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Summary

The Hsp90 chaperone promotes the folding and activation of hundreds of client proteins in the cell
through an ATP-dependent conformational cycle guided by distinct cochaperone regulators. The
FKBP51 immunophilin binds Hsp90 with its tetratricopeptide repeat (TPR) domain and catalyzes
peptidyl-prolyl isomerase (PPlase) activity during the folding of kinases, nuclear receptors

and tau. Here we have determined the cryo-EM structure of the human Hsp90:FKBP51:p23
complex to 3.3 A that, together with mutagenesis and crosslinking analysis, reveals the basis for
cochaperone binding to Hsp90 during client maturation. A helix extension in the TPR functions
as a key recognition element, interacting across the Hsp90 C-terminal dimer interface presented
in the closed, ATP conformation. The PPlase domain is positioned along the middle domain,
adjacent Hsp90 client binding sites, while a single p23 makes stabilizing interactions with the
N-terminal dimer. With this architecture, FKBP51 is positioned to act on specific client residues
presented during Hsp90-catalyzed remodeling.
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In Brief

Hsp90-cochaperone complexes coordinate to promote activation of hundreds of client proteins.
Lee et al. determine cryo-EM structures of the Hsp90:FKBP51:p23 complex, revealing a closed
ATP state for client maturation and recognition mechanism of the FKBP51 prolyl isomerase. With
this architecture, FKBP51 may act on specific client sites presented by Hsp90.

Introduction

Heat shock protein (Hsp) 90 is a universally conserved molecular chaperone that is critical
to the human proteome through the folding and activation of humerous client protein
substrates such as nuclear hormone receptors (glucocorticoid and estrogen receptors),
transcription factors (HSF1, p53, and OCT4) and kinases (BRAF, Cdk4, and ErbB2/Her2)
(Schopf et al., 2017). Hsp90 is upregulated in cancer cells (Whitesell and Lindquist, 2005)
and many oncoproteins, such as Bcr-Abl (An et al., 2000) and ErbB2/Her2 (Xu et al.,
2001), require Hsp90 interaction. Thus, Hsp90-specific inhibitors, including geldanamycin
and its derivatives, are of significant importance as anti-cancer therapeutics (Trepel et al.,
2010). Additionally, Hsp90 plays key roles in neurodegenerative disease pathways including
regulating Tau modification and folding (Shelton et al., 2017) and inhibiting a.-synuclein
aggregation (Daturpalli et al., 2013).
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Hsp90 forms dynamic macromolecular assemblies with distinct cochaperone proteins that
regulate its ATPase cycle and client folding steps (Pearl and Prodromou, 2006). Moreover,
the interaction by the tetratricopeptide repeat (TPR) class of cochaperones is critical

in conferring distinct Hsp90 folding steps and pathways, such as client loading (Hop),
ubiquitination (Chip), and de-phosphorylation (PP5) (Biebl and Buchner, 2019; Smith,
2004). These cochaperones bind the EEVD C-terminal peptide of eukaryotic Hsp90s and
Hsp70s via the 7-member a-helical TPR domain, which forms a conserved carboxylate
“clamp” interaction with the terminal Asp (Scheufler et al., 2000). However, little is known
about the structural basis for their interaction beyond TPR-EEVD binding or how distinct
regulatory functions are specified on Hsp90.

The FK506-binding protein 51 (FKBP51), a member of the immunophilin family that
includes FKBP52 and Cyp40 TPR-cochaperones, binds Hsp90 but not Hsp70 and catalyzes
peptidy! prolyl isomerization (PPI) of clients, regulating their folding and downstream
function (Zgajnar et al., 2019). PPlase activity occurs through the N-terminal FK1 domain
and is inhibited by immunosuppressive compounds including FK506 and rapamycin (Hahle
et al., 2019). FK1 is connected to a related but inactive FK2 domain followed by the
C-terminal TPR domain, which together adopt an extended tripartite configuration in the
crystal structure (Sinars et al., 2003). Both FKBP51 and the close homolog, FKBP52, are
identified in Hsp90:p23 maturation complexes containing the glucocorticoid or other nuclear
receptor clients (Grad and Picard, 2007; Pratt and Toft, 1997), and have distinct functions in
potentiating ligand binding and nuclear localization (Riggs et al., 2003; Storer et al., 2011;
Wochnik et al., 2005). Notably, FKBP51 was recently discovered to act on Cdk4 in the
Hsp90-stabilized complex, revealing a key role for its PPlase activity in Cdk4 inhibition
(Ruiz-Estevez et al., 2018). Additionally, Hsp90:FKBP51 interacts with Tau, increasing
stability (Jinwal et al., 2010) and promoting neurotoxic accumulation in neurodegenerative
disease pathways (Blair et al., 2013).

How FKBP51 recognizes and acts on Hsp90-bound clients is unknown. Hsp90 exists

as a homodimer through a C-terminal domain (CTD) interface and undergoes large,
nucleotide-specific conformational changes during its chaperone cycle. The N-terminal
ATPase domains (NTDs) dimerize upon ATP binding, forming a closed conformation
that is activated for hydrolysis. The ability to form this closed, ATP state is rate limiting
for hydrolysis (Prodromou et al., 2000; Richter et al., 2008) and varies across homologs
(Southworth and Agard, 2008). Cochaperones Ahal and p23 recognize the closed state
and competitively bind NTD-MD sites across the dimer, thereby promoting (Ahal) or
inhibiting (p23) ATPase activity (Ali et al., 2006; Meyer et al., 2004; Schopf et al., 2017).
The structure of the closed state Hsp90:Cdc37:Cdk4 complex reveals the kinase client is
unfolded with its N-lobe threaded between the monomers, contacting hydrophobic substrate-
binding sites in the MD (Verba et al., 2016). While biochemical studies establish FKBP51
functions with p23 during client maturation (Ebong et al., 2016; Grad and Picard, 2007,
Ni et al., 2010), recent NMR studies indicate FKBP51 stabilizes the Hsp90 open state to
facilitate Tau binding (Oroz et al., 2018).

Here we sought to determine the structural basis for FKBP51 interaction with Hsp90 during
the nucleotide-dependent chaperone cycle. Focusing on human FKBP51, p23 and Hsp90a.,
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we developed /n vitro conditions that promote and stabilize the closed, ATP conformation
of Hsp90, enabling characterization of binding interactions between the defined states. We
identify that FKBP51 preferentially binds the closed, ATP state, forming a complex with a
2:1 stoichiometry that is further stabilized by p23 binding. By cryo-EM we determined a
3.3 A structure of the Hsp90:FKBP51:p23 complex that reveals distinct contacts by FKBP51
and define its asymmetric interaction and recognition of Hsp90. Photocrosslinking and
mutagenesis further establish key interactions by the FK1 and TPR domains. From these
results we propose a model in which helix 7 (H7) of the TPR domain functions as a critical
specificity element for engaging Hsp90 in the ATP state and enabling the PPlase-active FK1
domain to be positioned adjacent Hsp90 client binding sites to promote client re-folding and
maturation.

FKBP51 preferentially recognizes the closed Hsp90 conformation.

Immunophilins are present with p23 in Hsp90-steroid hormone receptor maturation
complexes (Ebong et al., 2016; Johnson and Toft, 1994; Nair et al., 1997). While FKBP51
interaction with the Hsp90 open state has been characterized previously (Oroz et al.,

2018), we hypothesized that the interactions may differ between the open (apo) and closed
(ATP) Hsp90 conformations. Unlike E. coliand yeast homologs, human Hsp90 favors the
open conformation even when bound to the nonhydrolyzable ATP analog, AMPPNP /n
vitro (Southworth and Agard, 2008). Therefore, reaction conditions including nucleotide
(AMPPNP), temperature (0°C, 25°C, and 37°C) and salt concentration (10, 50, 250, and
500 mM KCI) were investigated for stabilizing the closed state of human Hsp90a (Figure
S1A). By native gel two distinct mobilities for Hsp90 are identified under these conditions.
In low salt or temperature or in the absence of AMPPNP a slower-migrating band is
primarily observed, which likely corresponds to the open conformation (Figure 1A). A
faster-migrating band appears following incubation in high salt (500 mM) and temperature
(37 °C) with AMPPNP. This band likely corresponds to the closed conformation based

on this increased mobility and dependence on AMPPNP. Notably, based on these data,
both high temperature and salt concentration are required along with AMPPNP in order to
promote a complete mobility shift (Figure 1A and S1A). Only a minor amount of the higher
mobility band is observed at 25°C or in moderate salt concentrations (10-50mM), further
supporting the high (37°C) temperature and salt dependence (Figure S1A). Additionally, an
increase in this species is observed with (NH,4)»,SO4 compared to NaCl and KCI, indicating
salts that are more kosmotropic may be favorable (Figure S1B).

Hsp90 conformations were additionally characterized by size-exclusion chromatography
coupled to multiangle light scattering (SEC-MALS) (Figure 1B). Apo Hsp90 elutes at ~8.8
ml (black) with an average molecular weight (mw,yq) of 174 kDa, indicating a dimer species
based on its calculated molecular weight (mwg,c) of 169 kDa. Following incubation with
AMPPNP at 37°C in high salt (500 mM KCI) the Hsp90 elution peak shifted to ~9.0 ml
(red), while the mw,,q remained similar (172 kDa), indicating a conformational change to a
more compact dimer state. As with the native gel analysis, incubation at a lower temperature
(green) or lower salt concentration (blue) resulted in only slight shifts in the elution profile,
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indicating both higher temperature and salt concentration promote this nucleotide-dependent
conformational change. The Hsp90 conformation was verified directly by negative-stain EM
(Figure 1C and S1C). In the absence of AMPPNP, Hsp90 particles adopt an open, extended
conformation reflective of the apo state, similar to previous studies (Southworth and Agard,
2008). Conversely, analysis of Hsp90 incubated with AMPPNP and high salt at 37°C reveals
the particles shift to a closed conformation which matches the NTD-dimerized, ATP state
(Ali et al., 2006; Verba et al., 2016). Together, these results reveal that for nucleotide-bound
human Hsp90a.,, high ionic strength and temperature together promote formation of the
closed, ATP state.

Next, interaction between FKBP51 and Hsp90 in the open and closed states was
characterized by SEC-MALS. Incubations were performed in the presence of 500 mM KCl
at 37°C with and without AMPPNP. For Hsp90 incubated with FKBP51 in the absence

of nucleotide the predominant peak elutes at ~8.8 ml with a mwj,,q of 180 kDa which

is slightly higher than apo Hsp90 alone, indicating potentially weak binding of FKBP51
(Figure 2A). Strikingly, incubation of Hsp90 and FKBP51 with AMPPNP under the closed
state conditions resulted in peak elution at ~8.9 ml and a mwy,,q of 218 kDa (Figure 2A).
This is a shift by ~0.1 ml and an increase in mwjyg by 46 kDa compared to the closed

state Hsp90, indicating formation of an Hsp90:FKBP51 complex with an approximately 2:1
stoichiometry, based on the mwgc of 51 kDa for FKBP51. Analysis of the peak fractions
revealed Hsp90 and FKBP51 co-elute in this peak, with AMPPNP, while a minor amount
of FKBP51 is present in the absence of AMPPNP (Figure S2A and S2B). These results
therefore indicate that FKBP51 more stably binds the closed, ATP conformation of Hsp90,
forming a 2:1 asymmetric complex.

Interaction with the p23 cochaperone was tested to determine compatibility with the
Hsp90:FKBP51 closed-state complex. For apo Hsp90, the elution and mwy,q did not change
substantially following incubation with p23, while a modest increase in the mwgq to 183
kDa was identified under closed-state conditions with AMPPNP, indicating partial p23
binding (Figure 2B). By gel analysis of fractions from SEC, p23 co-elutes with the closed
state Hsp90 but is not present in the apo Hsp90 fractions, indicating preferential binding

to the closed state (Figure S2A and S2C). Thus, while the interaction appears to be low
affinity with a possible 2:1 stoichiometry, this supports the known p23-specificity for the
closed, ATP state of Hsp90 (Richter et al., 2004; Siligardi et al., 2004). When p23 was next
incubated with Hsp90 and FKBP51 under the closed-state conditions the mwj,q increased
to 225 compared to 172 and 218 kDa for Hsp90 alone or with FKBP51, respectively
(Figure 2C). Both p23 and FKBP51 co-elute with the closed-state Hsp90 in these fractions,
indicating formation of a ternary complex with FKBP51 (Figure S2A and S2D). The
calculated mw for an Hp90:FKBP51:p23 complex with one or two bound p23 molecules

is 240 and 260 kDa, respectively. While a 2:1:1 stoichiometry more closely matches the
MWayg, the lower value indicates there is likely partial or mixed occupancy under these
conditions. No substantial changes in elution or mwg,q were observed under apo-state
conditions compared to Hsp90 incubated with FKBP51 (Figure 2A and 2C). Together these
results indicate that FKBP51 preferentially recognizes the closed, ATP state of Hsp90,
binding asymmetrically with a 2:1 stoichiometry. Moreover, this interaction is compatible
with p23 binding, resulting in the formation of a ternary, client-maturation complex.
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Cryo-EM structure of the Hsp90:FKBP51:p23 complex

We next performed cryo-EM to determine the structural basis of the Hsp90:FKBP51:p23
interaction. Initial screening by cryo-EM indicated the complex is unstable, likely due to the
vitrification conditions. Therefore, in order to improve stability and occupancy of FKBP51,
samples were diluted and crosslinked by low-level (0.01%) glutaraldehyde crosslinking in
100 mM KCI after the complex formation (Southworth and Agard, 2011). The 2D class
averages of crosslinked Hsp90:FKBP51:p23 appear homogenous, exhibiting the closed-state
architecture of Hsp90, but with additional density extending from CTD region (Figure 3A
and S3A).

Following 3D classification and refinement a final map at 3.3 A overall estimated resolution
was achieved containing well-resolved density for the Hsp90 dimer and singly-bound
FKBP51 and p23, revealing an asymmetric 2:1:1 arrangement (Figure 3B, S3B Class 2-3,
S3C and Video S1). Particle orientations are well-distributed with some preferred side-views
(Figure S3D). Hsp90 adopts the canonical two-fold symmetric closed state conformation

in which dimeric interactions occur in both NTDs and CTDs. The Hsp90 dimer is at a
higher resolution (< 3.0 A) while density for FKBP51 and p23 is lower (5-8 A and 3-6 A,
respectively), indicating flexibility or reduced occupancy (Figure S3E). Nonetheless, density
for all three FKBP51 domains is identified, with strong density for the TPR a-helical bundle
adjacent the Hsp90 CTD and weaker density for the FK1 and FK2 domains present along
the MD of one monomer (Figure 3B). Density corresponding to one p23 molecule is present
on the opposite side of Hsp90, interacting at the cleft between the two NTDs (Figure 3B).

The reconstruction was sufficient to build a molecular model of the Hsp90:FKBP51:p23
ternary complex by rigid-body docking homology models from existing structures and
refinement with Rosetta (Figure 3C and S3F) (Kumar et al., 2017; Song et al., 2013; Verba
et al., 2016; Weaver et al., 2000). The model for the Hsp90 dimer is similar to previous
structures of yeast (Ali et al., 2006) and human (Verba et al., 2016) Hsp90 in the closed,
ATP state (Ca-r.m.s.d. = 1.6 Aand 1.1 A, respectively). NTD dimerization is defined by
symmetric B-strand strap interactions across the top of the NTDs (residues 17-25), and the
subsequent aH1 segment, which interacts across the dimer interface (Figure S4A, top-left).
Similar to other ATP-state structures, the a-helical lid segment (residues 109-139) closes
across the nucleotide pocket in both monomers and R400 in the MD contacts -y-phosphate
of AMPPNP, forming the canonical Arg-finger interaction, which stabilizes the closed
conformation required for hydrolysis (Figure S4A, top-right) (Ali et al., 2006; Cunningham
etal., 2012). Additionally, MD amphipathic loops (residues 349-359 and residues 617-621)
involved in substrate binding protrude into the dimer cleft (Figure S4A, bottom-left), and
the CTDs interact primarily via hydrophobic contacts by the last two a-helices (aH17 and
aH18, residues 657-695), which are essential for dimerization and hydrolysis (Figure S4A,
bottom-right) (Minami et al., 1994; Prodromou et al., 2000).

FKBP51 fits unambiguously into the density and adopts a similar overall conformation

as the crystal structure except for rotations around the FK2-TPR linker (Figure 3B and
3C) (Kumar et al., 2017). The majority of interaction with Hsp90 occurs through the

TPR domain, which makes multiple surface contacts with the CTD (Figure 3C, discussed
below). Notably, the FK1 domain makes minor contact with Hsp90 along the MD adjacent
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the substrate-binding loops. While p23 interacts with Hsp90 NTDs on the opposite dimer
interface, the position of FKBP51 does not appear to overlap directly with where p23 could
bind on the same side. Indeed, we identify partial density for p23 on the same side of Hsp90
as FKBP51 in one of the 3D classes (Class 2-1) (Figure S3B and S4B). Thus, p23 may be
able to interact adjacent FKBP51 on the same side in certain client maturation complexes.

Additionally, one 3D class (Class 1-1) exhibited well-defined density for a single p23 but

no density for FKBP51 (Figure S3B), while two other classes (Class 2-2 and 2—-4) contained
a single FKBP51 but no p23. Classes 2-2 and 2—4 did not improve with refinement. Class
1-1 refined to 3.1 A with improved resolution for p23 compared to the full complex (Figure
S3C-F). The atomic model determined for Hsp90:p23 (Figure S4C) is similar to yeast
Hsp90:p23 (Ali et al., 2006) (Figures S4D) and the recent structure of human GR:Hsp90:p23
(Noddings et al., 2020) as well as Hsp90:FKBP51:P23 (Ca-r.m.s.d. of 0.3 A), determined
here. Key Hsp90-p23 interactions include contacts by conserved hydrophobic residues F103
and W106 of p23 with a hydrophobic pocket (residues L335, L394, P395, 1408 and V411) in
the MD of Hsp90 (Figure S4D, bottom-left). K95 of p23 appears to form a salt bridge with
E336 in the MD of Hsp90 and N97 (P115 in yeast) contacts M199, L122 and N123 in the
lid of Hsp90, likely stabilizing the closed conformation (Figure S4D, top-left). Additionally,
conserved residues R71 and D70 of p23 appear to interact with Hsp90 S31, A166 and S165
(Figure S4D, top-right).

Hsp90:FKBP51 interactions are defined by contact between the Hsp90 CTD and the TPR
helix 7 extension

In the Hsp90:FKBP51:p23 structure the TPR domain of FKBP51 is oriented with the
MEEVD binding pocket positioned away from the Hsp90 CTD (Figure 4A). Additional
density is identified in this pocket and a DTSRMEEVD peptide docks appropriately into the
density based on previous crystal structures (Figure 4A) (Kumar et al., 2017). However, the
resolution was not sufficient to confirm the sequence. This peptide connects to the Hsp90
CTD by ~30-residue linker which is not visible, but likely sufficient to span the ~40 A
needed to reach the last C-terminal residues (1698) resolved in the structure at the base of
the CTD (Figure 4A, right). Thus, FKBP51 appears engaged with one MEEVD of Hsp90,
however, the peptide may be derived from either monomer.

Surprisingly, the C-terminal H7 extension (H7e) of the FKBP51 TPR forms a distinct kinked
conformation compared to crystal structures (Kumar et al., 2017; Sinars et al., 2003), and
interacts directly with the Hsp90 CTD dimer (Figure 4B and S5A-C). H7e projects across
the base of Hsp90, contacting both monomers in a hydrophobic cleft at the dimer interface
comprised of the last two CTD helices (aH17 and aH18) (Figure 4C). Notably, the H7e
helix residues 409-413 are distorted, enabling H7e to match the bend in the CTD cleft

at the two-fold axis and contact both monomers (Figure SSA-C). Overall, the H7e region
buries ~830 A2 of CTD surface area, which is larger than what is estimated for MEEVD
interaction (~500 A2) (Kumar et al., 2017), thus revealing a new and substantial binding
interface beyond the canonical TPR interaction.

This helix is well-resolved and distinct side-chain contacts with Hsp90 are identified (Figure
4B). Hydrophobic residues 1408, Y409, M412, F413 and F416 in the unfolded strand of
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H7e interact with Hsp90 CTD residues 691-696, which together form distinct hydrophobic
cleft between the C-terminal helices (aH17 and aH18) of each Hsp90 monomer (Figure
4C). Flanking this interaction, R690 from each Hsp90 monomer appear to make salt-bridge
contacts with D405 and D420 in H7e on either side of the hydrophobic residues (Figure 4B).
Additional contacts with Hsp90 occur between the H5-H6 connecting strand in FKBP51,
including N365, which appears to make backbone contact with N655 in Hsp90 (Figure
S5D). Overall, the H7e-CTD interaction appears to be a significant component of the
Hsp90:FKBP51 maturation complex and the position enables H7e to make symmetrical
contact across the CTD dimer, thereby precluding the binding of two FKBP51 molecules.

Next, we sought to characterize the significance of H7e in Hsp90 binding by mutagenesis
and SEC-MALS analysis. Truncation of H7e from position H401 (AH7e) substantially
reduced FKBP51 binding to Hsp90 under closed-state conditions, as indicated by the
decrease mwj,yg from 218 kDa to 188 kDa and shift in elution volume (Figure 4D and

4F). No substantial changes were observed under Hsp90 open-state conditions; both wt
and AH7e exhibit incomplete binding to apo Hsp90 (Figure S5E). To test the significance
of the hydrophobic interactions with the CTD cleft, mutations M412K and F413K were
tested. N402K was included as a control due to its position outside the CTD interaction
site, based on the structure. For M412K and F413K, the mwjq is substantially reduced
(186 kDa and 184 kDa, respectively) compared to the wt complex, and the elution volume
overlaps with Hsp90 alone, indicating loss of FKBP51 binding (Figure 4E and 4F). The
N402K mutation exhibits no significant change in the mw,,q and elution volume compared
to the wt complex, validating that this site does not participate in Hsp90 binding. Together,
these results establish that H7e is critical for FKBP51 binding to Hsp90. Moreover, the
hydrophobic contacts with the Hsp90 C-terminal helices identified in the structure, involving
the 408-416 unfolded strand, indeed appear to coordinate this interaction. The H7e itself,
as well as residues Y409, M412, and F413 are conserved among the immunophilin-class
of TPR cochaperones (Figure S5F). Thus, the interaction identified here likely represents a
conserved Hsp90-specific recognition mechanism for these cochaperones.

In order to further characterize the Hsp90-FKBP51 interaction, competition fluorescence
polarization (FP) experiments were conducted, as previously described (Assimon et al.,
2015; Ravalin et al., 2019), using a fluorescently labeled peptide tracer corresponding to
the extreme C-terminus of Hsp90a (FAM-DDTSRMEEVD). For these experiments we
postulated that Hsp90 in the closed state would compete off the peptide tracer and bind
FKBP51 at a lower concentration compared to the open state, indicating a higher affinity
interaction (Figure S6A). Saturation binding of the tracer to FKBP51 wt and AH7e revealed
similar affinities (Kq = 3.3 uM and 4.4 uM, respectively), indicating deletion of H7e does
not alter binding of the EEVD peptide to the TPR domain of FKBP51 (Figure S6B). In
competition experiments, closed-state Hsp90 inhibited tracer binding to wt FKBP51 with an
ICgq of 3.8 uM (Figure 4G). Conversely, an ICgq of 10.2 pM was determined for Hsp90

in the open state. From these experiments, Ki values were determined to be 0.9 and 3.0

UM for the closed and open states, respectively, revealing a ~3.3-fold increase in affinity
when Hsp90 is in the closed-state conformation (Figure 41). Remarkably, this is identified
through competition for the TPR binding pocket by the Hsp90 EEVD, which is at the end
of a flexible C-terminal tail and expected to be fully accessible in both the open and closed
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states. This indicates that the binding discrimination likely comes from other interactions
between Hsp90 and FKBP51, such as the H7e interaction that we identified in the structure.
When binding was next tested with the FKBP51 AH7e we identified a substantially weaker
competitive interaction and no differences between the closed and open states (ICsg =

18.3 and 13.6 UM, respectively), indicating that removal of the H7e results in a loss of
discrimination between the closed and open Hsp90 states (Figure 4H). These results are in
agreement with the SEC-MALS data and establish that FKBP51 has a higher affinity for
Hsp90 in the closed, ATP compared to open state. Furthermore, the H7e interaction indeed
functions as a key component of the Hsp90 closed-state interaction.

H7e binding specificity to the Hsp90 CTD dimer in the closed state

In order to understand the H7e interaction further, the CTD dimer conformation was
compared between the open and closed states, based on structures of apo Hsp90 (£. coli
HtpG) (Shiau et al., 2006) and Hsp90:FKBP51:p23, determined here (Figure 5). Notably, the
Hsp90 structure and sequence is highly conserved across species (39% sequence identity and
59% sequence similarity between £. co/i HtpG and human Hsp90a). By global alignment
(Ca) the CTD conformation does not vary substantially between the open and closed states
(r.m.s.d = 1.8 A) (Figure S6C). However, comparison of the CTD dimer interface reveals
CT-helices aH17 and aH18 undergo distinct conformational changes that widen the CTD
cleft from ~6 to 12A, thereby enabling the hydrophobic groove to become more accessible
in the closed state (Figure 5A and Video S2). By modeling H7e across the CTD in the

apo state, residues M412 and F413 appear to clash with Hsp90 residues L662, M691, and
L694, indicating the CTD may be incompatible for binding in this state (Figure 4C and

5B). In addition, changes in the CTD would shift aH17, bringing it closer to TPR helices
H5 and H6 of FKBP51, likely altering interactions with FKBP51 N365 (Figure 5B and
S5D). Based on these comparisons, the Hsp90 CTD dimer interface involving aH17 and
aH18 undergoes conformational changes from the open to closed states that likely result

in improved accommodation of the H7e strand, thereby specifying FKBP51-binding to the
closed state of Hsp90.

Position of the FK1 domain supports PPlase-directed activity on Hsp90-bound clients

In the Hsp90:FKBP51:p23 structure FKBP51 extends from the CTD-TPR interaction along
the Hsp90 MD, enabling the N-terminal FK1 domain to be positioned adjacent Hsp90 client
interaction sites (Figure 6A, bottom) (Genest et al., 2013; Verba et al., 2016). The FK1
PPlase active site is comprised of a series of p strands that form a conserved hydrophobic
pocket where immunosuppressive drugs bind, including FK506 and rapamycin (Hahle et al.,
2019). This pocket is approximately 17 A from Hsp90 client binding sites, which include
Y528, Q531, and M610 (Genest et al., 2013), and have been identified to contact the
unfolded Cdk4 client in the Hsp90:Cdc37:Cdk4 closed state structure (Verba et al., 2016).
In order to further characterize the proximity of the FK1 domain to Hsp90, site specific
crosslinking was performed by incorporating the photoactivatable unnatural amino acid,
p-benzoyl-I-phenylalanine (Bpa) into specific positions in FKBP51. A bulge within the p3
strand is the closest to the Hsp90 client biding site (~5 A away) and was thus chosen for
Bpa incorporation (Figure 6A, top). Bpa was incorporated into D72, N74, and E75 and
full-length protein was purified and crosslinked with Hsp90 under closed and open-state
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conditions (Figure 6B). By SDS-PAGE, distinct high-mw bands are identified for all 3 sites
only in the presence of Hsp90 and following UV exposure, confirming that FKBP51 B3 is
indeed in close proximity to Hsp90. Notably for D72Bpa, strong crosslinked bands are only
present under the Hsp90-closed state condition, indicating that crosslinking at this position
is conformation-specific. Additionally, N74Bpa and E75Bpa each show crosslinked-bands
under open-state conditions, however, these bands diminish for the closed state, while
several other bands appear, revealing distinct interactions in the open and closed states.

In contrast, we observe no or very minimal crosslinking products for Bpa incorporated at
sites (E23, S27, and K29) on the opposite side in the FK1 domain that are predicted to

be distal from Hsp90 based on our model (Figure S7TA-C). Thus, Bpa incorporation at this
B3-strand bulge position provides a crosslinking-readout for the Hsp90 conformation and
confirms the FKBP51-specificity for the Hsp90 closed state and positioning of FK1 PPlase
site adjacent Hsp90. Based on the close proximity of the PPlase site to the Hsp90 client
binding strands we predict that FKPB51 may target specific client proline residues near
where Hsp90 binds clients. Furthermore, the position of the p3-strand bulge is intriguing
and may provide an important interaction link with Hsp90 to facilitate client positioning for
chaperone activation.

Discussion

FKBP51 has been proposed to act during client maturation, but the structural basis for how
the TPR-containing cochaperone recognizes Hsp90 or is positioned for client interactions
has been unclear. Here we identified that FKBP51 preferentially binds Hsp90 in the closed,
ATP state and determined a structure of the Hsp90:FKBP51:p23 complex, revealing the
basis for FKBP51 recognition of this conformation. With these findings we propose a
model in which FKBP51 acts specifically during the client maturation step, binding Hsp90
in the ATP-bound state following client loading and NTD dimerization (Figure 6C). In
agreement with this model, recent work identifies that Hsp90-GR client-bound complexes
form the closed state cooperatively with the binding of FKBPs (Kaziales et al., 2020).

The Hsp90:FKBP51:p23 structure reveals that the TPR H7e from FKBP51 binds across a
hydrophobic groove in the Hsp90 CTD dimer, which appears distinctly accessible in the
closed state compared to the apo Hsp90 CTD (Figure 4 and 5). Interactions by the TPR
with the Hsp90 CTD enable FKBP51 to extend along the Hsp90 MD with its PPlase-active
FK1 domain positioned adjacent Hsp90 client binding loops, potentially enabling FKBP51
catalytic activity to be directed at specific proline residues in the bound client. Alternatively,
for certain clients such as GR, the FK1 domain may instead be positioned to interact with
clients or provide scaffolding functions that promote activation independently of prolyl
isomerization (Riggs et al., 2007).

Cryo-EM structures of the client-bound Hsp90 reveal the client undergoes substantial
unfolding, likely upon formation of the Hsp90 closed state (Noddings et al., 2020; Verba

et al., 2016). The N-lobe of Cdk4 is unfolded and threaded though the MD dimer cleft in the
Hsp90:Cdc37:Cdk4 structure exposing a strand of residues that would be inaccessible in the
folded state (Verba et al., 2016). Based on this arrangement, the position of the FK1 domain
in our structure appears positioned for catalyzing isomerization of proline residues localized
in unfolded regions or adjacent sites that are optimally presented in the Hsp90-bound state
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of the client. Moreover, FKBP51 interaction may then accelerate client folding on Hsp90

or stabilize an activated state that is competent for ligand binding or other downstream
function. Indeed, modeling of Cdk4 into the Hsp90:FKBP51:p23 structure reveals that P173,
a recently-identified FKBP51 target (Ruiz-Estevez et al., 2018), docks into the FK1 active
site following minor conformational changes (Figure S7D). The flexibility of the FK1
domain likely enables FKBP51 to engage slightly different client positions on Hsp90 while
maintaining TPR interactions, including H7e contact with the CTD.

Hsp90:FKBP51 functions in tau proteostasis, increasing its stability and altering
phosphorylation states (Blair et al., 2013; Jinwal et al., 2010). By NMR, Hsp90 is identified
to interact with tau transiently in the apo state and function as a scaffold in complex with
FKBP51 (Karagoz et al., 2014; Oroz et al., 2018). While Hsp90-FKBP51 contacts we
identify appear similar to CTD and MD interaction regions identified by NMR, we observe
only weak binding to the apo state by SEC and FP. Additionally, contrary to the apo state
interaction, our data and cryo-EM structure establish that Hsp90 binds FKBP51 with a
specific 2:1 stoichiometry in the closed state that is defined by the H7e binding across the
CTD dimer interface. Given this binding groove can only accommodate a single H7e, our
structure therefore excludes possibility that a tetramer with two FKBPs can occur in this
arrangement. Moreover, in the apo state the CTD dimer cleft has reduced accessibility and
may be incompatible for H7e binding. While engagement by the H7e may induce widening
of the CTD, enabling its accommodation, in existing closed state structures (Huck et al.,
2017; Verba et al., 2016) the CTD adopts this widened conformation in the absence of a
bound H7e moiety, indicating this may result from NTD dimerization alone.

The residues in H7e identified to contact the Hsp90 CTD groove (notably Y409, M412,

and F413) are conserved among TPR-containing PPlase cochaperones (FKBP51, FKBP52,
FKBP36, FKBP38 and Cyp40) and part of a region previously designated as the ‘Charge-Y’
motif that was shown to be important for Hsp90 binding (Figure S5F) (Cheung-Flynn et

al., 2003). FKBP51/52 are highly similar in their structure and sequence (60% sequence
identity) (Wu et al., 2004). Both are found in GR maturation complexes and appear to have
opposing roles in dynein-mediated nuclear localization (Grad and Picard, 2007; Wochnik

et al., 2005). Only minor differences between FKBP52 and FKBP51 are identified in the
crystal structures due to changes in the FK2-TPR domain orientation (Hahle et al., 2019;
Wau et al., 2004). This could lead to different positioning of the FK1 domain when bound

to Hsp90. However, the FK domains are connected by linkers and based on the cryo-EM
density, appear flexible when bound to Hsp90. Thus, we postulate that the organization of
FKBP51/52 on Hsp90 is highly similar but with modestly different positioning of the FK1
domains that may be further specified by additional client and cochaperone interactions.
Indeed, the proline-rich loop (residues 116-124) in of FKBP51 and FKBP52 is proposed to
recognize different conformations of GR in regulating steroid hormone binding (Riggs et al.,
2007) and may contribute to conformational differences. Conversely, Cyp40 and FKBP38
are more structurally diverse, containing single FK-like or Cyp (cyclosporin-binding) PPlase
domain, respectively, and therefore likely interact differently with Hsp90. Nonetheless,
based on the well-defined TPR contacts we identify, Hsp90 interactions with the PPlase
cochaperones are expected to be largely conserved and defined by the TPR-CTD interaction.
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The Hsp90-p23 contacts are largely conserved between yeast and human Hsp90 systems.
However, unlike the crystal structure of yeast Hsp90:p23, the structures presented

here (Hsp90:FKBP51:23 and Hsp90:p23) as well as the recent cryo-EM structure of
GR:Hsp90:p23 (Noddings et al., 2020), indicate a single p23 molecule appears to bind

the human Hsp90 dimer in the maturation state. In our classification and refinements,
density for p23 appears on the opposite side of Hsp90 from FKBP51. However, the FKBP51
interaction site does not overlap substantially, indicating p23 binding may only slightly favor
the opposite NTD interface and in one class partial density for p23 was resolved on the same
side as FKBP51 (Figure S4B). In the GR:Hsp90:p23 structure (Noddings et al., 2020), p23
directly contacts the GR client and enhances ligand binding via its C-terminal tail helix,
which is unresolved in our structures. Thus, the positioning of p23 and FKBP51 are likely
further specified by interactions with the bound client.

The TPR:EEVD interaction is known to provide the majority of binding energy for Hsp70/
Hsp90:cochaperone complexes, enabling cochaperones such as PP5, Hop and CHIP to
function in both Hsp70 and Hsp90 pathways (Assimon et al., 2015; Connarn et al., 2014;
Scheufler et al., 2000; Smith et al., 2013). Based on our SEC-MALS and FP data we do
identify binding between FKBP51 and Hsp90 in the open state, but with a substantially
lower affinity. This may reflect TPR-EEVD binding is occurring without engagement of
H7e, as indicated by experiments with AH7e in which Hsp90-FKBP51 interactions are
weaker and no longer specific to the closed state (Figure 4H). Thus, initial TPR-EEVD
binding may occur in the open state and promote Hsp90 conformational changes that enable
engagement by H7e and conversion to the closed, client-maturation state. The ~30 residue
linker connecting the EEVD to the Hsp90 CTD is not resolved in the Hsp90:FKBP51:p23
structure, indicating these residues do not contribute to FKBP51 binding. Hsp70 similarly
contains an unstructured EEVD-connecting linker that may not participate directly in
cochaperone interactions (Zhang et al., 2015). These linkers may instead primarily function
to enable TPR-cochaperones to be positioned at different binding sites on Hsp90 or Hsp70 in
facilitating their diverse functions.

Our mutagenesis data of H7e indicate this element is critical for Hsp90 binding, and the
TPR:EEVD interaction alone is insufficient for stable formation of the complex (Figure
4). These data, together with structure identifying the H7e-CTD interaction, reveal that
the H7e functions as a key recognition element that enables FKBP51 to bind Hsp90

over Hsp70 and, further, interact specifically with the closed state conformation. Thus,
these additional cochaperone:chaperone binding interfaces revealed in structures of intact
complexes are likely necessary for enabling cochaperones to engage different steps of the
chaperone cycle and client-folding states. Indeed, structures of Hsp90:Hop and, recently,
GR:Hsp90:Hsp70:Hop identify that Hop stabilizes the Hsp90 client loading state and
participates in client interactions, revealing an active role for Hop in the folding cycle
beyond tethering Hsp70 and Hsp90 during client hand-off (Southworth and Agard, 2011,
Wang et al., 2020).
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Limitations of the study

Based on the work presented here and previous structures of Hsp90-client complexes (Verba
et al., 2016; Noddings et al., 2020) we predict FKBP51 interacts directly with clients
threaded through the lumen of Hsp90 in the closed, ATP state to promote client maturation.
This may occur through contact by the FK1 domain and PPlase-directed activity at specific
sites presented in the Hsp90-bound state. Alternatively, the FK1 domain may confer

general protein folding or stability functions during the chaperone cycle. Thus, determining
structures of the Hsp90:FKBP51:p23 complex bound to an unfolded client, such as GR,

are an important future direction and would provide critical insight into the chaperone
mechanism of FKBP51. Furthermore, structures of Hsp90 complexes with FKBP52, which
is highly homologous to FKBP51, are of significant interest in order to identify the structural
basis for the distinct cellular functions of these immunophilins (Riggs et al., 2007; Dickey et
al., 2007; Jinwal et al., 2010).

STAR Methods
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Daniel R. Sourthworth
(daniel.southworth@ucsf.edu).

Materials Availability—Requests for resources and reagents should be directed to Daniel
R. Sourthworth (daniel.southworth@ucsf.edu).

Data and code availability

. Cryo-EM densities have been deposited at the Electron Microscopy Data Bank
under accession codes EMD: 23213 (Hsp90:FKBP51:p23 closed-state complex)
and EMD: 23214 (Hsp90:p23 closed-state complex). Atomic coordinates have
been deposited at the Protein Data Bank under accession codes PDB: 7L7I
(Hsp90:FKBP51:p23 closed-state complex) and PDB: 7L7J (Hsp90:p23 closed-
state complex).

. This paper does not report original code.

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

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains—BL21-Al™ One Shot™ Chemically Competent £. colior BL21 Star™
(DE3)pLysS One Shot™ Chemically Competent £. coli from Invitrogen were used to
express recombinant proteins.

METHOD DETAILS

Protein expression and purification—NEB Q5 Site-directed Mutagenesis was used
to introduce mutations (Deletion 401-457 (AH7e), N402K, M412K, and F413K) into
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the open reading frame of FKBP51 in pET151 vector with a 6x His-tag and TEV

cleavage site (Invitrogen). Hsp90, p23, FKBP51 and its mutants were purified as previously
described with minor modifications (Southworth and Agard, 2008, 2011). £. col/iBL21

cells were transformed with pET151-Hsp90a, pET151-p23, and pET151-FKBP51 plasmids,
respectively. The cells were grown in Terrific Broth (TB) media at 37°C and induced with 1
mM IPTG at ODggg = 0.8 — 1.0 for overnight at 18°C after cooling on ice. The cells were
lysed by either sonicator or Emulsiflex in the lysis buffer (20 mM Tris pH 8.0, 500 mM KClI,
6 mM B-mercaptoethanol, 3 mM imidazole, and 10% glycerol with EDTA-free protease
inhibitor cocktail (Roche). The lysed cells were centrifuged with 40,000 rpm at 4°C for 45
min. The supernatant was incubated with HisPur Ni-NTA resin (Thermo Scientific) at 4°C
for 1 hour. The resins were applied to a benchtop Ni-NTA column and bound proteins were
eluted with an elution buffer (20 mM Tris pH 8.0, 100 mM KCI, 6 mM B-mercaptoethanol,
and 300 mM imidazole) by gravity force. The eluted proteins were applied to ion exchange
column (Mono Q 5/50 GL, GE Healthcare) and eluted with a gradient of ion exchange
buffer A and B (A: 20 mM Tris pH 8.0, 20 mM KCI, and 6 mM B-mercaptoethanol; B:

20 mM Tris pH 8.0, 500 mM KCI, and 6 mM B-mercaptoethanol). The fraction containing
proteins were dialyzed with a dialysis buffer (20 mM Tris pH 8.0, 100 mM KCI, 6 mM
BME, and 10% glycerol) containing TEV protease to cleave the His tag at 4°C overnight.
Dialyzed samples were applied to a size exclusion column (HiLoad Superdex-200 16/600
column, GE Healthcare) with a gel filtration buffer (20 mM Tris pH 7.5, 250 mM KCI, 6
mM B-mercaptoethanol). Protein fractions were collected and dialyzed with a storage buffer
(20 mM HEPES pH 7.5, 50 mM KCI, 6 mM p-mercaptoethanol, and 10 % glycerol) at 4°C
overnight. Dialyzed proteins were concentrated and frozen with liquid nitrogen for storage at
—-80°C. Purity of proteins was verified by SDS-PAGE.

Native gel electrophoresis—The formation of open (apo) and closed (ATP-bound)
states of Hsp90 in different conditions (salt, temperature, and nucleotide as described

in Figure 1A, S1A and S1B) were tested using native gel electrophoresis. 2 uM of

Hsp90 was incubated with a buffer (20 mM HEPES pH 7.5, 5 mM MgCl,, and 6 mM
B-mercaptoethanol) in addition to the conditions described for 2 hours. Hsp90 was then
mixed with 2x Native PAGE sample buffer (62.5 mM Tris-HCI, pH 6.8, 40% glycerol, and
0.01% bromophenol blue) and run on a native gel (handcasting Tris polyacrylamide gel
without SDS) in a Native PAGE buffer (25 mM Tris pH 8.3 and 0.192 M glycine). The gel
was stained with Coomassie Blue (Bio-Rad).

SEC-MALS and size exclusion chromatography—20 uM of Hsp90, FKBP51, and
p23 were incubated with the binding buffer (20 mM HEPES pH 7.5, 500 mM KCI, 5 mM
MgCl,, and 6 mM B-mercaptoethanol) in the absence or presence of 2 mM AMPPNP at
37°C for 2 hours before injection into a size exclusion column (Shodex KW-804) connected
to an in-line DAWN HELEOS MALS and Optilab rEX differential refractive index detectors
(Wyatt Technology Corporation) with the running buffer (20 mM HEPES pH 7.5, 150 mM
KCI, 5 mM MgCl,, and 6 mM B-mercaptoethanol) at 4°C. Molecular weight of proteins and
protein complexes were analyzed by the ASTRA V software package (Wyatt Technology
Corporation). Superose 6 Increase 3.2/300 column (GE Healthcare Life Sciences) with
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the running buffer (20 mM HEPES pH 7.5, 150 mM KCI, 5 mM MgCl,, and 6 mM
B-mercaptoethanol) at 4°C was used to analyze elution fractions by SDS-PAGE.

Fluorescence polarization assays—For the competition experiments, 40 nM of the
C-terminal Hsp90a peptide tracer (FAM-DDTSRMEEVD) (Assimon et al., 2015) was
incubated with 5 pM of FKBP51 wildtype or AH7e in the tracer buffer (20 mM HEPES
pH 7.4, 150 mM KCI, 5 mM MgCl,, and 0.002% Triton X-100). Hsp90 was incubated
with the binding buffer (20 mM HEPES pH 7.5, 500 mM KCI, 5 mM MgCl,, and 6 mM
[B-mercaptoethanol) in the presence or absence of 2 mM AMPPNP at 37C for 2 hours to
form the closed or open state, respectively. Then, two-fold serial dilution of Hsp90 was
prepared in the protein buffer (20 mM HEPES pH 7.4, 150 mM KCI, 5 mM MgCl,, and 2
mM B-mercaptoethanol). 9 pl of Hsp90 serial dilution was mixed with 9 ul of the FKBP51
and tracer solution, and then the mixture was incubated at room temperature for 15 min in
the dark before fluorescence polarization measurements were taken on a SpectraMax M5
plate reader. Raw polarization values (mP) were background subtracted, normalized to no-
competitor control, and plotted relative to log,o(Hsp90) (M). Curves were fit in GraphPad
Prism 9.0 to the model [inhibitor] versus normalized response. ICsq values were calculated
based on following equation:

Y = 100/(1 + X/ICs0)

Kj values were calculated as previously described (Nikolovska-Coleska et al., 2004) using
the equation:

Ki =[I]50/([L]50/Kd + [Plo/Kq + 1)

To determine Ky of FKBP51 wildtype and AH7e for the Hsp90 tracer, two-fold serial
dilution of FKBP51 wildtype or AH7e from 20 uM to 0.625 uM were incubated with 20

nM of the Hsp90 tracer in the fluorescent polarization buffer (20 mM HEPES pH 7.4,

150 mM KCI, 5 mM MgCly, 0.001% Triton X-100, and 1 mM B-mercaptoethanol) for

15 min at room temperature in the dark. Raw polarization values (mP) were background
subtracted and plotted relative to [FKBP51] (uM). Curves were fit in GraphPad Prism 9.0
using the model [agonist] versus response. Kq was extrapolated from half-maximal effective
concentration (ECsg) using the equation:

Y=Bottom+( Top—Bottom )/(1+10((10gECSO —Xx)x HillSlope))

Bpa (p-bnezoyl-L-phenylalanine) crosslinking—E. coli cells were transformed with
plasmids containing a TAG stop codon at specific sites (E23, S27, K29, D72, N74, and
E75) of FKBP51 to incorporate Bpa by nonsense-suppression during translation in addition
to Bpa-tRNA vector (pSUPT/BpF), encoding tRNA and tRNA synthetase, as describe
previously (Lennon et al., 2012; Ryu and Schultz, 2006). The cells containing the plasmids
were grown in the TB media supplemented with 1 mM of Bpa at 37°C until ODggg reached
about 0.8-1. The cells were induced with 1mM of IPTG and 200 mg/L arabinose overnight
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at 18°C. The cells were lysed with sonicator with lysis buffer (20 mM HEPES pH 7.5, 100
mM KCI, 5 mM MgCl,, 6 mM B-mercaptoethanol, and 10 mM imidazole) and incubated
with HisPur Ni-NTA resin (Thermo Scientific) for 1 hour at 4°C. Bound proteins were
eluted with elution buffer (20 mM HEPES pH 7.5, 100 mM KCI, 5 mM MgCl,, 6 mM
B-mercaptoethanol, and 300 mM imidazole) and used for crosslinking. The open and closed
states of Hsp90 were formed by incubation with the binding buffer (20 mM HEPES pH 7.5,
500 mM KCI, 5 mM MgCl,, and 6 mM B-mercaptoethanol) in the absence or presence of

2 mM AMPPNP at 37°C for 2 hours. FKBP51 were mixed with Hsp90 in the open and
closed states, respectively, and exposed to UV lights for 1 hours. Crosslinking was analyzed
by SDS-PAGE.

Electron Microscopy (EM) data collection and processing—For negative-stain EM
Hsp90 was incubated with the binding buffer (20 mM HEPES pH 7.5, 500 mM KCI, 5 mM
MgCl,, and 6 mM B-mercaptoethanol) in the presence or absence of 2 mM AMPPNP at
37°C to form the open and closed states, respectively. Hsp90 sampled at different incubation
time points (0.5, 1, and 2 hours) was stained with uranyl formate for 30 seconds on carbon
coated 400 mesh copper grids. The samples were imaged using a FEI Tecnai 10 operated at
100 keV. Micrograph images were recorded using a 4k x 4k CCD camera (Gatan).

For cryo-EM Hsp90a, FKBP51, and p23 were incubated with binding buffer (20 mM
HEPES pH 7.5, 500 mM KCI, 5 mM MgCly,, and 6 mM p-mercaptoethanol) at 37°C for 2
hours. After incubation the sample was diluted and crosslinked with 0.01% glutaraldehyde
for 30 min in 100 mM KCI. The crosslinked sample was applied on a glow-discharged
holey carbon grid (R 1.2/1.3, Quantifoil) after quenching with 20 mM Tris (pH 7.5)

and blotted with Whatman filter paper before plunge freezing in liquid ethane using a
vitrobot (ThermoFisher Scientific). The sample was then imaged on a Titan Krios TEM
(ThermoFisher Scientific) operated at 300 keV equipped with a Gatan BioQuantum imaging
energy filter using a 20-eV energy slit (Gatan). Micrograph images were recorded on a K2
Summit and K3 direct electron detector (Gatan) at a magnification of x61,425 and x58,600
which corresponds to a physical pixel sizes of 0.814 and 0.834 A/pixel, respectively. Serial-
EM was used to collect data with a defocus range of —2.0 to —1.0 um at a dose rate of 6
(K2) and 8 (K3) e /pix/s for total 8 and 6 seconds exposures at 0.05 s/frame in 120 frames
resulting in total doses of 70 and 66 e7/A2, respectively. Movies of images were corrected
for drift using MotionCor2 (Zheng et al., 2017) and were Fourier cropped by a factor of 2.
Micrographs were rescaled to be combined with other datasets using relion_image_handler
as described previously (Scheres, 2012; Wilkinson et al., 2019).

A total of ~22,000 micrographs were collected from three different dataset. Individual
micrographs were manually curated using Scipion (de la Rosa-Trevin et al., 2016) to
exclude poor quality micrographs and CTF was estimated using Patch CTF in cryoSPARC2
(Punjani et al., 2017). cryoSPARC?2 v3.1.0 with standard parameters was used throughout
the data processing. About 100 particles were picked to generate templates which were then
used for automated particle picking for each dataset. The first round of reference-free 2D
classification was conducted with the particles which were autopicked and extracted from
each dataset separately. The 2D class averages with high resolution features were selected,
removing noisy or indiscernible class averages, and combined with the other data sets for
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the second round of reference-free 2D classification. Three ab-initio models were generated
with selected particles (~576,000 from about 3.6 million total picked particles) and used for
subsequent 3D classification. For Hsp90:FKBP51:p23, initial 3D heterogeneous refinement
was performed with three different classes (Figure S3B). Two classes (total of ~337,000
particles) containing distinct density for FKBP51 were combined for another round of 3D
heterogeneous refinement with four different classes. Finally, non-uniform refinement was
performed for a class (~122,000 particles) containing discrete density for FKPB51 and p23.
A class (~295,000 particles) only containing p23 after the first round of 3D classification
was used for non-uniform refinement to obtain the Hsp90:p23 reconstruction. The final
resolutions for Hsp90:FKBP51:p23 and Hsp90:p23 were 3.3A and 3.1A, respectively as
determined by the “Gold Standard” Fourier Shell Correlation method (Henderson et al.,
2012).

Molecular modeling—To build a model structure of the Hsp90:FKBP51:p23 complex,
initial model of Hsp90a was generated by SWISS-MODEL (Waterhouse et al., 2018) using
Hsp90p structure (PDB: 5FWK) (Verba et al., 2016) as a template. Hsp90, FKBP51 (PDB:
5NJX) (Kumar et al., 2017), and p23 (PDB: 1EJF) (Weaver et al., 2000) were docked into
the Hsp90:FKBP51:p23 density using the UCSF Chimera (Pettersen et al., 2004) fit-in-map
function. AMPPNP were generated by Phenix eLBOW (Afonine et al., 2018; Liebschner et
al., 2019) and placed into the NBD of Hsp90 based on the crystal structures of mitochondrial
Hsp90 in the closed state (PDB: 4IPE) (Lavery et al., 2014). Initially Rosetta comparative
modeling (RosettaCM) (Song et al., 2013) was used to model Hsp90, FKBP51, and p23
according to the density. Homology model structures of Hsp90 (PDB: 5FWK, 2CG9, 201U,
41PE, 210Q, and 4I1VG), FKBP51 (PDB: 50MP, 1P5Q, 2IF4, 4LAY, 5MGX, and 305D),
and p23 (PDB: 1EJF, 2KMW, 2CG9, 1RL1, 2030, and 2XCM) were determined by HHpred
respectively and used to constrain model refinement in RosettaCM with template_weitght=0
and the initial model with template_weight=1. The lowest energy models were examined,
and the models that best fit into the density were chosen. Rosetta enumerative sampling
(RosettaES) (Frenz et al., 2017) was used to build some regions of Hsp90 de novo. The
Hsp90 residues 122-133, 175-183, 345-360, and 617-622 were deleted and RosettaES was
run with beam width of 32, respectively. The resulting models of Hps90, FKBP51, and

p23 were refined by Rosetta Relax with the Hsp90:FKBP51:p23 and Hsp90:p23 density
maps, respectively. The final models were manually inspected with minor modification
using ISOLDE (Croll, 2018) in ChimeraX (Pettersen et al., 2021) and Coot (Casanal et al.,
2020).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis are described in the figure legends and METHOD
DETAILS when applicable. Error bars represent standard deviation. *p < 0.5, ns = no
significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Structure of Hsp90:FKBP51:p23 reveals chaperone state for client

. FKBP51 specifically binds the closed, ATP state of Hsp90 via TPR domain

contacts.

. The C-terminal helix extension of FKBP51 serves as an Hsp90 recognition
element.

. Positioning FKBP51 PPlase domain adjacent client binding may assist in
refolding.

Highlights

maturation.
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Figure 1. Analysis of Hsp90 in the open and closed states.
(A) Native-gel of Hsp90 following incubation under indicated temperature, KCl and

nucleotide (2 mM AMPPNP) conditions. Two independent experiments were performed. (B)
SEC-MALS (in 150 mM KCI) of Hsp90 following incubation at 37°C with no nucleotide

in 500 mM KCI (black), at 0°C with 2 mM AMPPNP in 500 mM KCI (green), at 37°C

with 2 mM AMPPNP in 8 mM KCI (blue), and at 37°C with 2 mM AMPPNP in 500 mM
KCI (red). The mw,g is indicated by horizontal lines (kDa, left Y-axis), and is shown with
the elution trace of the protein concentration (refractive index, right Y-axis) versus elution
volume (ml). (C) Representative negative-stain single particle images of Hsp90 following
incubation with 500 mM KClI at 37°C in the absence (left) and presence (right) of 2 mM
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AMPPNP and compared to structures of the Hsp90 dimer in the open (PDB: 210Q) and
closed (PDB: 2CG9) states.
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(A) FKBP51, (B) p23, or (C) FKBP51 with p23 were incubated with Hsp90 at 37°C in 500
mM KCI under open-state (green) or closed-state (with 2 mM AMPPNP) (red) conditions
and compared to Hsp90 alone in the open (black, dashed) and closed (blue, dashed) states.
Axes are shown as in Figure 1 and the mw,,q (kDa) determined by MALS, is shown for the

corresponding Hsp90 complex.
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Figure 3. Cryo-EM structure of Hsp90:FKBP51:p23 closed-state complex.
(A) Example 2D class averages of Hsp90:FKBP51:p23 (scale bar = 50 A). The Hsp90

domains are labeled and FKBP51 density is shown (arrow) adjacent the CTD. (B) The final
cryo-EM map of Hsp90:FKBP51:p23. Densities are colored based on the molecular model
and correspond to the Hsp90 monomers (light and dark blue), the FKBP51 domains: FK1
(plum), FK2 (light pink) and the TPR (dark pink), and p23 (tan). (C) The final molecular
model of Hsp90:FKBP51:p23 colored as in (B).
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Figure 4. Interactions by the FKBP51 TPR helix 7 extension (H7e) and the Hsp90 CTD define

the closed state interaction.

(A) Low-pass filtered cryo-EM density map and model of Hsp90:FKBP51:p23 showing

the CTD-TPR interaction, colored as in Figure 3 with the Hsp90 MEEVD peptide (green)
modeled based on PDB 5NJX (Kumar et al., 2017). Expanded view (right panel) with
approximate distances between M728 from the MEEVD and the Hsp90 C-terminal residue,
1698, identified in the structure (dashed lines). (B) View of H7e (map+model) interacting
across the Hsp90 CTD dimer interface. Proposed H7e hydrophobic interacting residues

are labeled along with D405 and D420 residues which contact Hsp90 R690. (C) Surface
representation of the Hsp90 CTD dimer groove is shown with hydrophobic residues in white
and ribbon view of H7e (left panel); view of Hsp90 CTD dimer interface helices aH17

and aH18 and proposed interacting residues shown without (middle) and with H7e (right).
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(D,E) SEC-MALS analysis and (F) summary table of Hsp90:FKBP51 complex formation
under closed state conditions with FKBP51 variants: (D) AH7e (A401-457) (red), and (E)
M412K (green), F413K (red), and N402K (blue) in comparison to wildtype closed state
complexes of Hsp90 (grey) and Hsp90:FKBP51 (black). The mwyyq (left Y axis) and protein
concentration (right Y axis) are shown versus elution volume (ml). Competitive binding
inhibition of fluorescence polarization of FAM-DDTSRMEEVD bound to (G) FKBP51 wt
or (H) AH7e by Hsp90 pre-incubated in the (red) closed or (black) open state conditions.
Data are shown as the % tracer bound vs. the Hsp90 concentration. ICsq values of 3.8 and
10.2 uM and () K; values of 0.9 + 0.2 and 3.0 = 1.0 uM were determined for FKBP51 wt
with closed and open-state Hsp90 additions, respectively. ICgq values of 18.3 and 13.6 uM
and (1) K values of 6.0 + 2.5 and 4.1 + 1.4 uM were determined for FKBP51 AH7e with
closed and open-state Hsp90 additions, respectively. Three independent experiments were
performed. Error bars represent standard deviation. *p < 0.5, ns = no significance.
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Figure 5. Comparison of Hsp90 CTD conformations showing accommodation of FKBP51 H7e is
specific to the closed state.

(A) Closed- (Hsp90:FKBP51:p23) and open-state (£. coli HtpG, PDB: 210Q) (Ali et al.,
2006) Hsp90 structures with an expanded view of the CTD dimer showing distances
between aH17 and aH18 (dashed line), indicating a wider dimer cleft in the closed state.
(B) Rotated view of the CTD dimer in the closed (left) and open (right) states showing
additional distances between aH17 and aH18 (dashed lines). Measurements are between
S658 (aH17) and 1692 (aH18) in the same subunit (1), across subunits (2). FKBP51 TPR
(pink) is shown with H7e bound across the Hsp90 CTD dimer in the closed state (lower, left
panel), as modeled in the Hsp90:FKBP51:p23 structure, but is incompatible and clashes with
the CTD in the open state (lower right panel, dashed circle). Additional clashing at the H5
loop is indicated (arrow).
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Figure 6. Positioning of FK1 PPlase domain adjacent Hsp90 client binding sites and model for

FKBPS51 function during client maturation.

(A) The Hsp90:FKBP51:p23 structure with distances showing the FK1 PPlase site and
FK506 binding pocket (green) and connecting B3 bulge are positioned adjacent MD client
binding sites (red) in Hsp90 (blue). Sites of Bpa incorporation in the B3 bulge region

are shown. (B) SDS-PAGE analysis of Hsp90-FKBP51 photocrosslinking using FKBP51
variants with Bpa at D72, N74, or E75 following incubation under closed and open state
conditions. Unique crosslinking bands present under closed-state conditions are indicated
(asterisks). Two independent experiments were conducted. (C) Model for Hsp90-catalyzed
client maturation and activation based on the Hsp90:FKBP51:p23 structure in which
FKBP51 binds Hsp90 with p23 following ATP binding and NTD dimerization to form

the client maturation complex. In this arrangement, FKBP51 is positioned for PPlase activity
directed at specific client sites presented through Hsp90 binding and remodeling. Colors:
Hsp90=light blue, FKBP51=pink, p23=tan, Client=yellow, Co-chaperone/Hsp70=Grey.
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Table 1.

Cryo-EM data collection, processing and validation

Hsp90:FKBP51:p23 (EMD-23213, PDB 7L71)

Hsp90:p23 (EMD-23214,PDB 7L7J)

Data collection and processing

Microscope and camera

Titan Krios and K2 or K3

Magnification

61425 (K2), 58600 (K3)

\Woltage (kV) 300
Data acquisition software Serial EM
Exposure navigation Image shift

Electron exposure (e7/A2)

70 (K2), 66 (K3)

Defocus range (um) -2.0to-1.0
Pixel size (A) 0.814
Symmetry imposed C1
Initial particle images (no.) 576169
Final particle images (no.) 121882 239079
Map resolution (A) 33 31
FSC threshold 0.143 0.143
Map resolution range (A) 2-10 2-10
Refinement
Model resolution (A) 3.7 33
FSC threshold 0.5 0.5
Map sharpening B factor (A2) -100.4 -109.8
Model composition
Nonhydrogen atoms 14429 11199
Protein residues 1775 1366
Ligands 2 2
B factors (A2)
Protein 40.53 38.40
Ligand 38.44 38.44
R.m.s. deviations
Bond lengths (A) 0.013 0.013
Bond angles (°) 1.878 1.889
Validation
MolProbity score 1.14 1.19
Clashscore 1.39 1.47
Poor rotamers (%) 0.76 0.73
Ramachandran plot
Favored (%) 96.09 95.58
Allowed (%) 3.74 4.28
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Hsp90:FKBP51:p23 (EMD-23213, PDB 7L71) | Hsp90:p23 (EMD-23214,PDB 7L7J)

Disallowed (%)

0.17 0.15
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KEY RESOURCES TABLE

Page 33

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

BL21-Al™ One Shot™ Chemically Competent £. coli Invitrogen Cat# C607003
BL21 Star™ (DE3)pLysS One Shot™ Chemically Invitrogen Cat# C602003
Competent £. coli

Chemicals, peptides, and recombinant proteins

Adenosine 5’-(B,y-imido)triphosphate lithium salt Sigma-Aldrich Cat# A2647
hydrate

Glutaraldehyde Electron Microscopy Sciences | Cat# 16019

4-Benzoyl-L-phenylalanine Alfa Aesar Cat# H52083-03
FAM-DDTSRMEEVD (Assimon et al., 2015) N/A
Deposited data

Atomic coordinates of Hsp90:FKBP51:p23 closed-state | This paper PDB: 7L7I
complex

Cryo-EM density of Hsp90:FKBP51:p23 closed-state This paper EMD: 23213
complex

Atomic coordinates of Hsp90:p23 closed-state complex | This paper PDB: 7L7J
Cryo-EM density of Hsp90:p23 closed-state complex This paper EMD: 23214
Atomic coordinates of full-length HTPG, the (Shiau et al., 2006) PDB: 210Q
Escherichia coli HSP90

Atomic coordinates of an Hsp90-Shal closed (Ali etal., 2006) PDB: 2CG9
chaperone complex

Atomic coordinates of human FKBP51 protein in (Kumar et al., 2017) PDB: 5NJX
complex with C-terminal peptide of human HSP 90-

alpha

Atomic coordinates of Hsp90-Cdc37-Cdk4 complex (Verba et al., 2016) PDB: 5SFWK
Atomic coordinates of the human co-chaperone p23 (Weaver et al., 2000) PDB: 1EJF
Recombinant DNA

pET151-Hsp90a (Southworth and Agard, 2008) | N/A
pET151-FKBP51 This paper N/A
pET151-FKBP51 del401-457 This paper N/A
pET151-FKBP51 N402K This paper N/A
pET151-FKBP51 M412K This paper N/A
pET151-FKBP51 F413K This paper N/A
pET151-FKBP51 E23TAG This paper N/A
pET151-FKBP51 S27TAG This paper N/A
pET151-FKBP51 K29TAG This paper N/A
pET151-FKBP51 D72TAG This paper N/A
pPET151-FKBP51 N74TAG This paper N/A
pET151-FKBP51 E75TAG This paper N/A
pET151-p23 This paper N/A
pSUPT/BpF (Lennon et al., 2012) N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and algorithms

UCSF MotionCor2

(Zheng et al., 2017)

https://femcore.ucsf.edu/ucsf-software

Scipion

(de la Rosa-Trevin et al., 2016)

http://scipion.i2pc.es/

cryoSPARC2 v3.1.0

(Punjani et al., 2017)

https://cryosparc.com/

Relion (Scheres, 2012) https://www3.mrc-Imb.cam.ac.uk/relion/
index.php/Main_Page

SWISS-MODEL (Waterhouse et al., 2018) https://swissmodel.expasy.org/

RosettaCM (Song et al., 2013) https://new.rosettacommons.org/docs/latest/
application_documentation/structure_prediction/
RosettaCM

RosettaES (Frenz et al., 2017) https://dimaiolab.ipd.uw.edu/software/

ISOLDE (Croll, 2018) https://isolde.cimr.cam.ac.uk/

Coot (Casanal et al., 2020) https://www?2.mrc-Imb.cam.ac.uk/personal/
pemsley/coot/

Phenix 1.19.1 (Afonine et al., 2018) http://www.phenix-online.org/

UCSF Chimera

(Pettersen et al., 2004)

https://www.cgl.ucsf.edu/chimera/

UCSF ChimeraX

(Pettersen et al., 2021)

https://www.rbvi.ucsf.edu/chimerax/
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