier shell correlation (FSC) using
the 0.143 criterion (Extended Data Fig. 2, Extended Data Fig. 6). Maps were sharpened
and filtered automatically as determined by CryoSparc according to an estimated overall
map B-factor and filtered to their estimated resolution. A composite map for both
GR:Hsp90:FKBP51 and GR:Hsp90:FKBP52 was generated by combining the overall
consensus refinement map with the GR:FKBP focused refinement map using vop
maximum in Chimera. Note that the composite maps were only used for presentation in
Fig. 1 and Fig. 4, but not used in atomic model building or refinement. CryoSparc 3D

Variability Analysis was performed for the focused GR:FKBP51 and GR:FKBP52
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reconstructions with the following parameters: number of modes to solve = 3, symmetry
= C1, filter resolution = 6 A, filter order = 1.5, high pass order = 8, per-particle scale =
optimal, number of iterations = 20, lambda = 0.01,

For both the GR:Hsp90:FKBP51 and GR:Hsp90:FKBP52 complexes, no ligand-
free GR complexes were identified during image analysis, despite many rounds of
focused classification on GR at various stages of data processing. Only classes with
clear ligand density in the GR ligand binding pocket were obtained, suggesting ligand-
free GR is either too dynamic or quickly released from the complex, consistent with

findings during processing of the GR-maturation complex (Noddings et al., 2022).

Model building and refinement

For the GR:Hsp90:FKBP52 atomic model, dexamethasone-bound GR LBD and
the closed Hsp90 dimer from the GR-maturation complex (PDB ID: 7KRJ) (Noddings et
al., 2022) along with the AlphaFold model of human FKBP52 (accession number: AF-
Q02790) were used as starting models (Jumper et al., 2021). Additionally, the Hsp90
MEEVD peptide from the FKBP51:Hsp90 MEEVD crystal structure (PDB ID: 5NJX)
(Kumar et al., 2017) was used. For the GR:Hsp90:FKBP51 atomic model,
dexamethasone-bound GR LBD and the closed Hsp90 dimer from the GR-maturation
complex (PDB ID: 7KRJ) (Noddings et al., 2022) along with human FKBP51 from the
Hsp90:FKBP51:p23 cryo-EM structure (PDB ID: 7L71) (Lee et al., 2021) were used as
starting models. Additionally, the Hsp90 MEEVD peptide from the FKBP51:Hsp90

MEEVD crystal structure (PDB ID: 5NJX) (Kumar et al., 2017) was used.
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Models were refined using Rosetta v.3.11 throughout. Following the split map
approach (Wang et al., 2016) to prevent and monitor overfitting, the Rosetta iterative
backbone rebuilding procedure was used to refine models against one of the half maps
obtained from RELION, with the other half map only used for validations. Structurally
uncharacterized regions, including the FKBP52 TPR:Hsp90 CTD interaction, the
FKBP51:HSP90 CTD interaction, and the Hsp90 lumen:GR pre-Helix 1 interaction, were
built de novo into consensus reconstructions or focused reconstructions using
RosettaCM (Song et al., 2013). These regions were then further refined using the same
Rosetta iterative backbone rebuilding procedure. With a proper density weight obtained
using the half maps, the final model of the GR:Hsp90:FKBP52 and GR:Hsp90:FKBP51
complex was refined against the full reconstruction allowing only sidechain and small-
scale backbone refinement. The final refinement statistics are provided in Extended

Data Table 1.

Fluorescence polarization assays

Fluorescence polarization of fluorescent dexamethasone (F-dex) (Thermo Fisher)
was measured on a CLARIOstar Plus microplate reader (BMG LabTech) with
excitation/emission wavelengths of 485/538 nm, and temperature control set at 25°C.
Buffer conditions were 50 mM HEPES pH 8, 100 mM KCI, 2 mM DTT. For equilibrium
ligand binding in Fig. 3e,f; 4f, and Extended Data Fig. a,b, proteins were pre-
equilibrated together at room temperature for 60 minutes prior to F-dex addition.
Proteins and reagents were added at the following concentration: 10 nM F-dex, 100 nM

GR DBD-LBD, 2 uM Hsp40, 2 uM Bag-1, 15 uM Hsp70, 15 uM Hsp90, 15 uM Hop, 15
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uM p23 or p23anelix, 15 uM FKBP or FKBP mutants, and 5 mM ATP/MgCl2. Note that the
dissociation constant (Kp) between GR and F-dex is ~150 nM (Kirschke et al., 2014).
Ligand binding was initiated with 10 nM F-dex and association was measured until
reaching equilibrium. The plotted equilibrium values in Fig. 3e,f; 4f and Extended Data
Fig. 8a,b represent the mean of 3 biologically independent samples with error bars
representing the standard deviation. Polarization values are plotted as the change in
polarization from the control sample (10 nM F-dex, 100 nM GR DBD-LBD, 2 uM Hsp40,
2 uM Bag-1, 15 uM Hsp70, 15 uM Hsp90, 15 uM Hop, 15 uM p23, and 5 mM
ATP/MgClI2). For equilibrium ligand binding in Extended Data Fig. 5d, proteins were pre-
equilibrated together at room temperature for 30 minutes prior to F-dex addition.
Proteins and reagents were added at the following concentration: 10 nM F-dex, 100 nM
GR and 15 uM FKBP51 or FKBP52. Ligand binding was initiated with 10 nM F-dex and
association was measured until reaching equilibrium. The plotted data points for each
reaction represent 3 biologically independent samples. For Extended Data Fig. 5d
statistical significance was evaluated by an ordinary one-way ANOVA post-hoc Tukey’s
multiple comparisons test using Prism v.9.4.0 (GraphPad). GR ligand binding behavior
was affected by buffer conditions; therefore, reactions were always normalized such

that each reaction had equivalent amounts of buffer reagents.

Sequence alignments
For the FKBP52 (gene FKBP4) sequence alignments in Fig. 2f, sequences were
obtained from Uniprot (UniProt, 2021), aligned in Clustal Omega (Madeira et al., 2019)

(https://www.ebi.ac.uk/Tools/msa/clustalo/), and visualized in JalView 2.11.1.0
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(Waterhouse et al., 2009). Sequences in the alignment are: H. sapiens FKBP52, M.
musculus FKBP52, R. norvegicus FKBP52, D. melanogaster FKBP52, T. guttata
FKBP52, G. gallus FKBP52, X. tropicalis FKBP52, and H. sapiens FKBP51 (Uniprot
accession codes: Q02790, P30416, Q9QVCS8, Q61Q94, HOZSES, AOA3Q3BOLS,
AOA310SUHS5, Q13451 respectively). For Fig. 2g, sequences were obtained from
Uniprot (UniProt, 2021), aligned in Clustal Omega (Madeira et al., 2019)

(https://www.ebi.ac.uk/Tools/msa/clustalo/), and conservation scores were calculated

and mapped onto GR from the GR:Hsp90:FKBP52 atomic model using UCSF Chimera
v.1.14 (Pettersen et al., 2004). Sequences in the alignment are: H. sapiens GR, M.
musculus GR, R. norvegicus GR, T. guttata GR, G. gallus GR, X. tropicalis GR, D. rerio
GR (Uniprot accession codes: P04150, P06537, P06536, AOA674H6U9, AOA1D5SPRD?7,
Q28E31, AOA2R8QNT75, respectively).

For Extended Data Fig. 9b, the sequences were obtained from Uniprot (UniProt,
2021), aligned in Clustal Omega (Madeira et al., 2019)

(https://www.ebi.ac.uk/Tools/msa/clustalo/), and mapped onto GR from the maturation

complex using Chimera v.1.14 (Pettersen et al., 2004) a. Sequences in the alignment
are the human steroid hormone receptors: glucocorticoid receptor, mineralocorticoid
receptor, androgen receptor, progesterone receptor, estrogen receptor a and  (Uniprot
accession codes: P04150, P08235, P10275, P06401, E3WH19, Q92731, respectively).
Conservation was calculated using percent conservation in Chimera v.1.14(Pettersen et
al., 2004) (with AL2CO (Pei & Grishin, 2001) parameters (unweighted frequency

estimation and entropy-based conservation measurement)).
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Analysis of FKBP52 mutant expression by Western blot

Wild-type (JJ762) cells expressing empty vector (pbRS423GPD), or plasmid-
borne wild-type or mutant FKBP52 (pRS423GPD-FKBP52) were lysed and subjected to
SDS-PAGE (10% acrylamide gel) followed by immunoblot analysis with a monoclonal
antibody specific for FKBP52 (Hi52b, a gift from Dr. Marc Cox, The University of Texas
at El Paso) (Riggs et al., 2003) (Extended Data Fig. 5a) An antibody against PGK1

(Invitrogen #459250) was used as a loading control.

In vivo GR activity assays

Relating to Fig. 2e, the effect of overexpression of wild-type FKBP52 on GR
activity was determined as previously described (Riggs et al., 2003). GR activity was
measured in the wild-type S. cerevisiae strain (JJ762) expressing GR on a single copy
plasmid (p414GPD-GR) and the GRE-lacZ reporter plasmid pUCDSS-26X. Wild-type or
mutant FKBP52 was expressed in the pPRS423GPD plasmid. Cells were grown at 30°C
with shaking overnight in selective media, diluted 10-fold and grown to ODsoo 0.4-0.5.
Cultures were split in two and one set was induced with ligand (50 nM DOC,
deoxycorticosterone) (Sigma) for one hour. The B-galactosidase (p-gal) activity of
paired samples in the presence and absence of hormone was measured as described
using the yeast B-galactosidase assay kit from Thermo Scientific (Catalog number
#75768). Assays contained triplicate samples and were conducted at least twice with
each mutant. A representative assay is shown.

Fold GR activity was determined by the increase in normalized B-gal activity in

the hormone treated sample relative to the untreated paired sample. Relative GR
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activation was calculated by normalizing the fold GR activity of each sample to the
average fold GR activity of strain JJ762 expressing p423GPD (empty vector [e.v.]). The
fold increase in GR activities compared to the empty vector (e.v.) control are shown
(meanzSD). Significance was evaluated using a one-way ANOVA (F,14) = 67.82; p <
0.0001) with post-hoc Dunnett’'s multiple comparisons test. P-values: p(e.v. vs. 52) <
0.0001, p(52 vs. 52AFK1) < 0.0001, p(52 vs. 52 S118A) < 0.0001, p(52 vs. Y161D) =

0.0001, p(52 vs. W259D) = 0.0002.

Quantification and statistical analysis

All data were tested for statistical significance with Prism v.9.4.0 (GraphPad)
(n.s.P2=0.05;*P <0.05;** P<0.01;** P=<0.001; *** P <0.0001). Statistical details
(including sample sizes (n), F-statistics, p-values, and degrees of freedom) are included
in the figure legends for each experiment where possible. Relating to Fig. 2e,
significance was evaluated using a one-way ANOVA (F,14) = 67.82; p < 0.0001) with
post-hoc Dunnett’'s multiple comparisons test P-values: p(e.v. vs. 52) < 0.0001, p(52 vs.
52AFK1) < 0.0001, p(52 vs. 52 S118A) < 0.0001, p(52 vs. 52 Y161D) = 0.0001.
Relating to Fig 3e, significance was evaluated using a one-way ANOVA (F3,8 = 541.2; p
< 0.0001) with post-hoc Sidak’s test. P-values: p(Chaperones vs. Chaperones + 52) =
0.0002, p(Chaperones + 52 vs. Chaperones w/ p23Ahelix + 52) < 0.0001,
p(Chaperones w/ p23Ahelix vs. Chaperones w/ p23Ahelix + 52) < 0.0001. Relating to
Fig. 3f, significance was evaluated using a one-way ANOVA (F,12) = 761.5; p < 0.0001)
with post-hoc Sidak’s test. P-values < 0.0001 for each comparison. Relating to Fig. 4f

statistical significance was evaluated by an ordinary one-way ANOVA with post-hoc
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Sidak’s multiple comparisons test. P-values: p(Chaperones vs. Chaperones + w/
p23Ahelix) < 0.0001, p(Chaperones vs. Chaperones w/ p23Ahelix + 51) = 0.0287,
p(Chaperones w/ p23Ahelix + 51 vs. Chaperones w/ p23Ahelix + 51 L119P) < 0.0001,
p(Chaperones w/ p23Ahelix + 51 vs. Chaperones w/ p23Ahelix + 52) < 0.0001,
p(Chaperones w/ p23Ahelix + 52 vs. Chaperones w/ p23Ahelix + 52 P119L) < 0.0001.
Relating to Extended Data Fig. 8a statistical significance was evaluated by an unpaired
two-tailed t test, p-value =0.5737. Relating to Extended Data Fig. 8b, statistical
significance was evaluated by an ordinary one-way ANOVA with post-hoc Sidak’s
multiple comparisons test. P-values: p(Chaperones vs. Chaperones -p23) < 0.0001,
p(Chaperones vs. Chaperones -p23 + 51) < 0.0001= 0.0287, p(Chaperones -p23 vs.
Chaperones -p23 + 51) = 0.0123, p(Chaperones + Mo. vs. Chaperones -p23 + Mo. ) <
0.0001, p(Chaperones + Mo. vs. Chaperones -p23 + 51 + Mo. ) = 0.1640,

p(Chaperones -p23 + Mo. vs. Chaperones -p23 + 51 + Mo. ) <0.0001.
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Chapter 5 Cryo-EM reveals how the cochaperone PP5

regulates the Glucocorticoid Receptor

Preface

The work presented in this chapter was performed by rotation students | advised,
Claire Kokontis and Estelle Ronayne. This chapter contains unpublished results that
may be useful for future projects. The goal of this project was to determine how the
Hsp90 cochaperone PP5, a serine/threonine-protein phosphatase, integrates with the
GR chaperone cycle in vitro to regulate GR activity. Claire Kokontis characterized PP5
binding in the GR chaperone cycle, revealing PP5 preferentially binds to the GR-
maturation complex. Claire also determined the first cryo-EM structures of the
GR:Hsp90:p23:PP5 complex, which revealed two distinct reconstructions at low
resolution that provided many novel insights. In one reconstruction, the PP5
phosphatase domain directly contacts the GR LBD, while a helical extension on the
TPR domain binds the Hsp90 CTD dimer interface. Due to the separation of the PP5
phosphatase domain and TPR domain upon GR:Hsp90 binding, the PP5 autoinhibition
is released and PP5 appears poised to dephosphorylate GR. In another reconstruction,
PP5 binds the Hsp90 MD and charged linker on the opposite of the GR LBD and
appears to remain in an autoinhibited state, with both the phosphatase and TPR
domains bound together. Claire also performed experiments characterizing the PP5
effect on GR ligand binding in vitro. Estelle Ronayne, who was co-mentored with Maru

Jaime-Garza, performed further experiments characterizing the effect of PP5 on GR
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ligand binding in vitro and investigating the role of a PP5 mutant in the GR chaperone

cycle.

Introduction

GR activity is regulated by the chaperones Hsp70 and Hsp90, as well as a
variety of cochaperones which are found associated with GR:Hsp90 in vivo (Pratt et al.,
2006; Pratt & Toft, 1997). One of these associated cochaperones is the
serine/threonine-protein phosphatase, PP5 (Ppt1 in yeast). PP5 is predominantly
localized in the nucleus, but also found in the cytosol (Chen et al., 1994) and can be
associated with ligand-free GR:Hsp90 complexes in both the cytosol and nucleus
(Silverstein et al., 1997). PP5 competes with the cochaperones FKBP51, FKBP52, and
Cyp40 to bind GR:Hsp90 complexes (Silverstein et al., 1997). Like FKBP52, PP5 may
also regulate GR nuclear localization by serving as a linker to the dynein motor system
(Dean et al., 2001; DeFranco et al., 1991; Galigniana et al., 2002; Galigniana et al.,
1999). Functionally, PP5 appears to be a negative regulator of GR activity. PP5 (Ppt1)
deletion increases GR transactivation in yeast (Sahasrabudhe et al., 2017) and PP5
knockdown increases GR transactivation in cultured human cancer cells (Biebl et al.,
2021; Wang et al., 2007; Zuo et al., 1999).

GR is regulated by many different PTMs, including phosphorylation by multiple
kinase signaling pathways (JNKs, CDKs, and MAPKSs), under varying cellular contexts
(Fig. 1) (Weikum et al., 2017). Specifically, ligand addition is correlated with an increase
in phosphorylation at sites S203 and S211 in the GR NTD and nuclear localization of
GR is associated with increased phosphorylation at S211 (Wang et al., 2002).

Increased phosphorylation at S226 in the GR NTD is associated with nuclear export
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(Itoh et al., 2002). PP5 inhibition results in GR hyperphosphorylation (DeFranco et al.,
1991) and specifically, PP5 knockdown is correlated with an increase in phosphorylation
at GR S203 and S226, in a manner dependent upon the GR LBD (Wang et al., 2007).

PP5 is composed of an N-terminal TPR domain, which can bind either the Hsp70
C-terminal IEEVD motif or Hsp90 C-terminal MEEVD motif (Connarn et al., 2014), and a
C-terminal phosphatase domain, which is autoinhibited by the TPR domain (Fig. 2). The
binding of the TPR and phosphatase domains physically blocks the phosphatase
catalytic site and TPR EEVD binding groove (PDB ID 1WAO) (Yang et al., 2005). PP5
interaction with Hsp90 relieves the autoinhibition, but interestingly, the MEEVD motif on
Hsp90 is not sufficient, suggesting interactions with Hsp90 beyond the MEEVD are
needed for release of autoinhibition. Without the phosphatase domain, the PP5 TPR
adopts an extended Helix 7 (H7e), as seen with the FKBP51 and FKBP52 TPR domains
(PDB ID 1KTO, 1QZ2, respectively) (Sinars et al., 2003; Wu et al., 2004).

A recent cryo-EM structure of CRaf:Hsp90:Cdc37:PP5 by Maru Jaime-Garza
from the Agard lab (Jaime-Garza et al., 2022) reveals that the PP5 phosphatase domain
and TPR domain come apart when PP5 binds Hsp90, relieving the autoinhibition (Fig.
3). The phosphatase domain is directly bound to the C-lobe of the partially unfolded
kinase client, CRaf, poised to dephosphorylate the kinase. The linker between the TPR
domain and phosphatase domains interacts with Hsp90. Surprisingly, the PP5 TPR H7e
binds to the Hsp90 CTD closed dimer interface, while the Hsp90 MEEVD motif binds in
the PP5 TPR helical bundle, as expected. In the GR:Hsp90:p23:FKBP51 cryo-EM
structure (Lee et al., 2021) and the GR:Hsp90:FKBP51/52 cryo-EM structures (Chapter

3), the FKBP TPR H7e also binds the Hsp90 CTD closed dimer interface. However, the
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PP5 H7e binds in a completely different orientation to Hsp90 relative to FKBP51 and
FKBP52, demonstrating sequence divergence in the H7e between the cochaperones
can have profound effects on the Hsp90:H7e interaction. Garza et al. 2022 also
demonstrated that mutation to the PP5 H7e:Hsp90 CTD interaction reduces CRaf
dephosphorylation, indicating the importance of the PP5 H7e:Hsp90 interaction for PP5-
dependent client dephosphorylation. How PP5 integrates with other Hsp90:client
complexes to regulate client activity is unclear and thus we investigated how PP5

influences the GR chaperone cycle and regulates GR activity in vitro.

Results

PP5 binds to the GR-maturation complex

To determine how PP5 integrates with the GR-chaperone cycle, PP5 was added
to the in vitro reconstituted GR:Hsp70 complex, GR-loading complex, or GR-maturation
complex. The GR-loading complex was prepared as previously described (Wang et al.,
2022), using an ATP-binding deficient Hsp90 (Hsp90 D93N) that stalls the GR
chaperone cycle at the GR-loading complex. The GR-maturation complex was prepared
as previously described (Noddings et al., 2022), using Bag-1 to promote transition from
the GR-loading complex to the GR-maturation complex and using sodium molybdate to
stabilize the closed conformation of Hsp90. PP5 was added to either the GR:Hsp70
complex, GR-loading complex, or GR-maturation complex preparations, then the
complexes were purified using an affinity purification against the N-terminal MBP on

GR, and the resulting eluates were analyzed by SDS-PAGE gel (Fig. 4).
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These experiments demonstrated that PP5 co-elutes with the GR-maturation
complex, using either the GR LBD (amino acids 521-777) or GR DBD-LBD (amino acids
418-777) constructs (note that the GR LBD protein is in a predominantly apo state,
while the GR DBD-LBD protein is likely in a predominantly ligand-bound state due to
differences in purification procedures). PP5 does not strongly co-elute with the GR-
loading complex, although there is a faint band that likely corresponds to PP5, which
could be due to a low level of non-specific binding. PP5 also does not co-elute with the
GR:Hsp70 complex, despite having a TPR that can bind the Hsp70 IEEVD motif. It has
been previously reported that PP5 binds the Hsp70 IEEVD motif with lower affinity
compared to the Hsp90 MEEVD motif, supporting our results (Connarn et al., 2014).
Altogether, PP5 appears to specifically bind the GR-maturation complex, in which
Hsp90 adopts a closed conformation. This is consistent with the
CRaf:Hsp90:Cdc37:PP5 structure, in which PP5 specifically binds the closed

conformation of Hsp90 (Jaime-Garza et al., 2022).

GR:Hsp90:p23:PP5 structure determination

The GR:Hsp90:p23:PP5 structure was prepared by in vitro reconstitution of the
complete GR chaperone cycle. GR DBD-LBD (amino acids 418-777) with an N-terminal
maltose-binding protein (MBP) tag was incubated with Hsp70, Hsp40, Hop, Hsp90, p23,
and PP5, allowing GR to progress through the chaperone cycle to reach the
GR:Hsp90:p23:PP5 complex. The complex was stabilized with sodium molybdate and
then purified by affinity purification on MBP-GR followed by size exclusion

chromatography and light crosslinking (Fig. 5). Deposition of the uncrosslinked sample
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onto Quantifoil 1.2/1.3 Cu 400 mesh grids resulted in an interesting clustering of
particles on the grid, which did not appear to be aggregated (Fig. 6). The use of
functionalized PEG-2k (polyethylene glycol 2000) amino grids developed by Feng Wang
from the Agard Lab (Wang et al., 2020) resulted in normal particle distribution on the
grids and were used to collect a small dataset.

Two distinct GR:Hsp90:p23:PP5 reconstructions were obtained from the dataset
using RELION (Fig. 7). The first reconstruction at 12.8 A resembled the GR-maturation
complex at low-resolution. The atomic model for the GR-maturation complex (PDB ID
7KRJ) (Noddings et al., 2022) fit well into the density, with a closed Hsp90 dimer bound
to the folded GR LBD and p23 bound to the Hsp90 NTDs (Fig. 8). Extra density was
clearly visible at two locations—one corresponding to the PP5 TPR domain binding to
the Hsp90 CTD dimer interface and the other corresponding to the PP5 phosphatase
domain bound to the GR LBD and Hsp90 MD.

The position and orientation of the PP5 phosphatase and TPR domains appears
the same as seen in the CRaf:Hsp90:Cdc37:PP5 structure, despite having different
clients and cochaperones bound to the complex (Fig. 8). H7e binds the Hsp90 CTD
dimer interface in the same manner and the PP5 phosphatase domain is positioned
between the Hsp90 CTDs and the client, adopting the same position and orientation.
The orientation of the PP5 phosphatase domain places the PP5 catalytic site pointing
toward, but not touching, the GR LBD. Additionally, the PP5 phosphatase domain
appears to interact with the GR LBD near GR Helix 3, which forms the bottom of the GR
ligand-binding pocket and may allow PP5 to specifically recognize specific liganded

states of GR (apo vs. ligand-bound). Altogether, in reconstruction #1, PP5 autoinhibition
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has been released due to the separation of the phosphatase and TPR domains and
PP5 appears to be poised to dephosphorylate GR.

The second reconstruction at 14.3 A also resembled the GR-maturation complex
with extra density. The atomic model for the GR-maturation complex (PDB ID 7KRJ)
(Noddings et al., 2022) also fit well into the density, with a closed Hsp90 dimer bound to
the folded GR LBD and p23 bound to the Hsp90 NTDs. An extra density likely
corresponding to PP5 is seen between the Hsp90 MD and the Hsp90B charged linker
(Fig. 9). The putative PP5 density is bound on the side of the Hsp90 dimer opposite p23
and the GR LBD, possibly interacting with the GR hinge region, which would be exiting
through the Hsp90 lumen on that side. Despite using the GR DBD-LBD construct, the
GR hinge and DBD region are not visible in the density, likely due to their high degree of
flexibility, consistent with the results from the GR DBD-LBD:Hsp90:FKBP cryo-EM
structures (Chapter 3). Interestingly, the putative PP5 density appears to have two
lobes, possibly corresponding to the PP5 phosphatase domain and TPR domain bound
together in the autoinhibited state. Indeed, the autoinhibited state of PP5 seen in the
crystal structure (1WAO) (Yang et al., 2005) fits well into the density. Although it is
difficult to unambiguously assign an orientation for PP5 in reconstruction #2 due to the
limited resolution, the catalytic site would not be positioned near Hsp90 or any
components of the complex in the orientation we have assigned. Thus, in reconstruction
#2, PP5 appears to be in an autoinhibited state and is not directly interacting with the
GR LBD, in contrast to reconstruction #1.

In both reconstructions, GR appears to be in a native, folded state with the same

orientation described in the GR-maturation complex (Noddings et al., 2022). GR does
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not appear to adopt a rotated position as seen in the GR:Hsp90:FKBP complex
(Chapter 3). However, the overall resolution of the reconstruction is low; therefore, it is
unclear if there are small perturbations to the GR conformation or orientation relative to
the GR-maturation complex. In addition, the ligand state of GR cannot be determined
from the reconstruction; however, ligand was not removed from the GR DBD-LBD

protein used in this sample, so GR Is likely in a ligand-bound state.

PP5 effect on GR ligand binding

To quantitatively assess the functional significance of PP5 on GR activation, we
added PP5 to the in vitro reconstituted GR-chaperone cycle, using the GR LBD
construct and monitored GR ligand-binding, as previously described (Kirschke et al.,
2014; Noddings et al., 2022). Addition of PP5 to the GR chaperone mix resulted in a
reduction in GR ligand-binding; however, GR ligand-binding activity was still higher than
that of GR alone (without the chaperones) (Fig. 10). It should be noted that later
attempts to recapitulate this result were not successful. When repeating this experiment,
Claire Kokontis found PP5 does not have an effect on GR ligand-binding in the
chaperone cycle. Estelle Ronayne also attempted to repeat these experiments with the
GR DBD-LBD construct and similarly found that neither PP5 nor the PP5AaJ mutant
(discussed below) have an effect on GR ligand-binding in the chaperone cycle (Fig. 11).

Our biochemistry and structural findings demonstrate that PP5 preferentially
binds the closed conformation of Hsp90 at the closed CTD dimer interface. We
wondered whether PP5 can stabilize Hsp90 closure through this interaction, in a

manner similar to p23, which is known to stabilize Hsp90 NTD closure through the
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globular p23 domain (Ali et al., 2006; Noddings et al., 2022). Omitting p23 from the GR
chaperone cycle drastically reduces GR ligand-binding, as previously described
(Kirschke et al., 2014; Noddings et al., 2022). The addition of PP5 in place of p23 has
no effect on GR ligand-binding activity, demonstrating PP5 cannot functionally replace
p23 (Fig. 12).

Our structures also demonstrate that PP5 directly binds to the GR LBD in
reconstruction #1 near the ligand-binding site, so we wondered whether PP5 stabilizes
the folded, ligand-bound GR LBD, in a manner similar to the p23 tail-helix (Noddings et
al., 2022). As previously described, removal of the p23 tail-helix (p23Ahelix) resulted in
a decrease in GR ligand-binding activity in the GR chaperone system. The addition of
PP5 had no effect on GR ligand-binding with the p23Ahelix mutant, thus PP5 cannot

functionally replace the p23 tail-helix (Fig. 13).

PP5 Aad mutant binds the GR:Hsp90:p23 complex

The PP5 C-terminal aJ helix makes stabilizing interdomain interactions in the
autoinhibited PP5 crystal structure (PDB ID: TWAO) (Yang et al., 2005); however, in the
CRaf:Hsp90:Cdc37:PP5 cryo-EM structure, there was no apparent density for the PP5
aJ helix and the canonical position of the aJ helix would clash with the client in this
structure, suggesting the aJ helix becomes disordered to engage client (Jaime-Garza et
al., 2022). Thus, we tested whether a PP5 mutant lacking the aJ helix (PP5Aad) (amino
acids 1-489) would engage more strongly with the GR:Hsp90:p23 complex compared to
wildtype PP5. PP5 or PP5AaJ were added to the in vitro reconstituted GR chaperone

cycle. The GR:Hsp90:p23: PP5 complexes was stabilized with sodium molybdate and
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then purified by affinity purification on MBP-GR and analyzed by SDS-PAGE gel. Both
PP5 and PP5Aad co-eluted with GR:Hsp90:p23, indicating PP5Aad can integrate into
the GR:Hsp90:p23 complex, like the wildtype PP5. The PP5Aad band intensity was

slightly stronger than PP5, indicating PP5AaJ may bind with slightly higher affinity to the

GR:Hsp90:p23 complex (Fig. 14).

Discussion

We have determined the first structures of the Hsp90 cochaperone PP5 bound to
the GR:Hsp90 complex. We present two low-resolution cryo-EM structures of the
GR:Hsp90:p23:PP5 complex, demonstrating PP5 can bind in two distinct modes to the
GR:Hsp90:p23 complex. In the first structure, PP5 binds Hsp90 in an active
conformation, with the phosphatase domain and TPR domains split apart, relieving the
autoinhibited state. The TPR domain binds the Hsp90 CTD dimer interface through TPR
H7e, while the phosphatase domain directly binds GR, consistent with the orientation
and active conformation of PP5 in the CRaf:Hsp90:Cdc37:PP5 structure (Jaime-Garza
et al., 2022). Unlike the CRaf:Hsp90:Cdc37:PP5 structure, density for the linker
between the phosphatase and TPR domains cannot be seen in our low-resolution
reconstruction.

In the second structure, PP5 binds the Hsp90A/B MD and Hsp90B charged
linker. In this structure, PP5 appears to be in the autoinhibited conformation, although
the low-resolution of the reconstruction prohibits a confident assignment to this density.
In this structure, PP5 is bound on the opposite side of the GR LBD and p23, potentially

poised to interact with the GR hinge region or DBD. While neither the hinge nor DBD
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are visible in this reconstruction, this is likely due to their high degree of flexibility,
consistent with the results from the GR DBD-LBD:Hsp90:FKBP cryo-EM structures
(Chapter 3). Obtaining higher resolution reconstructions may reveal interactions
between the inactive phosphatase and the hinge or DBD regions of GR. It is unclear if
this structure represents a physiologically relevant complex. This structure may be an
artifact of crosslinking with relatively high concentrations of PP5 present in the sample,
especially given that the charged linker, which is involved in the putative interaction,
contains many exposed lysine residues available for crosslinking.

Altogether, our structures contribute to an emerging theme in which Hsp90
cochaperones directly stabilize specific Hsp90 conformations and simultaneously bind
specific client conformations (Jaime-Garza et al., 2022; Noddings et al., 2022; Verba et
al., 2016; Wang et al., 2022). We have demonstrated that PP5 favors binding to the
closed conformation of Hsp90 and demonstrated this interaction is mediated through
the PP5 H7e:Hsp90 CTD dimer interface, as seen in the CRaf:Hsp90:Cdc37:PP5
structure (Jaime-Garza et al., 2022). Although PP5 preferentially binds to the closed
state of Hsp90, we have demonstrated that PP5 cannot stabilize the Hsp90 closed state
akin to p23 and thus p23 is still required for full reactivation of GR ligand-binding in the
chaperone cycle, even when PP5 is present. Interestingly, we also demonstrate PP5 is
not able to stabilize the ligand-bound GR state akin to the p23 tail-helix, although PP5
directly binds the GR LBD in reconstruction #1. In contrast, we have shown that
FKBP51 and FKBP52 can functionally replace the p23 tail-helix due to their ability to
stabilize the ligand-bound GR LBD through an extensive, direct interaction (Chapter 3).

The PP5:GR LBD interaction interface is quite small in comparison. Rather than serving
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to stabilize the GR LBD in a particular conformation, it is likely that this interface serves
to orient the PP5 catalytic site of the phosphatase domain. The PP5 catalytic site is
accessible to substrate in reconstruction #1, but as expected, there is no apparent
density for substrate in the active site because (1) GR was purified in E. coli and lacks
the relevant phosphorylation modifications and (2) the GR construct does not contain
the NTD, where the putative PP5 dephosphorylation sites reside.

Based on our cryo-EM structures and biochemistry data, we propose a model
describing how PP5 modulates the GR phosphorylation state to regulate GR activity in
vivo (Fig. 15). We propose PP5 binds to the ligand-free GR-maturation complex
(GR:Hsp90:p23), consistent with in vivo reports (Silverstein et al., 1997). The PP5
phosphatase and TPR domains come apart to bind the GR LBD and Hsp90 CTD dimer
interface, respectively, which relieves the PP5 autoinhibition. The PP5 phosphatase
domain binds the folded GR LBD and may bind specifically to the apo GR LBD state,
which may be sensed by the PP5 interaction with GR Helix 3.

The GR LBD:PP5 phosphatase interaction positions the PP5 catalytic site such
that it is accessible to substrate. We propose PP5 is positioned to capture the flexible,
disordered GR NTD to dephosphorylate the putative substrate residues, S206 and
S226. Dephosphorylation at these residues acts as a signal to repress GR activation
(perhaps inhibiting nuclear translocation or the assembly of GR transcription regulatory
complexes), allowing PP5 to act as a negative regulator of GR activity (Biebl et al.,
2021; Sahasrabudhe et al., 2017; Wang et al., 2007; Zuo et al., 1999). When ligand is

present in the cell, PP5 binding to the ligand-bound GR is disfavored, allowing GR to
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retain phosphorylation at S205 and S226, which act as signals to allow downstream
activation of GR.

Further investigation is needed to determine the functions of
phosphorylation/dephosphorylation at specific sites on GR. Currently, changes in
phosphorylation at specific sites on GR are correlated with some GR functions, but
these signals likely provide more direct regulation of GR activity in the cell that have yet
to be characterized. Another interesting aspect to explore is the effect of competition
between PP5 and other Hsp90 cochaperones. In particular, PP5 binding in the active
form (reconstruction #1) appears to be competitive with FKBP51 and FKBP52 based on
our cryo-EM structures (Chapter 3) and in vivo biochemistry (Silverstein et al., 1997).
PP5 competition with FKBP52 in particular would likely reduce GR ligand-binding and
nuclear translocation, further inhibiting GR activity. How GR activity is affected by the
interplay between PP5 and other cochaperones remains to be characterized and
perhaps competition between the various cochaperones allows for fine-tuned regulation

of GR in different cellular contexts or tissue types.
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Fig. 5.1: PTMs on human GR

This figured is adapted from Weikum et al. 2017 and depicts the identified PTMs that
are found on human GR. Cdk2 is through to phosphorylate S203 and S211, while JNK
is thought to phosphorylate S226. PP5 appears to dephosphorylate S203 and S226.
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Fig. 5.2: Crystal structure of the inhibited PP5 conformation

This figure is adapted from Yang et al. 2005 and shows the crystal structure of the
inhibited PP5 (PDD ID 1WAO) (Yang et al. 2005). The phosphatase and TPR domains
bind together, blocking the phosphatase catalytic site. The EEVD binding grove on the
TPR domain is partially blocked in this conformation. The C-terminal aJ helix provides
stabilizing interdomain interactions.
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Fig. 5.3: Cryo-EM structure of the CRaf:Hsp90:Cdc37:PP5 complex

This figure is adapted from Garza et al. 2022 and shows the cryo-EM structure of the
CRaf (kinase):Hsp90:Cdc37:PP5 complex. PP5 adopts an active conformation, with the
phosphatase and TPR domains separated, each binding to Hsp90. The TPR H7e (a7
helix) binds the Hsp90 CTD dimer interface, while the phosphatase domain binds the
CRaf C-lobe and Hsp90A CTD. The linker between the phosphatase and TPR domains
binds along the Hsp90A CTD. This structure demonstrated that PP5 binding to Hsp90
relives the autoinhibited state, poising PP5 to dephosphorylate the client. This structure
also demonstrated that the PP5 phosphatase domain directly binds the client protein
beyond the catalytic site and that PP5 binding is compatible with Cdc37.
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Fig. 5.4: PP5 preferentially binds the GR-maturation complex

A 4-12% SDS-PAGE gel after affinity purification on the MBP-GR with the addition of
the chaperone system (Hsp70, Hsp40, Hsp90, Hop, p23) and PP5. Different complexes
within the GR chaperone cycle were enriched before the MBP-GR affinity purification
(either the GR-loading complex, GR-maturation complex, or GR-Hsp70 complex). See
Methods for assay conditions.
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Fig. 5.5: Preparation of the GR:Hsp90:p23:PP5 complex for cryo-EM

A 4-12% SDS-PAGE gel after affinity purification on the MBP-GR with the addition of
the chaperone system (Hsp70, Hsp40, Hsp90, Hop, p23) and PP5, with conditions to
enrich for the GR-maturation complex. The purified GR-maturation complex + PP5 (left
lane) was concentrated and purified by size exclusion. Fractions containing the full
complex were crosslinked with 0.02% glutaraldehyde for 20 minutes at room

temperature. The sample was then concentrated to ~2 uM (middle lane, “crosslinked
complex”).
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Fig. 5.6: GR:Hsp90:p23:PP5 complexes cluster on Quantifoil grids
GR:Hsp90:p23:PP5 complexes were prepared as described in the Methods. This
sample was not crosslinked. 2.5 uL of sample was applied to Quantifoil Cu 400 1.2/1.3
grids and imaged on an Arctica electron microscope. The micrographs show the
complex clustered in a roughly spherical shape. This is a representative micrograph. All
micrographs obtained (approximately 10) exhibited this clustering.
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Fig. 5.7: Cryo-EM data processing scheme for the GR:Hsp90:p23:PP5 complex
Cryo-EM data processing procedure in RELION resulting in two low-resolution 3D
reconstructions of the GR:Hsp90:p23:PP5 complex.
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Fig. 5.8: Cryo-EM structure of the GR:Hsp90:p23:PP5 reconstruction #1

Atomic models fit into cryo-EM reconstruction #1 of the GR:Hsp90:p23:PP5 complex.
The GR-maturation complex (GR:Hsp90:p23) fits well into the density (PDB ID 7KRJ)
(Noddings et al. 2022). The separate phosphatase and TPR domains fit well into the
extra density (PDB ID 1WAO) (Yang et al. 2005). The green box indicates the position
of the PP5 phosphatase catalytic site in relation to the GR LBD.
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Fig. 5.9: Cryo-EM structure of the GR:Hsp90:p23:PP5 reconstruction #2

Atomic models fit into cryo-EM reconstruction #2 of the GR:Hsp90:p23:PP5 complex.
The GR-maturation complex (GR:Hsp90:p23) fits well into the density (PDB ID 7KRJ)
(Noddings et al. 2022). The inhibited PP5 conformation fits well into the extra density
(PDB ID 1WAO) (Yang et al. 2005).
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Fig. 5.10: Effect of PP5 on GR ligand-binding in vitro with the chaperone system
Time course of 250 nM GR LBD binding to 20 nM fluorescent dexamethasone (Fdex)
measured by fluorescence polarization anisotropy (mP = milliPolarization units).
Chaperones = 2 uM Hsp40, 15 uM Hsp70, 15 uM Hsp90, 15 uM Hop, 15 uM p23, and 5
mM ATP/MgCl2. 15 uM PP5 was added to reactions as indicated. Reactions were pre-
equilibrated for 1 hour before Fdex addition at time 0 seconds.
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Fig. 5.11: Effect of PP5 and PP5AaJ on GR ligand-binding in vitro with the

chaperone system
Time course of 250 nM GR LBD binding to 20 nM fluorescent dexamethasone (Fdex)

measured by fluorescence polarization anisotropy (mP = milliPolarization units).
Chaperones = 2 uM Hsp40, 15 uM Hsp70, 15 uM Hsp90, 15 uM Hop, 15 uM p23, and 5
mM ATP/MgCl2. 15 uM PP5 or PP5AadJ were added to reactions as indicated.
Reactions were pre-equilibrated for 1 hour before Fdex addition at time 0 seconds.
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Fig. 5.12: PP5 cannot functionally replace p23 in the GR chaperone system

Time course of 250 nM GR LBD binding to 20 nM fluorescent dexamethasone (Fdex)
measured by fluorescence polarization anisotropy (mP = milliPolarization units).
Chaperones = 2 uM Hsp40, 15 uM Hsp70, 15 uM Hsp90, 15 uM Hop, 15 uM p23, and 5
mM ATP/MgCl2. P23 was omitted from some reactions as indicated. 15 uM PP5 as
added to reactions as indicated. The reactions had already reached equilibrium when
the measurement was started (~2000 seconds after fluorescent dexamethasone
addition). Reactions were pre-equilibrated for 1 hour before Fdex addition at time 0
seconds.
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Fig. 5.13: PP5 cannot functionally replace the p23 tail-helix in the GR chaperone
system

Time course of 250 nM GR LBD binding to 20 nM fluorescent dexamethasone (Fdex)
measured by fluorescence polarization anisotropy (mP = milliPolarization units).
Chaperones = 2 uM Hsp40, 15 uM Hsp70, 15 uM Hsp90, 15 uM Hop, 15 uM p23 or
p23Ahelix, and 5 mM ATP/MgClz. 15 uM PP$5 was added to reactions as indicated.
Reactions were pre-equilibrated for 1 hour before Fdex addition at time 0 seconds.
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Fig. 5.14: PP5 and PP5AaJ bind to the GR-maturation complex with comparable

affinities

A 4-12% SDS-PAGE gel after affinity purification on the MBP-GR with the addition of
the chaperone system (Hsp70, Hsp40, Hsp90, Hop, p23) and PP5 or PP5Aad. The GR-
maturation complex was enriched before the MBP-GR affinity purification. See Methods

for assay conditions.
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Fig. 5.15: Model for the PP5-dependent regulation of GR activity in the chaperone
cycle

PP5 binds to the ligand-free GR-maturation complex (GR:Hsp90:p23) (left). The PP5
phosphatase and TPR domains come apart to bind the GR LBD and Hsp90 CTD dimer
interface, respectively, which relieves the PP5 autoinhibition. The PP5 phosphatase
domain binds the folded GR LBD, orienting the PP5 catalytic site. The PPS catalyic site
catpures the flexible, disordered GR NTD to dephosphorylate the putative substrate
residues, S206 and S226. Dephosphorylation at these residues acts as a signal to
repress GR activation. When ligand is present, the GR LBD binds ligand, inhibiting PP5
association (right). The GR NTD then retains phosphorylation at S206 and S226,
allowing GR to proceed in the activation pathway (nuclear transport and binding to
GREs).
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Methods
Data analysis and figure preparation

Figures were created using UCSF Chimera (Pettersen et al., 2004) and UCSF
ChimeraX (Goddard et al., 2018). GR ligand binding data was analyzed using Prism

GraphPad).

Protein expression and purification

Human Hsp90a, Hsp70 (gene Hsp70A1A), Hop, p23, p23Ahelix (1-112), and
yeast Ydj1 (Hsp40) were expressed in the pET151 bacterial expression plasmid with a
cleavable N-terminal, 6x-His tag. Human Bag-1 isoform 4 (116-345) was expressed in a
pET28a vector with a cleavable N-terminal, 6x-His tag. Proteins were expressed and
purified by the following procedure as described (Noddings et al., 2022). Human PP5

and PP5Aad were expressed and purified as described (Jaime-Garza et al., 2022).

Human Hsp90a D93N was purified as previously described (Wang et al., 2022).

GR expression and purification

For GR LBD, the ligand binding domain (LBD) (520-777) with solubilizing
mutation F602S was codon optimized and expressed in the pMAL-c3X derivative with
an N-terminal cleavable 6x-His-MBP tag. GR LBD was expressed and purified as
previously described (Kirschke et al., 2014).

GR DBD-LBD construct contains the GR DNA binding domain (DBD), hinge, and
ligand binding domain (LBD) (418-777) with solubilizing mutation F602S. The construct

was codon optimized and expressed in the pMAL-c3X derivative with an N-terminal
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cleavable 6x-His-MBP tag. GR DBD-LBD was expressed and purified with ligand as

described (Chapter 3).

Assessing PP5 Complexes in vitro

The GR chaperone cycle was reconstituted in vitro with purified components as
previously described (Kirschke et al., 2014). Buffer conditions were 30 mM HEPES pH
8, 50 mM KCl, 0.05% Tween20, and 2 mM TCEP. To test PP5 binding with GR:Hsp70,
proteins and reagents were added at the following concentration: 5 uM MBP-GR LBD, 2
uM Hsp40, 5 uM Hsp70, 15 uM PP5, and 5 mM ATP/MgClz. To test PP5 binding with
the GR-loading complex (GR:Hsp90:Hsp70:Hop), proteins and reagents were added at
the following concentration: 5 uM MBP-GR LBD, 2 uM Hsp40, 15 uM Hsp70, 15 uM
Hop, 15 uM Hsp90 D93N, 15 uM PP5, and 5 mM ATP/MgClz. To test PP5 binding with
the GR-maturation complex (GR:Hsp90:p23), proteins and reagents were added at the
following concentration: 5 uM MBP-GR LBD, 2 uM Hsp40, 5 uM Hsp70, 5 uM Hop, 15
uM Hsp90, 15 uM p23, 15 uM PP5 or PP5Aad, and 5 mM ATP/MgCl2.These reactions
was incubated at room temperature for 60 minutes. For the GR-maturation complex,
after 60 minutes, 15 uM p23, 15 uM Bag-1, and 20 mM sodium molybdate (used to
stabilize the closed conformation of Hsp90 (Csermely et al., 1993; Johnson & Toft,
1995; Verba et al., 2016), likely by acting as a y-phosphate analog to stabilize the post-
ATP hydrolysis transition state of Hsp90) were added, and the reaction was incubated
at room temperature for another 30 minutes. Following incubation, amylose resin (New
England Biolabs) was added to the reactions in a 1:1 ratio and incubated at 4°C with

nutation. Resin was then washed 4 times with wash buffer (30 mM HEPES pH 8, 50
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mM KCI, 5 mM ATP/MgClz, 0.05% Tween20, 2 mM TCEP, 20 mM sodium molybdate)
and eluted with 50 mM maltose in elution buffer (30 mM HEPES pH 8, 50 mM KClI, 2
mM TCEP, 20 mM sodium molybdate). The elution was analyzed by SDS-PAGE (4-

12% acrylamide gel).

GR:Hsp90:p23:PP5 sample preparation

The GR:Hsp90:p23:PP5 sample was prepared by adding PP5 to the in vitro
reconstituted GR-chaperone cycle, enriching for the GR-maturation complex as
described above. The elution from the MBP-GR affinity purification was concentrated
and purified by size exclusion using a Superdex 200 Increase 3.2/300 (Cytiva Life
Sciences) and fractions were analyzed by SDS-PAGE (4-12% acrylamide gel).
Fractions containing the full complex were crosslinked with 0.02% glutaraldehyde for 20
minutes at room temperature. The sample was then concentrated to ~2 uM. 2.5 uL of
sample was applied to PEG-2k (polyethylene glycol 2000) amino affinity grids (Wang et
al., 2020) and plunge-frozen in liquid ethane using a Vitrobot Mark IV (FEI) with a wait
time of 30 seconds, blotting time of 4 seconds, blotting force 0, at 10°C, and with 100%

humidity.

Cryo-EM data acquisition

All data was acquired using SerialEM software. The dataset was collected on a
Glacios electron microscope (Thermo Fisher Scientific) operating at 200kV using a K3
direct electron camera (Gatan). Images were recorded at a nominal magnification of

34,000x, corresponding to a physical pixel size of 1.207 A. The dataset was collected in
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super resolution mode, corresponding to a super resolution pixel size of 0.603 A. A
nominal defocus range of 0.8 um —2.0 um under focus was used for all datasets. The
dose rate was 12.5 e/pixel/second and the dose per frame was 0.51 e /A2/frame, with

117 frames collected per movie. The total dose was 59.5 e”/A2.

Cryo-EM data processing

The GR:Hsp90:p23:PP5 dataset consisted of 1,911 dose-fractionated image
stacks, which were motion corrected using UCSF MotionCor2 (Zheng et al., 2017) and
analyzed with RELION v.3.0.8 (Scheres, 2012). Motion corrected images were used for
contrast transfer function (CTF) estimation using CTFFIND v.4.1 (Rohou & Grigorieff,
2015) and Laplacian-of-Gaussian particle picking was done in RELION. Three rounds of
3D classification with symmetry C1 were performed with the GR-maturation complex
(PDB ID: 7KRJ) (Noddings et al., 2022) as a low-pass-filtered (20 A) initial model until
three low-resolution (~14 A) reconstructions were obtained. The first reconstruction,
corresponding to GR:Hsp90:p23:PP5 (active) contained ~14,000 particles, the second
reconstruction, corresponding to GR:Hsp90:p23:PP5 (inactive) contained ~19,000
particles, and the third reconstruction, corresponding to the GR-maturation complex,

GR:Hsp90:p23, contained ~23,000 particles.

Fluorescence polarization assays
Fluorescence polarization of fluorescent dexamethasone (F-dex) (Thermo
Fisher) was measured on a SpectraMax M5 plate reader (Molecular Devices) with

excitation/emission wavelengths of 485/538 nm, and temperature control set at 25°C.
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Buffer conditions were 50 mM HEPES pH 8, 100 mM KCI, 2 mM DTT. Proteins were
pre-equilibrated together at room temperature for 60 minutes prior to F-dex addition.
Proteins and reagents were added at the following concentration: 250 nM GR LBD, 2
uM Hsp40, 15 uM Hsp70, 15 uM Hsp90, 15 uM Hop, 15 uM p23 or p23aneiix, 15 uM PP5
or PP5Aad, and 5 mM ATP/MgClz. Note that the dissociation constant (Kp) between GR
and F-dex is ~150 nM (Kirschke et al., 2014). Ligand binding was initiated with 10 nM F-
dex and association was measured until reaching equilibrium. Data was plotted and
analyzed using Prism (GraphPad). GR ligand binding behavior was affected by buffer
conditions; therefore, reactions were always normalized such that each reaction had

equivalent amounts of buffer reagents.
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Chapter 6 Regulation of GR DNA-binding by Hsp70/Hsp90

Preface

This chapter contains unpublished results that may be useful for future projects.
This project was proposed as part of my F31 NIH/NCI fellowship. Elaine Kirschke
inspired this project through her success in purifying a recombinant GR construct
containing the DBD and hinge (GR DBD-LBD), which allowed me to try the first in vitro
GR GRE-binding experiments with a multidomain GR construct and the chaperone

system.

Introduction

Beyond ligand-binding, Hsp90 is known to effect GR binding to GR response
elements (GREs) in the nucleus, but much less is known about how nuclear-localized
Hsp90 regulates clients (Echeverria & Picard, 2010). As discussed in Chapter 4, ligand-
bound GR appears to remain complexed with Hsp90 during translocation to the nucleus
(Czar et al., 1997; Echeverria et al., 2009). The cochaperone FKBP52 is thought to act
as an adaptor between the ligand-bound GR:Hsp90 complex and the dynein/dynactin
motor complex for rapid transport of active GR to the nucleus (Galigniana et al., 2002;
Galigniana et al., 2001; Silverstein et al., 1999). GR, Hsp90, p23, and FKBP52 have
been shown to interact with the nuclear pore and are all found in abundance in the
nucleus (Echeverria et al., 2009). Furthermore, Hsp90 is known to regulate many
transcription factors as well as chromatin remodeling complexes, thus intimately linking
Hsp90 to transcription regulation (Echtenkamp et al., 2016; Sawarkar & Paro, 2013;

Zhao et al., 2005).
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Once GRis in the nucleus, GR binds GREs to assemble transcription regulatory
complexes. GREs contain GR binding sequences (GBSs), which are imperfect
palindromic hexameric half sites separated by 3 base-pair (bp) spacers. The GR DBD
dimerizes on the GBS, such that the monomers bind in a head-to-head orientation, with
each monomer occupying a single half site (Luisi et al., 1991). The GR LBDs are also
known to dimerize (Bledsoe et al., 2002), but it is unclear how the full receptor dimerizes
on the GRE since a multidomain structure of GR has not been determined. Dimerized
multidomain structures of other nuclear receptors have revealed that both the DBDs
LBDs homodimerize, while the hinge mediates contacts between the domains and also
makes contact with the DNA-binding site (Chandra et al., 2008; Chandra et al., 2013;
Lou et al., 2014).

It is unclear whether Hsp90 is integrated into these GR:GRE complexes;
however, Hsp90 and the cochaperone p23 have been shown to co-localize with GR at
GREs (Freeman, 2002; Stavreva et al., 2004). Previous studies also suggest Hsp90
and p23 inhibit GR GRE-binding in vivo, possibly serving to disassemble GR
transcription regulatory complexes; however, the mechanism of inhibition is unknown
(Freeman, 2002; Kang et al., 1999; Liu & Defranco, 1999). From the GR-maturation
complex structure (Chapter 3), it is clear that the GR LBDs cannot dimerize due to steric
clash with Hsp90; however, structures of the GR:Hsp90:FKBP complexes (Chapter 4)
demonstrate that the GR LBDs can dimerize in these complexes due to a rotation of GR
in the complex. In all three complexes, the GR DBD would appear to be free to

dimerize, but the GR hinge region is partially occluded in the Hsp90 lumen. Thus, full
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dimerization of GR is likely to be inhibited when GR is complexed with Hsp90, but how

this affects GR GRE-binding is unknown.

Results

| performed the first, to my knowledge, in vitro experiments characterizing the
effect of the GR chaperone cycle on GR GRE-binding. Using the GR DBD-LBD
construct, | purified reconstituted GR DBD-LBD with saturating amounts of ligand (note
the ligand was not dialyzed away at the end of the purification). The GR DBD-LBD
plasmid and purification protocol were provided by Elaine Kirschke. | then used
fluorescence anisotropy to measure GR binding to two different fluorescein-conjugated
GREs, the canonical Pal and Sgk GREs. The GR DBD interaction with the Pal and Sgk
oligomers has been previously biochemically and structurally characterized (Meijsing et
al). | first confirmed that GR DBD-LBD binds the Pal and Sgk GREs with similar
affinities without the chaperone cycle (Fig. 1). Note that the baseline Pal and Sgk
polarization value is a bit higher than expected, possibly due to interaction between the
fluorescein and DNA. Next, | pre-incubated 1uM GR DBD-LBD with Hsp70/Hsp40/ATP
or the full chaperone system (Hsp70/Hsp40/Hsp90/Hop/p23/ATP) for 1 hour and then
added 100nM Pal (Fig. 2). Surprisingly, both the Hsp70/Hsp40 system and full
chaperone system reduced GR GRE-binding to a similar level. As a control, | also
tested Pal binding to a GR DBD-hinge only construct (amino acids 418-506).
Interestingly, the GR DBD-hinge also exhibits reduced Pal binding compared to the GR
DBD-LBD construct and plateaus at a similar polarization value as with the

Hsp70/Hsp40 system or full chaperone system.
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| hypothesized that the Hsp70/Hsp40 and full chaperone systems inhibited GR
GRE-binding by preventing dimerization of the GR LBDs. Given that FKBP51 and
FKBP52 appear to rotate the GR LBD to potentially poise the GR LBD for dimerization
(Chapter 4), | tested whether addition of FKBP51 or FKBP52 into the chaperone system
would facilitate GR LBD dimerization and increase Pal binding (Fig. 3). Adding FKBP51
or FKBP52 into the GR:chaperone pre-incubation did not restore full GR GRE-binding.
However, the addition of FKBP51 did lead to a slow decrease in GR GRE-binding.
When 1 uM of ligand (cortisol) was spiked into the FKBP51 reaction, the Pal binding
level was restored, suggesting FKBP51 may lower the ligand-binding affinity.

To assess whether Hsp90 interacts with portions of GR beyond the LBD, |
determined a cryo-EM structure of the GR-maturation complex (GR:Hsp90:p23) with the
GR DBD-LBD (Fig. 4). Previously, we had determined the GR-maturation complex
structure with the GR LBD construct and therefore, we could not assess whether the
DBD or hinge regions interact with Hsp90. The GR DBD-LBD:Hsp90:p23 sample was
prepared in the same manner as the previous GR-maturation complex (Chapter 3) and
all data processing was performed in RELION. The resulting reconstruction resembled
the GR LBD:Hsp90:p23 maturation complex, with no density present for the DBD or
hinge regions. This is consistent with the FKBP-containing complexes | determined later
(Chapter 4), which were prepared with the GR DBD-LBD construct and revealed no
density beyond the GR LBD. Thus, the GR DBD and hinge regions do not appear to
interact with Hsp90, p23, or the FKBPs, which suggests Hsp90 inhibits GR GRE-binding

through interactions only with the GR LBD.
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Discussion

Using the reconstituted GR chaperone cycle and the incorporation of the GR
DBD-LBD construct, | have established the first in vitro system to characterize the effect
of the GR chaperone cycle on GR GRE-binding. | revealed that the Hsp70/Hsp40
system partially inhibits GR GRE-binding and that the addition of Hsp90/Hop/p23,
surprisingly, does not restore GR GRE-binding. This result is intriguing because the
Hsp70/Hsp40 system inhibits GR ligand-binding, but the addition of Hsp90/Hop/p23
restores GR ligand-binding (Kirschke et al., 2014). Thus, GR GRE-binding is not solely
dictated by the ligand-binding state of GR. Instead, | hypothesize that Hsp70 and Hsp90
engagement with the GR LBD prevents LBD dimerization, which reduces the GR:GRE
affinity. Supporting this hypothesis, the GR DBD-hinge only construct binds the GRE
with a similar polarization level compared to the GR DBD-LBD + chaperones reactions.
This suggests that the presence of the GR LBD enhances GR GRE-binding and that the
chaperones inhibit this GR LBD-dependent enhancement. The structure of the GR
DBD-LBD:Hsp90:p23 complex also demonstrates Hsp90 only engages with the GR
LBD, supporting this hypothesis.

Surprisingly, addition of FKBP51 or FKBP52 did not restore GR GRE-binding in
the chaperone system despite my hypothesis that the FKBPs poise the GR LBD for
dimerization (Chapter 4). One potential explanation is that Hsp70 re-binding and re-
inhibition of GR may occur quickly after release of the FKBPs and a dimerized form of
the GR LBDs does not persist long enough to positively effect GR GRE-binding in this
assay. Perhaps the addition of Bag-1 into the system could be used to prevent Hsp70

re-binding and allow time for the GR LBDs to dimerize after the FKBP-induced rotation.
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Strangely, FKBP51 caused a slow reduction in GR GRE-binding over the time course of
the experiment, which was recovered by addition of ligand into the system. This a
puzzling result and needs to be explored further, but this result suggests FKBP51
reduces the GR ligand-binding affinity.

Further experiments need to be performed to understand the mechanism of how
Hsp70 and Hsp90 inhibit GR GRE-binding. It would be very useful to further
characterize GR GRE-binding in the in vitro system without the chaperones, as this has
not yet been well characterized in the field. Since | have now optimized the purification
of apo GR DBD-LBD constructs suitable for biochemical assays (Chapter 4), it would be
useful to understand how GR ligand-binding affects GR GRE-binding. Furthermore, it
would be useful to understand how dimerization of the GR DBDs and LBDs contribute
to GRE-binding affinity using dimerization-deficient point mutants.

As proposed as part of my F31, there is much to be explored regarding GR
binding to GREs on chromatin given that GR is thought to be a pioneer factor that
preferentially binds heterochromatin. The use of GRE nucleosomes in the fluorescence
polarization assay, instead of naked DNA, may yield very different insights and would
be more physiologically relevant for this system. Given that Hsp90 is found associated
with GREs (Freeman, 2002), perhaps Hsp90 (or Hsp90 cochaperones) interact with
chromatin in a way that facilitates release of GR for dimerization and high-affinity
binding to GREs. In this vein, it would be interesting to determine a cryo-EM structure of
GR:Hsp90 complexes bound to a GRE or GRE nucleosome. The presence of GREs in
the sample would likely allow the GR DBDs and hinge to dimerize, which may facilitate

structural determination of these regions. Overall, it would be extremely valuable for the
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chaperone field to understand in molecular detail how Hsp90, Hsp70, and
cochaperones affect client activity in the nucleus and the in vitro GR chaperone cycle

provides a tractable model system to elucidate these mechanisms.
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Figures
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Fig. 6.1: Recombinant GR DBD-LBD binds Pal and Sgk GREs
Time course of 1 uM GR DBD-LBD binding to 100 nM fluorescent Pal or Sgk GRE
oligos measured by fluorescence polarization anisotropy (mP = milliPolarization units).
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Fig. 6.2: The chaperones partially inhibit GR GRE-binding

Time course of 1 uM GR DBD-LBD binding to 100 nM fluorescent Pal GRE oligo
measured by fluorescence polarization anisotropy (mP = milliPolarization units).
Chaperone concentrations are as follows: 2 uM Hsp40, 15 uM Hsp70, 15 uM Hsp90, 15

uM Hop, 15 uM p23, and 5 mM ATP/MgClz. Reactions were pre-equilibrated for 1 hour
before fluorescent Pal addition at time 0 seconds.
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Fig. 6.3: The FKBP51 and FKBP52 effect on GR GRE-binding

Time course of 1 uM GR DBD-LBD binding to 100 nM fluorescent Pal GRE oligo (F-
GRE) measured by fluorescence polarization anisotropy (mP = milliPolarization units).
“Chaperones” = 2 uM Hsp40, 15 uM Hsp70, 15 uM Hsp90, 15 uM Hop, 15 uM p23, and
5 mM ATP/MgClz. 15 uM FKBP51 or FKBP52 were added to reactions as indicated.
Reactions were pre-equilibrated for 1 hour before fluorescent Pal addition at time 0
seconds. 1 uM cortisol was added to all reactions at ~3000 seconds (as indicated by the
black arrow).
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Fig. 6.4: Sample preparation and cryo-EM structure of the GR DBD-
LBD:Hsp90:p23 complex

The GR DBD-LBD:Hsp90:p23 complex was prepared for cryo-EM as described as
follows. The GR chaperone cycle was reconstituted in vitro with purified components.
Buffer conditions were 30 mM HEPES pH 8, 50 mM KCI, 0.05% Tween20, and 2 mM
TCEP. Proteins and reagents were added at the following concentration: 5 uM MBP-GR
DBD-LBD (purified with ligand, see Methods), 2 uM Hsp40, 5 uM Hsp70, 5 uM Hop, 15
uM Hsp90, 15 uM p23, 5 mM ATP/MgClz. This reaction was incubated at room
temperature for 60 minutes, then 15 uM p23, 15 uM Bag-1, and 20 mM sodium
molybdate were added, and the reaction was incubated at room temperature for another
30 minutes. Following incubation, MBP-GR was affinity purified (see Methods). The
elution was analyzed by SDS-PAGE (4-12% acrylamide gel) (left). The elution was
concentrated and purified by size exclusion using a Shodex KW-804 column and
fractions were analyzed by SDS-PAGE (4-12% acrylamide gel) (middle). Fractions
containing the full complex were concentrated to ~2 uM and applied to Quantifoil grids.
Data was collected on a Titan Krios and the dataset was process in RELION (see
Methods). The resulting reconstruction was refined to 3.75 A (right) and the density
resembles the GR-maturation complex (Chapter 3), with a closed Hsp90 dimer, GR
LBD bound to one side of the Hsp90 dimer, and p23 bound to one side of the Hsp90
NTD dimer interface. There was no additional density corresponding to the GR DBD or
hinge, which appear to be too flexible for visualization.
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Methods

Data analysis and figure preparation
Figures were created using UCSF Chimera v.1.14 (Pettersen et al., 2004) and
UCSF ChimeraX v1.0.0 (Goddard et al., 2018). GR ligand binding data was analyzed

using Prism v.9.4.0 (GraphPad).

Protein expression and purification
Human Hsp90a, Hsp70 (gene Hsp70A1A), Hop, p23, FKBP51, FKBP52, and

yeast Ydj1 (Hsp40) were expressed as described in Chapter 4.

GR DBD-LBD expression and purification

The human GR DBD-LBD construct contains the GR DNA binding domain
(DBD), hinge, and ligand binding domain (LBD) (418-777) with solubilizing mutation
F602S. The construct was codon optimized and expressed in the pMAL-c3X derivative
with an N-terminal cleavable 6x-His-MBP tag. GR DBD-LBD was expressed and

purified with ligand as described in Chapter 4.

GR DBD-LBD:Hsp90:p23 complex sample preparation

The GR DBD-LBD:Hsp90:p23 complex as prepared in the same manner as the
GR LBD:Hsp90:p23 complex (the ‘GR-maturation complex’) as described in Chapter 3.
Instead of using the GR LBD construct, the GR DBD-LBD (418-777) purified with ligand
was used (Fig. 4). Fractions containing the full complex were concentrated to ~2 uM.

2.5 ulL of sample was applied to glow-discharged QUANTIFOIL R1.2/1.3, 400-mesh,
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copper holey carbon grid (Quantifoil Micro Tools GmbH) and plunge-frozen in liquid
ethane using a Vitrobot Mark IV (FEI) with a blotting time of 12 seconds, blotting force 3,

at 10°C, and with 100% humidity.

Cryo-EM data acquisition

All data was acquired using SerialEM software v.4.0 (Schorb et al., 2019). Data
was collected on an FEI Titan Krios electron microscope (Thermo Fisher Scientific)
operating at 300kV using a K3 direct electron camera (Gatan) and equipped with a
Bioquantum energy filter (Gatan) set to a slit width of 20 eV. Images were recorded at a
nominal magnification of 105,000x%, corresponding to a physical pixel size of 0.834 A.
The dataset was collected in super resolution mode, corresponding to a super
resolution pixel size of 0.417 A. A nominal defocus range of 0.8 um —2.0 um under

focus was used.

Cryo-EM data processing

The dataset consisted of approximately 5,000 dose-fractionated image stacks,
which were motion corrected using UCSF MotionCor2 (Zheng et al., 2017) and
analyzed with RELION v.3.0.8 (Scheres, 2012). Motion corrected images with dose
weighting were used for contrast transfer function (CTF) estimation using CTFFIND
v.4.1 and Laplacian-of-Gaussian picking was performed in RELION. Approximately 5
million particles were picked and subjected an initial round of 3D classification with
symmetry C1 and the GR-maturation complex (Chapter 3) as a lowpass-filtered

reference.
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A single class corresponding to the closed Hsp90 dimer was obtained, with
approximately 1.5 million particles. This particle stack was subjected to 3D refinement
and then a round of focused 3D classification without alignment using a mask around
the GR LBD. The best class, with approximately 112,000 particles, was subjected to 3D
refinement with a circular mask encompassing the entire complex. Another round of
focused 3D classification without alignment was performed, using a mask around the
GR LBD. The best class, with approximately 37,000 particles, was obtained and
subjected to 3D refinement with a circular mask encompassing the entire complex. 3D
refinement yielded a reconstruction of the GR DBD-LBD:Hsp90:p23 complex with a

nominal resolution 3.75 A.

Fluorescence polarization assays

Fluorescence polarization of fluorescent Pal (5-ACAGAACATTTTGTTCTTCGA-
FAM) or Sgk (5-ACAGAACATTTTGTCCGTCGA-FAM) (bold letters correspond the GR
binding site) double-stranded DNA was measured on a SpectraMax M5 plate reader
(Molecular Devices) with excitation/emission wavelengths of 485/538 nm, temperature
control set at 25°C. Buffer conditions were 50 mM HEPES pH 8, 100 mM KCI, 2 mM
DTT. GRE-binding was initiated with 100nM of fluorescent DNA and 1 uM GR DBD-LBD
and association was measured until reaching equilibrium. For GRE-binding with the
chaperones, the proteins were pre-equilibrated together at room temperature for 60
minutes prior to fluorescent DNA addition. Proteins and reagents were added at the
following concentration: 100 nM fluorescent DNA, 1 uM GR DBD-LBD, 2 uM Hsp40, 15

uM Hsp70, 15 uM Hsp90, 15 uM Hop, 15 uM p23, 15 uM FKBP51 or FKBP52, and 5
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mM ATP/MgClz. GRE-binding was initiated with 100 nM fluorescent DNA and
association was measured until reaching equilibrium. 1 uM of cortisol was used for the
ligand ‘spike-in’ relating to Figure 3. GR GRE-binding behavior was affected by buffer
conditions; therefore, reactions were always normalized such that each reaction had

equivalent amounts of buffer reagents.
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Chapter 7 Future Directions

Interaction between Hsp90 and the Dynein/Dynactin Motor Complex
Previous studies have revealed a connection between Hsp90 and the
cytoplasmic dynein/dynactin motor complex as a means to rapidly transport Hsp90
clients to the nucleus. In this model, the Hsp90:client complex is translocated along
microtubules as cargo on cytoplasmic dynein/dynactin with FKBP52 acting as an
adaptor between Hsp90 and dynein/dynactin. This mode of nuclear transport has only
been identified GR, MR, p53, and hTERT (human telomerase reverse transcriptase),
although it is likely that other Hsp90 clients undergo Hsp90:dynein-dependent transport
(Mazaira et al., 2021). GR is known to be rapidly translocated to the nucleus (t12 = 4-5
minutes) in a manner dependent on the Hsp90, FKBP52, and dynein. Inhibition of any
of these factors leads to a slow transport of GR to the nucleus (t12 = 45-60 minutes),
which may be mediated by simple diffusion. Interestingly, multiple components in the
GR chaperone cycle have been shown to interact with the nuclear pore complex (NPC),
including GR, Hsp90, Hsp70, p23, FKBP52, and PP5. Furthermore, a previous studied
demonstrated that crosslinked GR:Hsp90 complexes can translocate into the nucleus,
suggesting GR enters the nucleus while bound to Hsp90 (Echeverria et al., 2009).
Altogether, there is evidence that GR and other Hsp90 clients undergo rapid nuclear
translocation using the dynein/dynactin motor complex; however, very little is
understood about the details of this Hsp90:dynein interaction. Further investigation into
this interaction would be of fundamental importance for both the chaperone and dynein

fields. The utilization of the dynein/dynactin motor for Hsp90-dependent client transport
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would allow Hsp90 to couple the conformational state of the client protein directly to
subcellular transport.

How do Hsp90:client:cochaperone complexes connect to the cytoplasmic
dynein/dynactin motor system? Previous studies suggest Hsp90 cochaperones mediate
the interaction with dynein/dynactin. In vivo, FKBP52 promotes rapid nuclear
translocation and has been shown to be associated with p50 dynamitin (a subunit of
dynactin) and the dynein intermediate chain 1 (DIC1)(a subunit of dynein) through the
FKBP52 PPlase (FK1) domain (Galigniana et al., 2001; Harrell et al., 2004; Riggs et al.,
2003; Tatro et al., 2009; Wochnik et al., 2005). Interestingly, the highly similar FKBP51
cochaperone does not interact with dynein. Switching the FKBP52 and FKBP51 PPlase
domains confers dynein interaction to FKBP51, indicating the dynein/dynactin
interaction is likely mediated through the FKBP PPlase domains (Wochnik et al., 2005).

A recent human cytoplasmic dynein interactome study using BiolD indicated
FKBP52, Hsp90 (HSP90AAT), and a number of Hsp90-interacting proteins associate
with DIC1 (Redwine et al., 2017). The strongest interactor was DNAJC7 (DNAJC?7), a J-
protein (Hsp40) family member containing an Hsp70/Hsp90-interacting TPR domain.
FKBP52 (FKBP4) was the third strongest interactor and other Hsp90 cochaperones
appeared in the top 50 interactors: CHIP (STUB1), Sgt1 (SUGT1), NudC (NUDC),
TTC1, and RUVBL1. In this study, NudC and FKBP52 were also identified as interactors
for dynein intermediate chain 2. Interestingly, other studies have indicated the Hsp90
cochaperones Cyp40 and PP5 also associate with the dynein/dynactin motor complex,

although these were not identified in the BiolD study (Galigniana et al., 2002).
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Based on the GR:Hsp90:FKBP structures | determined (Chapter 4), there is a
large surface available on the PPlase (FK1) domain of FKBP52 that may mediate the
dynein/dynactin interaction. This surface is on the convex side of the FK1 domain,
where the N-terminal disordered strand (amino acids 1-22) interacts with the 3 sheet.
Interestingly, although FKBP51 and FKBP52 are highly similar in sequence and
structure, amino acids 1-22 are quite divergent in sequence, potentially explaining the
inability of FKBP51 to interact with dynein/dynactin. Given that PP5 and Cyp40 may
also interact with dynein/dynactin, it would be interesting to investigate sequence or
structural similarities between PP5, Cyp40, and FKBP52 that may reveal the
dynein/dynactin interaction site.

| attempted to characterize the interaction between the GR:Hsp90:FKBP52
complex and specific dynein/dynactin subunits using the in vitro reconstitution system
and purified components. | attempted to purify recombinant p50 dynamitin and DIC1 in
E. coli both containing an N-terminal 6XHis-tag (plasmids provided by Christina
Gladkova from Ron Vale’s lab). Proteins were purified in a similar manner as described
in Chapter 4, but the purification yields were low, especially for DIC1. | added either 15
uM p50 dynamitin or 10 uM DIC1 into the in vitro reconstituted chaperone system,
enriching for the GR:Hsp90:FKBP52 complex, and performed an affinity purification on
MBP-GR (described in Methods, Chapter 3). Unfortunately, both experiments were
inconclusive and it would be useful to optimize and repeat these assays. p50 dynamitin
non-specifically bound the amylose resin during the affinity purification and DIC1

migrated at the same molecular weight as a GR DBD-LBD degradation product.
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Ultimately, the goal of this project was to determine a structure of
GR:Hsp90:FKBP52 bound to either a subunit of dynein/dynactin, like DIC1 or p50
dynamitin, or possibly the entire dynein/dynactin complex. Christina Gladkova from Ron
Vale’s lab provided mammalian cell pellets for purification of dynein/dynactin, but due to
limited time, this avenue of the project was not further explored. In addition,
GR:Hsp90:FKBP52-dynein/dynactin interaction sites could be validated in vivo by
tracking fluorophore-tagged GR nuclear translocation in mammalian cells with relevant
mutants. Another proposed experiment was to look at fluorophore-tagged
GR:Hsp90:FKBP52 complexes ‘walking’ with active dynein/dynactin on microtubules
using total internal reflection fluorescence (TIRF) microscopy (Reck-Peterson et al.,
2006). These studies could be extended beyond FKBP52 to the other putative
dynein/dynactin-interacting cochaperones (PP5 or Cyp40) as well as other Hsp90
clients that have been identified to undergo Hsp90/dynein-dependent translocation,

such as the other SHRs, p53, or hnTERT.

Structural Characterization of the Apo GR LBD in the GR Chaperone Cycle

To date, there are no high-resolution structures of apo SHRs, thus the apo SHR
conformation remains uncharacterized. The apo SHRs are known to be quite unstable
and aggregation-prone, which has prevented structural and biochemical
characterization of this state. Dr. Ray Wang led the project to determine a cryo-EM
structure of the partially unfolded, apo GR bound to Hsp90:Hsp70:Hop (Chapter 2), but
the low-resolution of the GR LBD in the reconstruction, likely due to the partially

unfolded conformation of GR, precluded insight into the conformation of the apo
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receptor. A structure of the apo GR:Hsp70 complex has not yet been attempted due to
the difficulties in determining this structure by cryo-EM (both Hsp70 and GR are small
and dynamic, even as a complex). However, the GR:Hsp70 complex is the only major
component of the GR chaperone cycle that has not been structurally characterized. A
structure of this complex would be of great interest to understand how Hsp70 partially
unfolds GR to inhibit ligand-binding. However, a more tractable apo GR sample for cryo-
EM would likely be folded, apo GR bound to closed Hsp90. We hypothesize that folded,
apo GR binds to Hsp90 in GR-maturation complexes (GR:Hsp90:p23) and this is
supported by in vivo co-immunoprecipitation demonstrating GR is found associated with
Hsp90 and p23 in ligand-free cells (Pratt & Toft, 1997).

There is evidence to suggest that a well-folded apo GR conformation may exist.
The only apo nuclear receptor (NR) structure determined to date is that of the retinoid X
receptor (RXR). In this crystal structure, the apo RXR exhibits a well-folded state with a
‘collapsed pocket’ conformation, in which the C-terminus of Helix 10 flips into the ligand-
binding pocket, allowing multiple aromatic residues to take the place of the ligand,
stabilizing the hydrophobic ligand-binding pocket (PDB ID 6HNG6) (Bourguet et al.,
1995). Furthermore, the recombinant apo GR was structurally characterized in Kirschke
et al. 2014 using SAXS (Small Angle X-ray Scattering) and HDX-MS. These studies
suggested the apo GR LBD is mostly folded and adopts a conformation similar to the
ligand-bound GR LBD, providing further evidence that the apo GR can adopt a stable,
folded conformation.

Determining a structure of the apo GR would be quite beneficial to the SHR field

and would help elucidate why apo SHRs are aggregation-prone and dependent on the
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chaperone system for high-affinity ligand-binding. We used the apo GR LBD and apo
GR DBD-LBD (Chapter 4) for sample preparation of the GR-maturation complex and
GR:Hsp90:FKBP51 complex, respectively. Despite using ‘apo’ GR, we obtained a cryo-
EM structure with the GR LBD unambiguously bound to ligand in both complexes
(Chapter 3, Chapter 4). For both the apo GR LBD and apo GR DBD-LBD, the
purification included an extensive, multiday dialysis at the end of the purification to
remove ligand. Additionally, both of these purifications were used for fluorescence
anisotropy ligand-binding measurements, which displayed normal on and off kinetics,
indicating these samples are mostly ligand-free (Kirschke, 2015). Although the samples
used for cryo-EM were likely enriched for apo GR, it is likely that the homogeneity and
stability of the ligand-bound GR favored inclusion of these particles in the final high-
resolution reconstruction, while the apo state was too dynamic and/or heterogeneous to
reach a high-resolution. For both datasets, | attempted to perform focused classification
on the GR density with different mask sizes to search for apo GR classes. This focused
classification resulted in classes containing incoherent GR density, which | was not able
to unambiguously identify as the apo state.

Intriguingly, in vivo, FKBP51 is thought to preferentially bind apo GR:Hsp90
complexes over ligand-bound GR:Hsp90 complexes (Davies et al., 2002). A small
dataset collected on the GR DBD-LBD:Hsp90:FKBP51 on the Arctica revealed a low-
resolution (~7 A) reconstruction that appeared to contain an apo GR LBD with a
‘collapsed pocket’-like conformation (Fig 1). GR Helix 10 appeared to flip into the GR
ligand-binding pocket, reminiscent of the apo RXR structure, and the rest of the pocket

lacked ligand density. Unfortunately, this apo GR state was never identified in other
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cryo-EM datasets of GR:Hsp90:FKBP complexes despite many attempts at focused
classification on the GR density (Chapter 4) and may have been an artefact of the low-
resolution reconstruction.

Despite unsuccessfully capturing folded, apo GR:Hsp90 complexes by cryo-EM,
it may be possible to optimize these samples further to capture the folded, apo GR
state. Perhaps a small-scale dialysis in the presence of Hsp70 would help remove
ligand from the GR sample to further enrich for the apo state when preparing complexes
for cryo-EM. Alternatively, perhaps recombinant GR can be purified without the addition
of ligand to ensure even small amounts of ligand are not present in the GR sample.
Ultimately, this project would benefit from the purification of full-length, apo GR from
ligand-free mammalian cells. The full-length, endogenous apo GR could then be used to
assemble GR-maturation complexes for cryo-EM using the in vitro reconstituted GR

chaperone cycle.

Characterization of the Effect of the Other Cochaperones on the GR
Chaperone Cycle

Hsp90 functions with dozens of cochaperones, which are known to directly
regulate the Hsp90 conformational cycle and more recently, found to directly interact
with client proteins (Chapters 2-5) (Jaime-Garza et al., 2022; Noddings et al., 2022;
Verba et al., 2016; Wang et al., 2022). Numerous cochaperones were identified as
being associated with GR:Hsp90 complexes in early work from the Pratt and Toft labs
(Pratt & Toft, 1997). These include the cochaperones Hop, p23, FKBP51, FKBP52,

PP5, and Cyp40— many of which have already been discussed in detail (Chapters 2-5).
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Recently, the Buchner lab performed a CRISPRi screen in mammalian cells to identify
effectors of GR activity (Biebl et al., 2021). This screen confirmed previously identified
Hsp90 cochaperones involved in GR regulation, including FKBP51, p23, PP5, and Hop,
while also revealing new Hsp90 cochaperones that are likely to be involved in the GR
chaperone cycle, including NudC, Sgt1, and numerous TPR-containing proteins, like
TTC27, TTC4, and CTR9. Notably, the Buchner lab further characterized one of these
hits, NudC, and revealed NudC is an activator of GR that helps transfer GR from Hsp40
to Hsp90, skipping the GR-loading complex (GR:Hsp90:Hsp70:Hop). Interestingly,
NudC contains the Hsp90-interacting CS domain and flexible tail, which is highly similar
to p23, but NudC appears to bind to Hsp90 in a distinct manner from p23. Further
biochemical and structural characterization of the NudC interaction with GR:Hsp90
complexes would be interesting, especially to identify how NudC directly interacts with
both Hsp90 and GR.

The GR chaperone cycle is a tractable model system with which to elucidate the
mechanisms of cochaperone function using purified components for structural and
biochemical investigation. For example, a high-resolution cryo-EM structure of the
GR:Hsp90:p23:PP5 complex (Chapter 5) would be helpful to understand how PP5
dephosphorylates a client protein and would be a useful comparison with the recent
Craf:Hsp90:Cdc37:PP5 cryo-EM structure (Jaime-Garza et al., 2022). Given that
previous biochemical and structural characterization was done with the GR DBD-LBD
construct, further investigations could be done using full-length GR purified in
mammalian cells, which would contain the physiologically relevant phosphorylation sites

on the GR NTD. Using this full-length GR, in vitro dephosphorylation assays with PP5 in
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the context of the chaperone cycle would help identify which phosphorylation sites PP5
dephosphorylates and how the action of PP5 is coupled to the GR chaperone cycle. A
cryo-EM structure of mammalian-purified, full-length GR with PP5 and Hsp90 would be
highly beneficial to understand how PP5 can act on the N-terminal disordered region of
GR, while simultaneously binding the Hsp90 CTDs.

A previous rotation student, Evelyn Hernandez, also performed experiments to
characterize the effect of the cochaperone Aha1 on GR. Aha1 contains two domains,
the N-terminal domain (NTD) and the C-terminal domain (CTD). Aha1 is a known
accelerator of the Hsp90 ATPase and binds the closed state of Hsp90 at the Hsp90
NTD and MD, and can interact with Hsp90 in multiple binding modes (Liu et al., 2020;
Retzlaff et al., 2010). Aha1 was not identified in the early Pratt and Toft GR co-
immunoprecipitation experiments (Pratt & Toft, 1997), nor was it identified as hit in the
recent Buchner lab CRISPRI screen (Biebl et al., 2021). However, multiple studies have
shown that Aha1 regulates the activity of GR. One study, performed in yeast, identifies
Aha1 as an inhibitor of GR (Sahasrabudhe et al., 2017), while the other study,
performed in yeast and mammalian cells, identifies Aha1 has an activator of GR activity
(Harst et al., 2005). Evelyn Hernandez performed fluorescence anisotropy GR ligand-
binding experiments with the GR chaperone system and Aha1 (assay conditions: 1 uM
GR LBD, 15 uM Hsp90, Hsp70, Hop, p23, Aha1; 2 uM Hsp40, 5 mM ATP/MgClz)
(described in Chapter 3). Aha1 was not found to have any effect on GR ligand-binding
in this in vitro system. It would be beneficial to repeat these experiments, especially with
low concentrations of GR (~250 nM), in which GR is highly sensitive to small changes in

ligand affinity. Using lower GR concentrations in the GR ligand-binding assay has
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revealed more drastic effects for other cochaperones, like FKBP51 and FKBP52
(Chapter 4). In addition, it would be interesting to test Aha1 in this assay with different
combinations of cochaperones in the GR chaperone cycle. Perhaps Aha1 functions in a
parallel pathway to the canonical GR chaperone cycle and may, for instance,
functionally replace Hop or another cochaperone in the cycle, as was demonstrated for
NudC (Biebl et al., 2021). Additionally, an affinity purification of MBP-GR with the
chaperone system (described in Chapter 3) and the addition of Aha1 would demonsrate
whether Aha1 binds to GR:Hsp90 complexes and if so, which complexes are preferred
for Aha1 binding (GR-loading complex, GR-maturation complex, etc). Structural studies
of any relevant complexes would further help characterize the role of Aha1 in the GR

chaperone cycle.

The Molecular Details of the Hsp90 ‘Sliding’ Client Remodeling Mechanism
The structures of the GR-loading complex (Chapter 2) and GR-maturation
complex (Chapter 3) revealed the Hsp90 client remodeling mechanism. In this
mechanism, a segment of the partially unfolded GR (pre-Helix 1) slides through the
Hsp90 lumen to refold onto the body of GR. This sliding and refolding happens during
the transition from the GR-loading complex (semi-closed Hsp90 dimer) to the GR-
maturation complex (closed Hsp90 dimer). We also revealed other classes in the GR-
maturation complex dataset, which suggested sliding occurred beyond the pre-Helix 1
region, into the linker between the MBP tag and GR and even all the way to the very C-
terminal end of the MBP, which became partially unfolded. Altogether, these findings

demonstrate that Hsp09 clients translocate through the lumen to refold in a protected
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manner on one side of the Hsp90 dimer and that this translocation through the Hsp90
lumen may occur in a processive manner.

The mechanistic details of this novel sliding model have yet to be worked out. For
example, how does the sliding/translocation of the client occur? Is it mechanically
facilitated by the ATP-driven conformational changes of Hsp90 as Hsp90 transitions
from a semi-closed dimer conformation to a twisted, closed dimer conformation? Does
the transition of the Hsp90 lumen from more hydrophilic in character to more
hydrophobic in character drive exposed hydrophobic segments of GR into the lumen?
What factors determine the directionality of sliding? What factors determine the
endpoint of sliding? If Hsp90 acts in a processive manner, is processivity coupled to the
Hsp90 conformational cycle, i.e. does Hsp90 need to open and close to drive
processive sliding? (Intriguingly, FKBP51 and FKBP52 binding to GR facilitates further
translocation of GR through the Hsp90 lumen (Chapter 4), suggesting client sliding can
occur in the closed Hsp90 state, without Hsp90 re-opening.) It would also be interesting
to explore the role of p23 in client-sliding, especially the role of the p23 tail-helix, which
directly contacts GR. One hypothesis is that the p23 tail-helix tethers the GR LBD close
to Hsp90, disfavoring further translocation of GR through the Hsp90 lumen.

Altogether, the generality of the sliding mechanism remains to be tested for
clients beyond GR. However, the in vitro GR system provides a unique tool to study this
sliding mechanism in biophysical detail in order to answer some of the outstanding
questions posed above. A FRET system to directly monitor GR sliding through the
lumen, preferentially at the single-molecule level, would be well-suited to

mechanistically understand how Hsp90 remodels clients.
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The Coupling of Hsp90 ATP Binding and Hydrolysis to the GR Chaperone
Cycle

Despite extensive biochemical and structural studies on Hsp90, the role of the
ATPase cycle on Hsp90-dependent client remodeling remains enigmatic. The Hsp90
ATPase cycle is known to bias Hsp90 toward specific conformational states, which are
further regulated by cochaperones. However, the exact function of ATP binding and
ATP hydrolysis on Hsp90 function is unclear. Furthermore, how ATP binding and
hydrolysis are coordinated across the two protomers is unknown. For mitochondrial
Hsp90, ATP hydrolysis is sequential and deterministic across the two protomers, but it
is unclear if the same mechanism is used for cytosolic Hsp90 (Elnatan et al., 2017). To
assess the role of the ATPase cycle of individual cytosolic Hsp90 protomers, Dr. Ray
Wang performed experiments with constitutive heterodimers of Hsp90 (Ray Wang,
personal communication). Dr. Wang used two different heterodimers- 1) a wildtype
protomer bound to an ATP-binding deficient protomer with the D93N mutation (WT/DN)
and 2) a wildtype protomer bound to an ATP-hydrolysis deficient protomer with the
E47A mutation (WT/EA). The WT/DN Hsp90 could not reactivate GR ligand-binding in
the in vitro GR chaperone cycle, but intriguingly, the WT/EA Hsp90 could reactivate GR
ligand-binding almost as well as wildtype Hsp90. These results indicate that the Hsp90
chaperoning activity is dependent on ATP-binding on both protomers, but ATP
hydrolysis only needs to occur on a single protomer. This is supported by data from
Elaine Kirschke demonstrating that Hsp90 needs to hydrolyze ATP to proceed to the

GR-maturation complex to reactivate GR (Kirschke et al., 2014) and suggests that ATP
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hydrolysis on Hsp90 is required to transition from the GR-loading complex to the GR-
maturation complex, as discussed in Wang et al. 2022 (Chapter 2).

The GR-loading complex (Chapter 2) and GR-maturation complex (Chapter 3)
structures unfortunately did not provide much insight into how the ATPase cycle of
Hsp90 is coordinated with GR conformational remodeling. The GR-loading complex was
prepared with the Hsp90 ATP-binding deficient mutant (D93N), thus Hsp90 is in an apo
state in the complex. The GR-maturation complex was prepared using ATP and
molybdate, thus Hsp90 is likely in a post-hydrolysis state (ADP:molybdate) or may be in
a hemi-hydrolyzed state with one protomer bound to ATP and one protomer bound to
ADP:molybdate (see Chapter 3 for a discussion of molybdate). Therefore, we are
missing intermediate complexes that would help elucidate the role of the Hsp90 ATPase
cycle in client remodeling. Structures of the GR-loading complex with E47A Hsp90
mutants or GR-maturation complex with a constitutive WT/E47A Hsp90 dimer would be

insightful.

Beyond the Reconstituted GR Chaperone Cycle

The in vitro reconstituted GR chaperone cycle has provided an exceptional
model system with which to study the mechanistic details of the Hsp90 client
remodeling using biochemical, biophysical, and structural approaches. There is plenty
of mechanistic insight that remains to be uncovered using this reconstitution system, as
described above. | believe the other exciting direction of this project is to couple these
mechanistic insights with the biological context. In particular, much of the in vivo studies

have been performed in yeast, which have provided a very tractable model system for
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GR regulation by the chaperones. However, the yeast system lacks the proper
physiological context for GR biology, as only metazoans express SHRs. Utilizing
mammalian cell-based systems for purification of full-length GR and for in-cell assays
will advance further exploration of the chaperone-dependent regulation of GR PTMs,
GR nuclear translocation, and GR DNA/chromatin binding, as previously discussed.

In contrast, for other Hsp90 clients, pursuing a tractable in vitro reconstitution
system, akin to GR, would provide critical mechanistic insight. In particular, it would be
interesting to explore the generality of the principles gained from the GR:Hsp90
structures and biochemical assays to the rest of the SHR family. One interesting aspect
of the SHR family is that each of the five receptors appears to depend on Hsp90 to
varying degrees despite having highly conserved structural features (Picard et al.,
1990). Structural and biochemical studies of the Hsp90 interaction with SHRs beyond
GR may help shed light on this interesting variability in Hsp90-dependence.
Furthermore, the pre-Helix 1 region of GR (which is partially unfolded and interacts with
Hsp70 in the GR-loading complex and the Hsp90 lumen in the GR-maturation complex)
does not seem to be conserved in sequence across the rest of the SHRs. Thus, there is
some binding site divergence across the SHRs and it would be interesting to determine
what other sequences are amenable to Hsp70 and Hsp90 binding and how the position
of these sequences dictates conformational remodeling of the receptor.

Ultimately, studying Hsp90-client systems even beyond the SHRs would help
answer the long-standing question in the field—what makes an Hsp90 client a client?
Structures of Hsp90:client complexes will help determine how structurally diverse clients

interact with Hsp90 and identify structural or sequence characteristics that facilitate
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Hsp90 interaction. Biochemical and structural studies on other Hsp90 client classes will
also demonstrate whether other classes of clients translocate through the Hsp90 lumen
to refold, revealing the generality of the sliding mechanism. We have already
demonstrated that Hsp90 provides distinct remodeling outcomes for different client
classes (discussed in Chapter 3). Comparing the GR-maturation complex with the Cdk4
(kinase):Hsp90:Cdc37 cryo-EM structure (Verba et al., 2016) demonstrated that the
closed Hsp90 can stabilize a client in a partially unfolded conformation (Cdk4) or folded,
native conformation (GR). Additional cryo-EM structures of kinase clients bound to
Hsp90 have so far demonstrated that all the kinases studied are stabilized in the same
partially unfolded state by the closed Hsp90 (Garcia-Alonso et al., 2022; Jaime-Garza et
al., 2022). Thus, Hsp90 seems to facilitate different conformational outcomes for
different client classes, which may serve the unique ‘needs’ of that client class.
Altogether Hsp90 provides a platform for a variety of regulatory checkpoints that can be
coupled to the conformational state of the client, such as post-translational
modifications, interactions with binding partners, subcellular transport, degradation, or
other aspects of client function. Further studies with a variety of Hsp90 clients will be
needed to determine how Hsp90 can provide such client-specific folding and functional
outcomes, while regulating such a surprisingly diverse, but functionally critical group of

client proteins.
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Fig. 7.1: A potential apo GR LBD state seen in the GR:Hsp90:FKBP51 cryo-EM
reconstruction

Atomic models docked into the cryo-EM density from the GR:Hsp90:FKBP51
reconstruction. Docked models: FKBP51 (pink) from the crystal structure (PDB ID
5NJX) (Kumar et al., 2017) and the GR LBD (yellow) from the GR-maturation complex
cryo-EM structure (PDB ID 7KRJ) (Noddings et al., 2022). The GR LBD fits the density
well except the C-terminus of Helix 10, which appears to flip up into the ligand binding
pocket (indicated by a blue arrow). The blue circles highlight aromatic residues that may
take the place of the ligand (orange) in the binding pocket to stabilize the hydrophobic
pocket. This conformation resembles the “collapsed pocket” conformation of the apo
RXR structure, in which the C-terminus of Helix 10 flips into the binding pocket to take
the place of the ligand. Thus, this reconstruction may represent an apo GR
conformation, but unfortunately, this conformation was not seen in later
GR:Hsp90:FKBP51 datasets, indicating this may have been an artefact of the low
resolution.
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