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Summary

Hsp90 is a homo-dimeric ATPase that is essential in eukaryotes for the maturation of client
proteins frequently involved in signal transduction including many kinases and nuclear steroid
hormone receptors. Competitive inhibitors of ATP binding to Hsp90 prevent client maturation and
show promise as anti-cancer agents in clinical trials. However, the role of ATP binding and
hydrolysis in each subunit of the Hsp90 dimer has been difficult to investigate because of an
inability to assemble and study dimers of defined composition. We used protein engineering to
generate functional Hsp90 subunits that preferentially assemble as heterodimers. We analyzed
dimers where one subunit harbors a disruptive mutation and observed that ATP binding by both
subunits is essential for function in yeast, while ATP hydrolysis is only required in one subunit.
These findings demonstrate important functional contributions from both symmetric and
asymmetric Hsp90 dimers, and provide valuable reagents for future investigations of Hsp90
mechanism.

Introduction

Interest in the chaperone mechanism of Hsp90 blossomed with the discovery that inhibitors
targeting Hsp90 could revert the transforming potential of the v-src oncogene in cell culture
(Whitesell et al., 1994). Subsequent studies demonstrated that many kinases require active
Hsp90 along with the kinase-specific Cdc37 co-chaperone for efficient maturation (Hartson
et al., 1996; Mimnaugh et al., 1996; Schneider et al., 1996; Schulte et al., 1996; Stepanova et
al., 1996), and that roughly 60% of human kinases bind to Hsp90 in cells (Taipale et al.,
2012). In addition to kinases, Hsp90 is also required for efficient activation of many nuclear
steroid hormone receptors (Pratt and Toft, 1997). The maturation of both kinases and steroid
receptors requires ATPase activity by Hsp90 (Grenert et al., 1999; Wayne et al., 2010).
Competitive inhibitors of ATP binding to Hsp90 have shown promise as anti-cancer agents
in clinical trials (Jhaveri et al., 2012), suggesting that cancer cells have a stronger
dependence on Hsp90 than normal cells. Despite the central role of Hsp90 in signal
transduction and cancer and the therapeutic promise of competitive ATP inhibitors, the
mechanism by which ATP hydrolysis is linked to client maturation remains poorly
understood.
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Our current understanding of the ATPase mechanism of Hsp90 is based largely on in vitro
studies performed in the absence of clients. Hsp90 is a member of the GHKL family of
proteins that couple ATP hydrolysis to conformational changes that drive diverse
biochemical functions (Dutta and Inouye, 2000). Structurally, Hsp90 is a homodimer with
each monomer containing three domains (Ali et al., 2006). The N-terminal (N) domain
contains an ATP binding site (Prodromou et al., 1997), the Middle (M) domain contains
client binding sites (Meyer et al., 2003), and the C-terminal (C) domain contains a stable
dimerization domain (Harris et al., 2004; Richter et al., 2001). Dimerization of Hsp90 is
critical for in vivo function (Wayne and Bolon, 2007). In purified form, conformational
shifts in dimeric Hsp90 are mediated by ATP binding and hydrolysis, with an open state
observed in the absence of nucleotide and a closed state when both subunits are bound to
ATP (Ali et al., 2006; Shiau et al., 2006; Southworth and Agard, 2008). The nucleotide free
state of Hsp90 is dimerized only at the C-domain and forms a V-shaped conformation
(Shiau et al., 2006; Southworth and Agard, 2008). In contrast, the ATP-bound conformation
is dimerized at both the N and C domains, and the N and M domains reposition to orient
catalytic side chains for efficient ATP hydrolysis (Ali et al., 2006; Hessling et al., 2009).
Studies of Hsp90 in the absence of clients have provided valuable insights into the Hsp90
ATPase cycle. However, many critical questions remain regarding how Hsp90 functions in
the presence of clients.

In vitro studies of client maturation are challenging both because client proteins tend to
aggregate in purified form and because efficient Hsp90 function in cells involves many
different co-chaperones that can be difficult to recapitulate in vitro. Biochemical and genetic
approaches have identified Hsp90 interactions with over 20 different co-chaperone proteins
that assist and/or modulate Hsp90 function (Rohl et al., 2013; Zhao et al., 2005). In vitro
studies with combinations of purified chaperones have been utilized to mature progesterone
receptor to a ligand competent form and shown that in addition to Hsp90, five other proteins
are required: Hsp40, Hsp70, Hop, p23, and FKBP52 (Pratt and Toft, 1997). In vitro studies
with chaperone combinations have also been used to mature immobilized Chk2 kinase and
shown that the co-chaperone Cdc37 is critical for this reaction (Arlander et al., 2006).
Motivated by the challenges of native clients, model client systems have been explored and
among other findings, implicated the middle domain in client binding (Hagn et al., 2011;
Rudiger et al., 2002; Street et al., 2011; Street et al., 2012).

A number of studies have investigated communication between Hsp90 subunits in vitro with
variable conclusions. In purified form, the ATPase activity of each Hsp90 subunit appears
biochemically independent (McLaughlin et al., 2004). In addition, single molecule studies
indicate that ATP binding in one subunit does not promote nucleotide binding in the trans
subunit (Ratzke et al., 2012), and that ATP binding only modestly affects conformational
preferences (Mickler et al., 2009). However, crystallographic observations (Ali et al., 2006)
indicate that ATP-binding induces N-terminal dimerization, that could positively couple
ATP binding at each subunit in the Hsp90 dimer. Furthermore, dimers of Hsp90 where one
subunit lacks an N-domain are deficient for ATP hydrolysis (Richter et al., 2001), and
mutations in Hsp90 have been identified that perturb ATPase activity in the trans subunit in
vitro (Cunningham et al., 2008). Thus, conclusions regarding the mechanism of ATP
hydrolysis in each Hsp90 subunit depend to some extent on experimental variables.

Invivo, it was unclear if ATP must bind or hydrolyze in both Hsp90 subunits
simultaneously, or if the function of Hsp90 can be supported by binding and/or hydrolysis of
ATP by a single subunit of the Hsp90 dimer (Figure 1). To address this question, we
designed Hsp90 subunits that preferentially assemble as heterodimers in cells. Based on the
in vivo function of Hsp90 heterodimers harboring ATP binding or hydrolysis defective
mutations in a single subunit, we propose a model of the essential Hsp90 ATPase cycle
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where binding of ATP to both Hsp90 subunits is required, but where ATP hydrolysis by one
subunit of Hsp90 is sufficient for maturation of essential clients. These results provide a
unifying mechanistic framework for understanding Hsp90 function.

Results and Discussion

Designed heterodimeric Hsp90 subunits assemble into asymmetric dimers in vitro

We designed heterodimeric Hsp90 subunits through fusion to coiled-coil sequences
previously optimized to form thermodynamically stabilized heterodimers (Havranek and
Harbury, 2003). Fusion of these coiled-coils to Hsp90 is fully compatible with ATPase
activity (Figure S1A, B), indicating that chaperone function is not compromised. We
examined the propensity of wild type (WT) and designed heterodimer Hsp90 subunits to
cross dimerize under equilibrium conditions (Figure 2A). We utilized a dimer exchange
reaction between ATPase active, full-length (FL) Hsp90 and ATPase inactive C-domain.
Previous studies have demonstrated that heterodimers of full-length and C-domain (FL/C)
are deficient in ATPase activity (Richter et al., 2001; Wayne and Bolon, 2007). Thus, the
extent of FL/C heterodimer formation can be followed by monitoring ATPase activity. If all
three possible dimer species (C/C, FL/C, and FL/FL) have equivalent thermodynamic
stability, they should form at a 1:2:1 ratio when both subunits are present at the same
concentration causing a 50% decrease in observed ATPase activity. As previously observed
(Wayne and Bolon, 2007), at equimolar concentration of the wild type FL and C-domain
subunits of Hsp90, ATPase activity was decreased about 20% (Figure 2A). This result
indicates that the heterodimer of wild type FL and C-domain subunits (FL/C) is
thermodynamically disfavored relative to the FL/FL dimers, consistent with dimer
stabilizing contacts between the N-domains in ATP-bound FL/FL homodimers (Ali et al.,
2006). We generated heterodimeric FL (FLH€%A) and C-domain (CHetB) constructs and
examined their propensity to form heterodimers (Figure 2A). The ATPase activity of the
FLHetA decreased to near-baseline levels in the presence of an equimolar concentration of
CHetB (Figure 2A), indicating that the FLHetA/CHetB was thermodynamically preferred
relative to homodimers. Fitting the data to an equilibrium dimer exchange model indicates
that the designed Hsp90-coil fusions provide a 100 fold heterodimer preference relative to
constructs without the coils. This equates to a free energy preference of 2.5 kcal/mol that is
identical to that measured for the coils in isolation (Havranek and Harbury, 2003).

As heterodimer formation is central to our investigations, we used two independent
experiments to augment our ATPase based investigations of dimer species. First, we
analyzed the designed constructs by Native PAGE, taking advantage of the distinct mobility
of FL/FL, FL/C and C/C dimers (Figure 2B). Consistent with our ATPase studies, we
observed the preferential accumulation of FLHeA/CHetB heterodimers by Native PAGE.
Second, we used size exclusion chromatography (SEC) to investigate dimerization
preference. SEC also indicated that the designed Hsp90 constructs strongly favor
heterodimer formation (Figure S1C). From these three independent biochemical analyses,
we concluded that the designed Hsp90 constructs preferentially assemble as heterodimers in
vitro.

We analyzed the in vitro ATPase activity of full length Hsp90 heterodimers with one WT
subunit and one subunit containing a mutation that prevents either ATP binding (D79N), or
hydrolysis (E33A and R380A). Consistent with their distant location from the stable
dimerization regions in the C-domain, each of the ATPase mutants (E33A, D79N, and
R380A) readily cross dimerize in our system (Figure S1D, E). Having confirmed that the
ATPase mutants form preferential heterodimers, we investigated the ATPase activity in vitro
of WTHe A/ MutantHetB Hsp90 dimers (Figure 2C). The ATPase rate (kcat) per WT subunit
was similar for WT/WT homodimers (2.5 min~1), as well as WT/E33A (2.6 min~1), and

Mol Cell. Author manuscript; available in PMC 2015 January 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mishra and Bolon

Page 4

WT/D79N (3.2 min~1) heterodimers, while it was elevated about three fold for WT/R380A
(8.0 min~1). The R380 mutation impacts Hsp90 conformation in addition to ATPase
efficiency (Cunningham et al., 2012), suggesting that conformational properties of the
‘trans’ subunit can impact ATP hydrolysis in the “cis’ subunit. Therefore, our results
indicate that ATP hydrolysis in one Hsp90 subunit was sensitive to the biochemical
properties of the partner subunit, but not completely dependent on the nucleotide bound state
of the partner subunit. We observed differences in Km for Hsp90 heterodimers (ranging
from 140 1M to 1000 M) that we cannot precisely interpret due to the multiple steps
involved in ATP hydrolysis including conformational rearrangements (Hessling et al.,
2009). However, the Km differences we observed indicate that the ATP-bound state of the
partner subunit influences either ATP binding and/or conformational rearrangement kinetics
involved in ATPase activity.

Designed Hsp90 subunits preferentially assemble as heterodimers in vivo

Investigating the essential function of Hsp90 in yeast can be challenging because the
endogenous expression level of Hsp90 is far above that required for robust growth
(Borkovich et al., 1989; Jiang et al., 2013). In order to clearly interpret functional studies of
Hsp90 heterodimers in yeast, it is critical to reduce background functional homodimer
concentrations to trace levels. To accomplish this, we generated yeast strain DBY519 that
expresses chromosomally integrated FLHeYA Hsp90 to levels just above critical levels for
robust yeast growth (Figure 3 and Figure S2A-E). The level of Hsp90 in these cells is
reduced to the point where it causes a minor decrease in growth (Figure S2A). While this
level of Hsp90 is ideal for analyzing effects on yeast growth, it is poorly suited to
investigating traditionally studied substrates including v-src and glucocorticoid receptor that
require high levels of Hsp90. The DBY519 strain also harbors a URA3-marked plasmid
expressing wild type Hsp90 to near endogenous levels that can be negatively selected using
fluoroorotic acid (FOA). To examine heterodimers in DBY519 cells, we introduced plasmid
encoded Hsp90HetB constructs and treated with FOA to swap out the wild type Hsp90
plasmid. To reduce functional FLHE/FILHEtA Jevels below that required for growth, we
expressed Hsp90HeB supunits in excess to Hsp90HetA subunits (Figure S2C). In this setup,
excess Hsp90HetB homodimers should accumulate in cells. For Hsp90Het constructs where
HetB homodimers are non-toxic and non-functional (both properties of ATPase mutants),
strain growth under FOA selection depends on the function of Hsp90HeAHeB heterodimers.

To determine the robustness of the designed Hsp90 heterodimer system in yeast, we
investigated the function of FLHetA/CHetB Hspgo (Figure 3). Our previous work (Wayne and
Bolon, 2007), demonstrates that analogous single chain FL-C Hsp90 constructs fail to
support yeast viability. Thus, if FLHe"A assembled predominantly into FLHe¥A/CHetB Hspgo
heterodimers in our yeast system it should lead to a strong growth defect under FOA
selection. The FLHeYA/CHetB dimer serves as a stringent test of heterodimer preference as the
absence of potential inter-subunit N-domain contacts provides a homodimer bias (Figure
2A). In control DBY519 cells that only express FLHE'A growth in the presence of FOA is
close to that of control cells expressing endogenous levels of WT Hsp90 (Figure S2A),
indicating that the level of FLHEA homodimers in these cells is sufficient to support robust
growth. By contrast, the co-expression of FLHE"A and CHetB sybunits dramatically reduces
growth in independent experiments on plates (Figure 3A), and in liquid culture (Figure 3B
and Figure S2B). These findings demonstrate that the designed system provides a biological
readout (yeast growth) that is directly dependent on the chaperone function of Hsp90
heterodimers and provides a valuable approach to further investigate essential elements of
Hsp90 mechanism in vivo.

Mol Cell. Author manuscript; available in PMC 2015 January 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mishra and Bolon

Asymmetric

Page 5

Hsp90 dimers with ATP deficient mutations in one subunit reveal essential

elements of the ATPase cycle

Mechanistic

To investigate how ATP binding and hydrolysis in each subunit of Hsp90 contributes to
function, we generated FLHetB constructs containing either the D79N mutation that prevents
ATP binding, or the E33A or R380A mutations that prevent ATP hydrolysis (Meyer et al.,
2003; Panaretou et al., 1998). Both biochemical and structural studies indicate that the side
chain of E33 in Hsp90 poises a water molecule for attack on the scissile bond of ATP (Ali et
al., 2006; Obermann et al., 1998). The side chain of R380, which comes from the M-
domain, contacts the y-phosphate and is implicated in both stabilizing the leaving phosphate
and promoting nucleotide-dependent conformational changes in the Hsp90 dimer
(Cunningham et al., 2012; Meyer et al., 2003). In structures of Hsp90, the side chain of D79
forms a hydrogen bond to the N6 atom of adenosine that is critical for ATP binding (Ali et
al., 2006; Prodromou et al., 1997). All three of these ATPase deficient mutants (E33A,
D79N, and R380A) fail to support yeast viability as the sole Hsp90 (Figure S3A,B) and thus
are compatible with our approach. We observed null-growth for WTHetA/D79NHetB Hspoo
heterodimers, indicating that ATP binding in each Hsp90 subunit is critical for function in
vivo (Figure 4 and Figure S3C). This observation also demonstrates that WTHetA
homodimers are depleted to trace levels consistent with the design strategy. Both WTHEtA,
E33AHetB gnd WTHEtA/R380AHEB Hsp90 dimers support yeast viability, albeit with growth
defects of about 20% and 50% respectively relative to controls (Figure 4B and Figure S3C).

Because of the important potential mechanistic implications of our observations, we
explored a number of features to ascertain the robustness of our findings. First, we examined
the expression level of each ATPase HetB variant in our heterodimer experiments (Figure
4C) as well as the same HetB constructs in cells with WT Hsp90 (Figure S3B). In both of
these experiments, all ATPase mutants expressed to similar levels. The observation that
D79NHetB aholished growth in DBY519 cells indicates that the expression level of HetB
variants was sufficient to deplete HetA homodimers to trace levels. As reduced Hsp90 levels
can activate a stress response including induction of the Hsp90 activator Ahal, we examined
Ahal level in our strains (Figure S3D). We find that all ATPase heterodimer strains had
levels of Ahal similar to unstressed cells, suggesting that the heat shock response was not
strongly induced. To investigate potential sensitivity to the expression level of the HetB
subunits in our system, we examined the growth properties of DBY519 yeast harboring
HetB variants expressed from a roughly three-fold weaker (Jiang et al., 2013) promoter
(Figure S3E,F). Increases in HetB expression were not pursued because these levels of
expression caused a growth defect for WT Hsp90. The growth properties of Hsp90
heterodimers with one ATPase deficient subunit were similar when the expression of the
HetB subunit was decreased, indicating that the biochemical properties of Hsp90
heterodimers were the primary factor mediating growth rates.

Our observations indicate that ATP hydrolysis in a single Hsp90 subunit is sufficient for its
essential function in yeast (Figure 4D). The strict in vivo requirement for ATP binding in
both Hsp90 subunits, but for hydrolysis in only one subunit provides a mechanistic
framework for understanding the ATPase driven Hsp90 conformation cycle during client
maturation.

implications

The in vivo requirement for ATP binding in both subunits is consistent with structural
observations that nucleotide binding causes large conformational rearrangements in purified
Hsp90 that are conserved across eukaryotic lineages (Ali et al., 2006; Southworth and
Agard, 2008). The evolutionary conservation of this conformational response to ATP
binding indicates that it is under strong selection in natural populations and suggests that it is

Mol Cell. Author manuscript; available in PMC 2015 January 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mishra and Bolon

Page 6

critical to function. These inferences from structure and evolution are supported by our
observations that preventing ATP binding in one subunit causes a severe functional defect in
yeast. While on the surface this finding contradicts some results with purified Hsp90 that
indicate independent ATPase or negatively cooperative ATP binding in each subunit
(McLaughlin et al., 2004; Ratzke et al., 2012; Richter et al., 2001), there is growing
evidence that binding to co-chaperones and clients dramatically impact the conformation
and biochemical properties of Hsp90 (Southworth and Agard, 2011; Street et al., 2011;
Vaughan et al., 2006). In this light, structural investigations of purified Hsp90 reveal
important insights into some of the conformational ensembles available to bind to co-
chaperones and clients, but suggest that further investigations in the presence of co-
chaperones, clients, and post-translational modifications may be required to delineate the
Hsp90 conformational cycle during client maturation.

The in vivo functionality of Hsp90 dimers impaired for ATP hydrolysis in one subunit
demonstrates the mechanistic importance of asymmetric chaperone conformations. In
particular, the energy from ATP hydrolysis in one subunit appears sufficient to drive the
critical Hsp90 conformational changes required for client maturation. This mechanistic
observation is consistent with in vitro studies where the ATPase activity in each subunit is
independent (McLaughlin et al., 2004; Richter et al., 2001), and the co-chaperone Ahal
stimulates ATPase preferentially in one Hsp90 subunit (Retzlaff et al., 2010). The modest in
vivo defects that we observed for heterodimers with ATP hydrolysis mutants (Figure 4C)
suggest that chaperone efficiency is somewhat compromised relative to Hsp90 dimers that
can hydrolyze ATP in both subunits. While not conclusive, this observation suggests that the
efficiency of client maturation may depend on which subunit in the Hsp90 dimer hydrolyzes
ATP, perhaps through conformational asymmetry introduced through client and/or co-
chaperone binding. In addition, the stronger functional defect observed for R380A compared
to E33A (Figure 4C) is consistent with the dual role of R380A in both stimulating hydrolysis
and N-M conformational rearrangements (Cunningham et al., 2012).

Conclusions and Future Directions

This study provides a valuable mechanistic framework for both unifying previous findings
and guiding future studies. While this work indicates critical steps involving ATP binding
and hydrolysis in the Hsp90 dimer, it also provides valuable reagents to further investigate
Hsp90 mechanism. In yeast, our system can be used to investigate mutants that are null as
homodimers. This type of mutant has been frequently observed in mutational scans of
regions of Hsp90 (Hietpas, 2013; Hietpas et al., 2011; Jiang et al., 2013). In addition our
system can be utilized to assemble heterodimers for in vitro analyses. The ability to
assemble Hsp90 dimers of defined composition will likely be valuable in determining the
structural and biochemical basis for client maturation. For example, defined heterodimers
could be used to directly test our current speculation that client binding may require ATP
binding in both Hsp90 subunits (Figure 4D), which is based on observations that disrupting
nucleotide binding in both subunits impairs client binding in vitro (Grenert et al., 1999).
Hsp90 dimers of defined subunit composition will likely also be valuable in structurally and
biochemically delineating chaperone mechanism through investigations of the functional
impacts of client binding, co-chaperone binding, and post-translational modifications to each
Hsp90 subunit.

EXPERIMENTAL PROCEDURES

Further details are described in Supplemental Experimental Procedures.
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Yeast studies

The DBY519 strain (trp1 ura3 hsp82::Leu2 hsc82::Leu2 ho::pTefl-Hsp90HetA-His3
pKAT®6) used in this study is a W303 derivative that was generated from Ecu cells (Nathan
et al., 1997) by integration of the Hsp90HetA construct at the HO locus. The designed Hsp90
heterodimers were generated by inserting coiled coil sequences (Havranek and Harbury,
2003) and a Hisg tag (GGHHHHHHGGH) after amino acid 678 in Hsp82 (yeast Hsp90).
These constructs retain the native Hsp90 C terminus including the MEEVD motif. Yeast
manipulations used standard approaches and media (Gietz et al., 1995).

Studies with purified proteins

Hsp90 constructs were expressed and purified individually by immobilized metal affinity, as
well as hydrophobic and ion exchange chromatography. Samples were analyzed by
analytical SEC on a Superdex200 column (GE). Hydrolysis of ATP was enzymatically
linked to NADH oxidation and monitored spectroscopically as previously described (Norby,
1988). Samples were analyzed on native gels (30 mM Hepes, 30 mM imidazole, pH 7.0, 6%
polyacrylamide, 1 mM EDTA) that were run at 30 mAmp for one hour using Coomassie
Brilliant Blue staining to visualize bands.

Supplementary Material

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

Models of potential ATP binding and hydrolysis pathways in Hsp90 dimers. (A) Cartoon
representation of an Hsp90 homodimer illustrating the three domains within each subunit
and the sites of ATP binding. (B) Potential pathways by which Hsp90 might bind to and
hydrolyze ATP in the process of client maturation.
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Designed Hsp90 subunits preferentially assemble as heterodimers in vitro. (A) Dimer
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exchange reactions monitored based on the ATPase activity from full-length homodimers.
Fitting the titrations to an equilibrium model indicates that designed Hsp90 subunits
assemble with a roughly 100-fold heterodimer preference relative to wild type controls. (B)
Native PAGE confirms the preferential assembly of designed Hsp90 subunits as
heterodimers. (C) ATPase activity of Hsp90 heterodimers with ATP binding (D79N) or
hydrolysis (E33A, R380A) defective mutations in one subunit. The Michaelis-Menten

model was fit to the data to estimate kcat and Km along with errors from the fitting
procedure. See also Figure S1.
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Figure 3.

Yeast system to study the function of Hsp90 dimers of defined composition. (A) Under
selective conditions, the growth of the engineered strain is strictly dependent on the function
of A/B Hsp90 heterodimers: full-length heterodimers support robust growth but known null
heterodimers lacking the N and M domains in one subunit do not support growth. Control
cells grown without FOA all support growth indicating that none of the constructs are toxic.
(B) Growth rates in liquid culture parallel growth observed on plates. See also Figure S2.
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Figure4.

Contributions of ATP binding and hydrolysis in each subunit of the Hsp90 dimer to function
invivo. (A) Growth of yeast supported by Hsp90 heterodimers harboring one subunit with a
mutation that prevents ATP binding (D79N), or hydrolysis (E33A or R380A). Growth on
control plates lacking FOA demonstrates that none of the constructs are toxic. (B)
Quantification of growth rates observed in liquid culture. (C) Western blot demonstrating
that Hsp90 mutants deficient for ATP binding or hydrolysis express to similar levels as wild
type. (D) Model of the essential Hsp90 ATPase cycle required for client maturation in yeast.
See also Figure S3.
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