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SUMMARY

To probe the mechanism of the Hsp90 chaperone
that is required for the maturation of many signaling
proteins in eukaryotes, we analyzed the effects of
all individual amino acid changes in the ATPase
domain on yeast growth rate. The sensitivity of a
position to mutation was strongly influenced by
proximity to the phosphates of ATP, indicating
that ATPase-driven conformational changes impose
stringent physical constraints on Hsp90. To investi-
gate how these constraints may vary for different
clients, we performed biochemical analyses on a
panel of Hsp90 mutants spanning the full range of
observed fithess effects. We observed distinct ef-
fects of nine Hsp90 mutations on activation of v-src
and glucocorticoid receptor (GR), indicating that
different chaperone mechanisms can be utilized for
these clients. These results provide a detailed guide
for understanding Hsp90 mechanism and highlight
the potential for inhibitors of Hsp90 that target a sub-
set of clients.

INTRODUCTION

The Hsp90 chaperone continues to be an intense focus of
research because of its central roles in protein homeostasis in
normal (Wayne et al., 2011) and disease states (Neckers and Tre-
pel, 2014) and in the accumulation and propagation of mutations
in evolution (Rohner et al., 2013). The chaperone function of
Hsp90 can rescue mutations in clients that would otherwise
lead to functional defects. This ability of Hsp90 to rescue muta-
tions in clients enables the accumulation of genetic diversity that
can contribute to the evolution of new adaptive traits (Rohner
et al., 2013). Hsp90 plays a central role in many physiological
processes through its substrates or client proteins. The majority
of Hsp90 clients are associated with signal transduction and
include nuclear steroid hormone receptors (Guy et al., 2015)
and roughly half of all kinases (Taipale et al., 2012). The upregu-
lation of signaling clients in many cancers leads to an increased
dependence on Hsp90. Inhibitors of Hsp90 can revert the trans-
forming phenotypes of oncogenes in cell culture (Whitesell et al.,
1994) and have shown promise as therapeutic agents to treat
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cancer (Neckers and Trepel, 2014). Of note, it has been possible
to develop inhibitors that are specific for the ATPase site of
Hsp90 because Hsp90 harbors an unusual Gyr-B-like active
site that is distinct from the Walker motifs in most ATPases (Pro-
dromou et al., 1997). Because Hsp90 is essential in all cells,
broad inhibition of Hsp90 function is toxic in healthy cells, and
therapeutic benefits occur with treatment regimens that partially
inhibit Hsp90 (Neckers and Trepel, 2014). These partial inhibition
strategies are sufficient to selectively inhibit many oncogenic
clients, though the detailed mechanism for this selectivity is un-
clear (Kamal et al., 2003).

Tremendous progress has been made in understanding the
mechanism of Hsp90, but many important questions remain un-
answered. Structural and biochemical analyses have shown that
Hsp90 contains three domains: an N-terminal ATPase domain
(Prodromou et al., 1997), a middle domain implicated in binding
to clients (Hawle et al., 2006; Meyer et al., 2003), and a C-termi-
nal domain that forms a constitutive homodimer (Harris et al.,
2004; Richter et al., 2001). Hinge regions between each domain
of Hsp90 impart flexibility on the full-length protein (Ali et al.,
2006; Shiau et al., 2006). The “lid” region of the ATPase domain
adopts distinct nucleotide-bound conformations (Ali et al., 2006;
Prodromou et al., 1997) including transient dimerization when
ATP and the co-chaperone p23 are bound that, in turn, mediate
dramatic conformational changes of the full-length Hsp90 dimer
(Southworth and Agard, 2008). Purified Hsp90 can act as an anti-
aggregation chaperone (Pursell et al., 2012), but activation of
signaling clients including kinases and nuclear steroid receptors
in vitro requires multiple co-chaperones including p23, Hop,
Cdc37, and Hsp70 (Arlander et al., 2006; Boczek et al., 2015;
Guy et al., 2015). Exciting recent views of Hsp90 bound to clients
and co-chaperones (Karagoz et al., 2014; Kirschke et al., 2014;
Vaughan et al., 2006) indicate that different clients can bind to
distinct surfaces of Hsp90. Despite these advances, we do not
currently have a clear understanding of how ATPase-driven
conformational changes in Hsp90 activates most clients. For
example, while nucleotide binding causes dramatic changes
to the conformation of purified Hsp90, experiments with engi-
neered conformation-restricted variants of Hsp90 indicate that
fully open conformations are not required for chaperone function
(Pullen and Bolon, 2011). In addition, analyses of client binding
affinities to Hsp90 indicate that the rules governing client binding
are complex (Taipale et al., 2012), consistent with the emerging
structural views of clients binding to different surfaces on Hsp90
(Karagoz et al., 2014; Kirschke et al., 2014; Vaughan et al., 2006).
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Figure 1. Effects of Individual Amino Acid Changes in the N-domain of Hsp90 on Yeast Growth Rate

(A) Outline of the bulk competition strategy utilized to analyze the effects of Hsp90 mutants on yeast growth rate.

(B) Full biological replicates of Hsp90 mutations spanning amino acids 12-21 and 92-101 are strongly correlated. Growth effects are plotted as selection co-
efficients (0 = no effect compared to wild-type, and —1 = null). Silent mutations that do not change the protein sequence are plotted in green, stop codons are

shown in red, and amino acid changes are shown in black.

(C) Estimates of growth effects from bulk competitions correlate strongly with measurements of mono-culture growth rate for a panel of Hsp90 mutants. The
following mutations were analyzed in monoculture: L18F, Y24L, R32A, N37S, D40E, K54E, E57K, R65L, Q72D, G83T, 196A, S99A, I1117F, F120A, G121A, F124A,

Y125W, L129M, E165K, 1172D, and K191F.

(D) Heatmap representation of the fitness landscape observed for individual amino acid changes across amino acids 2-231 of Hsp90.

See also Figure S1 and Table S1.

It remains unclear to what extent Hsp90 utilizes ATPase-driven
mechanisms that are common to all clients compared to mech-
anisms that are client specific.

To address these questions, we probed the physical require-
ments for function at each position in the ATPase domain of
Hsp90. Using a mutational scanning approach (Boucher et al.,
2014; Fowler and Fields, 2014) that we refer to as EMPIRIC (Hiet-
pas et al., 2011), we analyzed the effects of each amino acid
change in an otherwise wild-type Hsp90 sequence background
on the growth rate of engineered budding yeast. This screen
probes the impacts of Hsp90 mutants integrated over multiple
clients that contribute to yeast growth. Hsp90 function is strongly
conserved in the eukaryotic lineage, where it is essential in all
species that have been tested including budding yeast (Borko-
vich et al., 1989) and worms (Birnby et al., 2000). In addition, hu-
man Hsp90 can complement yeast knockouts, and vertebrate
clients including the v-src oncogene as well as the glucocorti-
coid receptor (GR) exhibit Hsp90-dependent activation in yeast,
further indicating the functional conservation of Hsp90 in eukary-
otes (Picard et al., 1990; Xu and Lindquist, 1993). Because of the
strong conservation of Hsp90 function across the eukaryotic
lineage, studies of yeast Hsp90 and model clients including
v-src and GR provide valuable guides for understanding Hsp90
mechanism.

Our results demonstrate that the experimental sensitivity to
mutation varies dramatically for different positions in Hsp90.
We identified eight critical positions where any amino acid
change caused severe functional defects. All eight of these posi-
tions were either in direct contact with the phosphates of ATP or
in second shell positions structurally poised to transmit ATPase-

dependent conformational changes. Across the entire ATPase
domain, proximity to the phosphates of ATP was a strong deter-
minant of sensitivity to mutation, indicating that local conforma-
tional changes propagated by ATP hydrolysis impose stringent
functional constraints. Many positions in Hsp90 contribute to
less stringent aspects of function. Based on the results of our
EMPIRIC scan, we sampled a panel of mutations at these less
stringent sites for potential client-specific effects. Our results
demonstrate that mutations spread across the structure of the
ATPase domain can differentially impact the maturation of GR,
v-src, and the yeast kinase Ste11, whose kinase activity is
Hsp90 dependent (Louvion et al., 1998). Together, these obser-
vations indicate that conformational changes mediated by ATP
hydrolysis are likely central to the maturation of most Hsp90 cli-
ents, but that client-specific features of the ATPase domain also
contribute to chaperone function. These client-specific features
suggest that it may be feasible to develop inhibitors of Hsp90
with client selectivity.

RESULTS AND DISCUSSION

We analyzed the experimental fitness effects of all point muta-
tions in the ATPase domain of Hsp90 using bulk competitions
of engineered budding yeast (Figure 1A). The effects of Hsp90
mutations on yeast growth rate were quantified based on
changes in the frequency of each mutation during competitions
where yeast growth rates are tightly coupled to the function of
Hsp90 mutant variants by limiting the promoter strength driving
their expression (Jiang et al., 2013). As in our previous work (Hiet-
pas et al.,, 2011, 2012, 2013), focused deep sequencing was
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used to assess the frequency of each Hsp90 mutation in bulk
competition samples. To assess the reliability of the scanning
protocol, we performed full biological replicate analyses of muta-
tions at 20 amino acid positions (~10% of the N-domain). These
biological replicates indicated that our fitness measurements
could clearly distinguish wild-type synonyms from stop codons
(Figure 1B). The correlation coefficient from these biological rep-
licates (R? = 0.92) is consistent with expected variation based on
sequencing depth (Boucher et al., 2014) (average confidence in-
terval of 9%, Table S1). Mutations with strongly deleterious ef-
fects exhibited greater variation between replicates consistent
with expected uncertainty in estimating the frequency of muta-
tions that deplete rapidly. To examine how growth rates may
be influenced by cultures containing competing variants, we
compared these to growth rates determined in monoculture for
a panel of 21 individually cloned Hsp90 variants. Monoculture
growth rates correlated with measurements from bulk competi-
tions (Figure 1C), indicating that growth rates were not dramati-
cally impacted by the complexity of variants in the culture. Muta-
tions that cause partial growth defects are poised on the edge of
viability and are therefore sensitive to small changes in selection
pressures. These mutations tended to have slightly more severe
defects in the bulk competitions (Figure 1C), hinting that selec-
tion strength in the bulk competitions may be slightly increased
relative to monoculture. Of note, differences in genetic back-
ground and environmental conditions can both impact the
fitness effects of mutations and lead to distinctions between
studies where these parameters differ (Hietpas et al., 2013; Jiang
et al., 2013). For example, a previous study observed that the
E33D mutation in Hsp90 could support yeast viability (Obermann
et al., 1998), but in our mutation scan we observed that the E33D
mutation was severely deleterious, potentially due to distinctions
in these experiments including genetic backgrounds and envi-
ronmental conditions. While future studies will be required to
address the dependencies of N-domain mutations on genetic
background and environmental conditions, our results indicate
that the estimates of fitness effects from bulk competitions
appear robust for the genetic background and environmental
conditions studied.

Because the natural amino acids sample a variety of different
physical properties, our data provide a broad description of the
underlying physical requirements at each position in the ATPase
domain for function. To provide an overview of these physical re-
quirements, we generated a heatmap representation (Figure 1D)
of the fitness effects of each possible amino acid change (Table
S1). Patterns for an amino acid across different positions indi-
cate global impacts of particular amino acids. For example,
the consistent blue horizontal stripe at the top of the heatmap in-
dicates universal defects for stop codons at all positions, consis-
tent with known requirements for downstream regions of Hsp90
for dimerization and binding to clients (Alvira et al., 2014; Kara-
g6z et al.,, 2014; Vaughan et al., 2006; Wayne and Bolon,
2007). Other than stop codons, proline mutations caused the
strongest average defect (Figure S1A), consistent with the pro-
pensity of proline mutations to disrupt secondary structure
(Strehlow et al., 1991). Across all mutations in our dataset, we
observed a weak correlation between amino acid similarity and
fitness effects (Figure S1B), indicating that factors other than
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amino acid similarity (e.g., the structural context of each muta-
tion) play important roles in determining impacts on function
and fitness.

Comparison of Experimental Fitness Effects with
Conservation in Evolution

Vertical patterns in the heatmap indicate the tolerance of a
position to mutations. Dramatic variations in these vertical pat-
terns indicate large differences in the tolerance of positions
to mutations (Figure 1D). To explore how experimental fitness
measurements relate to evolutionary selection pressures, we
compared the experimental sensitivity of positions in yeast
Hsp90 with conservation in an alignment of homologs from
diverse species (Figure 2A). Our biochemical expectations
were that positions performing critical functions (e.g., catalytic
positions) would exhibit strong conservation. A common and
intuitive extension of this logic is that positions that do not
perform critical functions will vary across large evolutionary
distances. According to these ideas, evolutionarily conserved
positions should be consistently sensitive to mutations. Instead,
we observe that strongly conserved positions exhibit extremely
varied experimental sensitivity to mutation (Figure 2B).

Multiple factors contribute to distinctions between conserva-
tion patterns in evolution and experimental fitness effects.
These explanations include distinctions between conditions in
natural and laboratory selections (e.g., environmental variation
and timescales). Environmental conditions can have a dramatic
impact on the fitness effects of Hsp90 mutations (Hietpas et al.,
2013), and the conditions experienced in evolution likely impose
pressures that cannot be fully captured by laboratory experi-
ments. In addition, the strength of purifying selection in large
natural populations over evolutionary timescales is far more
stringent than can be distinguished by experimental evolution
studies (Boucher et al., 2014; Ohta, 1973). The nearly neutral
window in natural evolution is inversely related to effective pop-
ulation size, and for yeast it has been estimated that fitness
defects of 0.0001% would be subject to purifying natural selec-
tion (Tsai et al., 2008). Thus, an amino acid position would be
conserved in evolution if mutations caused even minor reduc-
tions to function that are beyond the resolution of laboratory ex-
periments. From this perspective, evolutionary conservation in
the face of purifying selection is not sufficient to distinguish a
critical catalytic position from a position that makes more
nuanced contributions to function. In contrast, positions that
vary or diverge during evolution under purifying selection
must maintain function. Of note, the least evolutionarily con-
served positions in Hsp90 universally tolerate the vast majority
of possible amino acid changes in our experiments (Figure 2B).
For Hsp90, and likely other proteins whose functions are
conserved across evolution, divergent positions are predomi-
nantly experimentally tolerant to mutations while evolutionarily
conserved positions have varied experimental sensitivity to
mutation.

Given the distinction between evolutionary conservation and
experimental sensitivity to mutation, we examined how each of
these metrics related to structure (Figures 2C and 2D). The
most conserved positions in evolution are located broadly over
roughly half of the ATPase domain (Figure 2C). They surround
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Figure 2. Relationship between Evolutionary Conservation and Experimental Fitness Effects
(A) Comparison of the experimental fitness sensitivity of each position in the N-domain to conservation observed in Hsp90 sequences from diverse eukaryotes.
Positions exhibiting the strongest evolutionary conservation exhibit a broad range of experimental sensitivity to mutation while the most evolutionary variable

positions are almost universally experimentally tolerant to mutations.

(B) Experimental fitness effects at amino acid positions that exhibited the greatest and least evolutionary variation.
(C and D) Structural representations of the Hsp90 N-domain from 2CG9.PDB (Al et al., 2006) where the width of the backbone trace and the color indicate the
evolutionary variation (C) or experimental sensitivity to mutation (D) of each position.

the site of ATP binding but also occur at sites spread sparsely
throughout the structure. Based on evolutionary conservation,
these sites likely make contributions to function that vary from
critical catalytic sites to minor improvements in the efficiency
of client maturation. Mapping the pattern of experimental sensi-
tivity to structure provides a distinct profile (Figure 2D). Few po-
sitions were experimentally ultra-sensitive to mutation, and
these were all clustered around the site of ATP binding.

Proximity to Phosphates of ATP Imposes Stringent
Functional Constraints

Experimental sensitivity distinguishes biochemically critical and
non-critical sites. All possible amino acids were compatible
with efficient function at 55 positions (Figures 3A and 3B). At
the other end of the spectrum, eight positions (R32, E33, N37,
D40, G94, G118, G121, and G123) were experimentally ultra-
sensitive such that even the most physically conservative amino

acid changes caused a severe fitness defect. All eight of these
critical positions are in proximity to the phosphates of ATP (Fig-
ure 3B). Six of these critical positions (E33, N37, D40, G118,
G121, and G123) directly contact the phosphates of ATP. E33
is a known catalytic amino acid that positions a water molecule
for hydrolysis of the y-phosphate (Panaretou et al., 1998). Our re-
sults indicate that all six positions that directly contact ATP are
similarly critical for function. Structural inferences suggest that
the critical amino acids that do not directly contact ATP (R32
and G94) may mediate conformational changes sparked by
ATP hydrolysis. R32 forms a hydrogen bond to E33 as well as
the main chain of a residue in the middle domain of Hsp90 and
is poised to enable inter-domain conformational changes. G94
is located at a region that forms a hinge for the “lid” region (high-
lighted in black in Figures 3A and 3B), a loop whose conforma-
tion changes to close over ATP, but not ADP (Ali et al., 2006; Pro-
dromou et al., 1997).
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Figure 3. Structural Distribution of Experimentally Sensitive and Tolerant Positions

(A and B) Structural representations of the Hsp90 ATPase domain illustrating the location of the eight amino acids that are experimentally sensitive to any amino
acid change (indicated with cyan spheres), and the 55 positions that experimentally tolerate any amino acid change (indicated with yellow spheres). Structural
representations are shown for the ADP-bound state from 1AM1.PDB (Prodromou et al., 1997) (A) and the ATP-bound state from 2CG9.PDB (Ali et al., 2006) (B).
(C) Sensitivity to mutations correlates with proximity to atoms in ATP. The atoms of ATP are colored based on the observed correlation between experimental
fitness effects and distance to the Co. atoms of each amino acid residue. Distance to the y-phosphate of ATP exhibits the strongest correlation and explains more

than half of the observed variance in mutational sensitivity.
See also Figures S2, S3, and S4.

We explored how proximity of a position to different atoms in
ATP correlates with sensitivity to mutation (Figures 3C and S2).
Consistent with the structural location of critical amino acids sur-
rounding the y-phosphate of ATP, we observed the strongest
correlation (R2 = 0.52) between the mutational sensitivity of a
residue and the distances of Ca. atoms to the y-phosphate. To
investigate influences of the directional orientation of side
chains, we examined the angle of the Ca-Cp bond of each side
chain toward each atom in ATP, but parsing the positions using
this metric did not have a dramatic impact on the observed dis-
tance relationships (Figure S3). Of note, a weaker correlation
(R? = 0.27) was observed between distance to the y-phosphate
of ATP and evolutionary conservation (Figure S4). The observa-
tion that half of the variation in experimental sensitivity to muta-
tion can be explained by distance to the y-phosphate was
surprising given the number of different co-chaperones (Ahat,
p23, Cdc37, Hsp70) and client proteins (GR, Tau, Cdk4) structur-
ally observed to bind to different surfaces of the ATPase
domain (Ali et al., 2006; Alvira et al., 2014; Karagoz et al., 2014;
Kirschke et al.,, 2014; Retzlaff et al., 2010; Vaughan et al.,
2006). While these structurally observed contacts with co-chap-
erones and clients clearly contribute to function, they do not
appear to impose dominant constraints on amino acid mutations
compared to proximity to the phosphates of ATP.

Positions that Contact the Adenine Ring Can Tolerate
Mutations

Distances from Hsp90 positions to different atoms in ATP ex-
hibited distinct experimental fitness profiles. For example, corre-
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lations of mutational sensitivity drop off dramatically with the dis-
tance of positions from the phosphates of ATP compared with
distance to atoms in the adenine ring (Figure 3C). Consistent
with this analysis, amino acids that directly contact the adenine
ring could tolerate mutations. Because all contacts contribute to
binding, these observations indicate that binding to the adenine
ring is not as critical as the contacts between Hsp90 and the
v-phosphate that mediate hydrolysis-dependent conformational
changes. Even D79, which forms a direct hydrogen bond with the
adenine ring (Figure 4A), could tolerate amino acid changes.
Based on the results from bulk competitions (Figure 1; Table
S1), both D79E and D79C were able to support yeast growth
rates similar to wild-type. Previous studies had demonstrated
that the D79N mutation prevents binding to ATP and is inviable
in yeast (Obermann et al., 1998; Panaretou et al., 1998). Because
of the similarities between aspartate and asparagine, including
nearly identical steric footprints, the observation that D79N
was inviable in yeast provided strong support for the hypothesis
that ATP binding and hydrolysis are required for Hsp90 function
despite the slow hydrolysis rates that had been observed in vitro.
While a larger body of evidence now supports the conclusion
that ATP hydrolysis by Hsp90 is essential, including observations
in this work, it was perhaps fortuitous for the field that the D79N
mutation was analyzed initially instead of D79E.

Given the historical relevance of engineered mutations at po-
sition 79 as well as the apparent tolerance to mutations at this
location in our bulk analyses, we investigated the function of
D79E and D79C in further detail. We generated these variants
as individually isolated clones. Both D79E and D79C supported
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Figure 4. Contacts between D79 and Adenine Can Be Altered without Compromising Hsp90 Function
(A) Structural representation of the N-domain of Hsp90 highlighting the near ideal geometry of the hydrogen bond formed between N6 of adenine and the side

chain of D79.

(B) Growth rate of budding yeast in monoculture for D79E, D79C, and D79N Hsp90 variants.
(C) ATPase rates observed for purified Hsp90 proteins (2.5 uM) in the presence and absence of the co-chaperone Ahat (10 uM).

(D) Ability of D79E, D79C, and D79N Hsp90 to mature the GR client in yeast.

(E) Efficiency of v-src maturation supported by D79E, D79C, and D79N Hsp90 variants. The black vertical line indicates where lanes were removed for figure
clarity. D79N along with appropriate controls were analyzed on a separate blot that is shown on the right side of this panel.

See also Figure S5.

yeast growth rates in monoculture that were similar to wild-type
(Figure 4B), consistent with the observations from bulk competi-
tions. As purified proteins, both D79E and D79C Hsp90 were
capable of hydrolyzing ATP (Figure 4C), though D79C activity
was strongly dependent on the Ahal co-chaperone, and even
then was impaired relative to wild-type. This is in contrast to
the D79N mutant that is unable to hydrolyze ATP in the presence
or absence of Aha1 (Figure 4C).

Importantly, both D79E and D79C were resistant to trypsin di-
gestions (Figure S5C), indicating that these mutations do not
compromise the ability of Hsp90 to fold to a native state. In the
absence of nucleotide, we note that the N and M domain bands
are shorter lived, suggesting that D79C exhibits increased
trypsin accessibility in these regions. The ability to resist trypsin

digestion was enhanced in the presence of an ATP analog further
supporting their ability to bind nucleotide. In the presence of
nucleotide, D79C is similar to wild-type (WT) in susceptibility to
trypsin digestion. In addition, D79C is capable of hydrolyzing
ATP in the presence of Aha1l. Our interpretation of these results
is that the D79C is partially destabilized but is capable of access-
ing the conformations required for ATP hydrolysis. The apparent
binding affinity of Aha1 for D79C and D79E were within 2-fold to
that measured for wild-type Hsp90 (Figure S5A). Because Ahat
stimulates the ATPase activity of Hsp90 by positioning the R380
side chain from the middle domain to stabilize the leaving phos-
phate (Li et al., 2013; Meyer et al., 2004), our observations sug-
gest that the D79C mutation may have difficulty positioning this
catalytic arginine without the aid of Ahal. In the presence of
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Table 1. Comparison of ATPase Rates of Purified Hsp90 Protein
with Fitness Effects

Relative ATPase Rate®

Mutation - Ahat + Ahal Fitness Effect®
None (WT) ¢ 1.0 7.9 0.0

T221¢ 45 nd —0.64

A41ve <0.1 nd —0.42

D79C° <0.1 1.0 —0.03

D79E® 0.5 6.1 —0.06
D79N°,¢ <0.1 <0.1 —1.10

T1011¢ 0.1 nd —0.74

nd, not determined.

2ATPase rate measured at 37°C with or without the co-chaperone Ahat
normalized to the rate of hydrolysis for wild-type without Aha1.

PFitness effect observed with limiting expression level of Hsp90 from bulk
competitions in this work.

°ATPase measurements of Hsp90 variants generated in this work.
dATPase measurements from previous work (Prodromou et al., 2000).

Aha1, the Km for ATP was reduced for both D79C (30-fold) and
D79E (8-fold) relative to wild-type Hsp90 (Figure S5B). These ob-
servations suggest that D79C and D79E impact the interaction
with nucleotide to a greater extent than binding to Ahal, and
that Aha1 binding can partially rescue these nucleotide binding
defects.

Previous studies (Prodromou et al., 2000) as well as this work
demonstrate that Hsp90 mutations with a wide impact on
ATPase rate are able to support yeast viability (Table 1; Fig-
ure S6), indicating that the relationship between ATPase rates
in purified form and in vivo function of Hsp90 is complex, and
highlighting the importance of studying Hsp90 function in vivo.
We analyzed the ability of D79E and D79C variants to mature
two Hsp90-dependent clients (GR and v-src) in yeast (Figures
4D and 4E). As seen in previous studies, D79N Hsp90 was null
for the activation of GR and v-src (Wayne et al., 2010). D79E
Hsp90 could mature both clients efficiently. In contrast, D79C
Hsp90 was compatible with efficient activation of GR but caused
a severe defect in the activation of v-src. These results indicate
that different clients may place distinct demands on ATPase-
dependent conformational changes in the N-domain.

Hsp90 Mutations with Client-Specific Effects

To further test the hypothesis that different clients impose
distinct biochemical constraints on the Hsp90 ATPase domain,
we used the results of our mutational scan as a guide to search
for additional mutations that might have strong client-specific
impacts. We focused our analyses on positions located near
the surface of Hsp90 that could distinctly impact binding to
different clients and/or co-chaperones. We reasoned that muta-
tions with large physical changes in the nature of the amino acid
side chain and small fitness effects akin to D79C would have the
potential to disturb physical properties required for a subset of
clients. These types of mutations were predominantly distal
from ATP, and we manually selected a set for further analyses
(Figure 5A). To select these mutants, we first analyzed the fitness
heatmap to identify tolerant positions spread across the surface
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of the ATPase domain. For each chosen tolerant position, we
then manually identified a mutation with minor to no fitness effect
(s> —0.1) that caused a large physical change. We also reasoned
that severe growth defects caused by small physical changes
could be due to specific impacts on critical clients. Motivated
by this logic, we used an analogous procedure to manually select
a set of mutations at sensitive positions that caused large fitness
defects (s < —0.5) with small physical changes. We generated in-
dividual clones for the combined set of mutations and quantified
the impacts of each Hsp90 variant on activation of GR, v-src, and
Ste11 in yeast (Figures 5B, 5C, and 6A).

Mutations that caused little to no fitness effects (blue dia-
monds in Figure 5B) universally exhibited efficient GR activation,
but many were deficient in activating v-src. This observation in-
dicates that maturation of v-src imposes greater constraints
on the ATPase domain of Hsp90 than GR and the endogenous
clients required to support rapid yeast growth. Conversely, mu-
tations that caused strong fitness defects (red diamonds in Fig-
ure 5B) were universally deficient in activating v-src, but many
were able to efficiently mature GR. While the detailed mecha-
nistic reasons for these observations remain to be elucidated,
it is tempting to speculate that maturation of v-src may require
more efficient utilization of ATP hydrolysis by Hsp90 than GR
(e.g., efficient transmission of the energy of ATP hydrolysis to
conformational changes that activate v-src), and thus v-src
may be a more difficult client than GR to activate. Investigating
this possibility in vitro is complicated because the hydrolysis of
ATP by Hsp90 is strongly influenced by co-chaperones (Panare-
tou et al., 2002; Ratzke et al., 2014) and likely by clients, resulting
in a complex relationship between in vitro and in vivo ATPase ac-
tivity. The complexities of this relationship are exemplified by the
in vitro ATPase activity of the nine Hsp90 variants that are
capable of maturation of GR but not v-src (Figure S6). Variants
with severe fithess defects that retain their ability to mature GR
exhibit a wide range of ATPase rates from extremely defective
(Y125W, S99A, and Y24L) to faster than WT (I1117F and F120A).
Future efforts will be needed to elucidate the molecular details
of how ATP hydrolysis contributes to the maturation of different
clients such as GR and v-src in the presence of the full comple-
ment of co-chaperones.

Previous analyses of a handful of mutations in the middle
domain of Hsp90 identified three mutations (E431K, S485Y,
and T525I) that caused severe defects for GR maturation, but
that were compatible with efficient v-src maturation in yeast
(Hawle et al., 2006). Recent structural studies have observed
that different clients bind to distinct surfaces of the middle
domain (Karagoz et al., 2014; Kirschke et al., 2014; Vaughan
et al., 2006), which provides a potential explanation for distinct
impacts of amino acid changes in the middle domain on different
clients.

Almost half of the Hsp90 mutations in our panel (nine of 21) ex-
hibited strong client-specific effects (purple diamonds in Fig-
ure 5C). For comparison, a previous study identified five amino
acid changes in the ATPase domain of yeast Hsp90 that
conferred temperature-sensitive growth (Nathan and Lindquist,
1995). Four of the five Hsp90 temperature-sensitive alleles
(T221, A41V, G81S, and T101l) exhibited functional defects at
permissive conditions, which meet part of the criteria that we
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Figure 5. Identification of Hsp90 Mutants that Differentially Impact the Maturation of GR and v-src

(A) Structural representation of the N-domain of Hsp90 indicating mutations identified as having a strong potential for separation of function.

(B) The effects of individually cloned Hsp90 variants on activation of GR and v-src compared to effects on yeast growth rate.

(C) Comparison of the effects of Hsp90 mutants on activation efficiency for GR versus v-src identifies nine mutations with severe deficiency for v-src that are

capable of mediating the efficient activation of GR.

(D) Structural representation of the N-domain of Hsp90 and the Cdc37 co-chaperone based on 1US7.PDB (Roe et al., 2004) indicating the location of the sites of

mutations that caused client-specific effects.
See also Figure S6.

used in identifying client-specific mutations. However, these
criteria alone may not be sufficient to effectively identify client-
specific mutations. All four of the temperature-sensitive variants
exhibited strong defects for both GR and v-src maturation
(Nathan and Lindquist, 1995). The other temperature-sensitive
mutation (G170D) efficiently matured both GR and v-src under
permissive conditions but exhibited defects for both of these cli-
ents at non-permissive temperatures. Thus, temperature-sensi-
tive mutations in the ATPase domain do not generally appear to
have client-specific impacts. None of the temperature-sensitive
mutations met the full criteria that we developed to search for
mutations with client-specific effects. In particular, the previ-
ously identified temperature-sensitive mutations were all located
in the solvent-inaccessible core, and most caused both large

physical changes and large fitness defects in our experiments
(Table S1). Our results indicate that subtle physical changes at
sensitive surface positions and dramatic physical changes at
insensitive surface positions provided an efficient approach to
identify mutations with client-specific effects.

To investigate the potential mechanism of the client-depen-
dent Hsp90 mutations, we mapped their location onto the struc-
ture of the Hsp90 ATPase domain determined in complex with
Cdc37 (Roe et al., 2004) (Figure 5D). The Cdc37 co-chaperone
is specific for kinases, such that disruption of the Cdc37-
Hsp90 interface may selectively disrupt maturation of kinases
including v-src compared to non-kinase clients such as GR.
Cdc37 contacts the “lid” region of nucleotide free Hsp90 and
is in direct contact with two of the positions where we identified
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client-specific mutations (S99A and F120A). However, most of
the client-specific mutations that we identified are not in direct
contact with Cdc37, and two client-specific mutations (K54E
and E165K) are located on a face of the Hsp90 ATPase domain
opposite from the contact site with Cdc37. These structural ob-
servations suggest that multiple mechanisms including alter-
ation to Cdc37 binding likely contribute to the observed client-
specific impacts of mutations in Hsp90.

To further investigate the potential role of Cdc37 in mediating
the distinct Hsp90 ATPase domain constraints that we observed
for GR and v-src, we examined the effects of the same panel of
Hsp90 mutations on activation of the Ste11 kinase (Figure 6). The
Ste11 kinase is a yeast homolog of the Raf serine/threonine ki-
nase and was one of the first endogenous yeast Hsp90 clients
identified. Its kinase activity is dependent on the presence of
both Hsp90 and Cdc37 (Abbas-Terki et al., 2000; Louvion
et al., 1998). Because Ste11 and v-src both require Cdc37 for
maturation, the effects of Hsp90 ATPase domain mutants on
Cdc37 binding affinity should have similar impacts on both of
these kinase clients. Comparing the effects of our panel of
Hsp90 mutations on v-src and Ste11 (Figure 6A) indicates that
most mutations that are compatible with efficient v-src matura-
tion are also able to efficiently mature Ste11. Hsp90 mutations
that are severely defective for v-src maturation had variable im-
pacts on Ste11 maturation efficiency. This observation indicates
that Ste11 imposes fewer constraints on the Hsp90 ATPase
domain than v-src. While further studies will be required to inves-
tigate the molecular mechanism responsible for these client-
specific constraints, the structural location of these mutations
may provide valuable mechanistic hints. The seven Hsp90 muta-
tions that were severely defective for both Ste11 and v-src matu-
ration (colored pink in Figures 6A and 6B) are primarily in close
proximity to either the Cdc37 interface or the nucleotide binding
cavity (Figure 6B), suggesting that direct contacts of Hsp90 with
Cdc37 and nucleotide are critical for both of these kinase clients.
In contrast, the three Hsp90 mutations that are defective for
v-src but efficiently mature Ste11 (colored blue in Figures 6A
and 6B) are not in direct contact with either Cdc37 or nucleotide.
This observation suggests that auxiliary Hsp90 contacts or
conformational changes are critical for v-src maturation com-
pared to Ste11.
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Figure 6. Distinct Impact of Hsp90 Muta-
tions on Maturation of v-src and Ste11 Ki-
nases

(A) Comparison of the effects of Hsp90 mutants on
activation efficiency for Ste11 versus v-src. Hsp90
mutations with severe defects for v-src activation
exhibited impacts on Ste11 activation that ranged
from severe defects (colored pink) to intermediate
defects (colored orange) to no observable defect
(colored blue).

(B) The locations of mutations with severe defects
for v-src activation are indicated on the structure of
Hsp90 bound to Cdc37. The impacts of these
mutations on Ste11 activation are indicated by
color as in (A). The location where nucleotide binds
is indicated in green.

Our observations indicate that distinct structural features of
the Hsp90 ATPase domain contribute to the maturation of
different clients. This observation suggests that it will be valuable
to investigate the molecular mechanism of Hsp90 activation of
multiple clients. Understanding client-specific mechanisms will
likely contribute to our understanding of protein homeostasis in
normal as well as cancerous cells, which often exhibit a height-
ened dependence on Hsp90 (Miyata et al., 2013; Whitesell
et al., 1994). While the biophysical properties that determine
the binding of clients to Hsp90 remain to be fully resolved, stabil-
ity of the native state appears to be a contributing factor (Taipale
et al., 2013). Consistent with the influence of folding stability on
client interactions with Hsp90, subtle changes to the client
sequence can influence Hsp90 dependence. For example, the
c-src kinase that is nearly identical in sequence to v-src is only
weakly dependent on Hsp90 for activation (Xu et al., 1999).
Buchner and colleagues (Boczek et al., 2015) recently showed
that three amino acid differences between c-src and v-src
mediate the majority of the differences in Hsp90 dependence.
Analyses of the affinities of kinases for Hsp90 in mammalian cells
demonstrated that v-src had one of the strongest observed
levels of associations with Hsp90 (Taipale et al., 2012). It is
possible that the heightened dependence of many cancer cells
to Hsp90 may be due to an increased load of difficult to chap-
erone oncogenic clients similar to v-src, and that therapeutic in-
terventions may be developed to target these clients with
increased specificity.

Conclusions

Our results indicate that conformational changes mediated by
ATP hydrolysis provide the main functional constraints in the
ATPase domain of Hsp90. These constraints include strict phys-
ical requirements for the amino acids immediately contacting
the phosphates of ATP and those that are structurally poised
to propagate hydrolysis-dependent conformational changes.
Positions throughout the ATPase domain clearly contribute to
function, though in ways less severely sensitive to amino acid
changes than those mediating ATP hydrolysis. The critical func-
tional steps mediated by ATP hydrolysis can differentially impact
clients. The v-src kinase imposes more stringent constraints on
hydrolysis-driven steps than GR. Variation in the challenges that



clients impose on hydrolysis-driven steps indicate the potential
for inhibitors that mediate these steps to provide increased client
specificity.

EXPERIMENTAL PROCEDURES

Bulk Fitness Competitions

The effects of point mutants on yeast growth were determined as previ-
ously described (Hietpas et al., 2011, 2012; Jiang et al., 2013). Libraries
of hsp82 (yeast hsp90) point mutants were generated in p414ADHATER,
which expresses Hsp82 at a reduced level relative to wild-type strains
and provides a sensitive readout of the functional impacts of mutations
(Jiang et al., 2013). Confidence intervals (95%) were calculated for the
growth effects of each amino acid change (Table S1) based on the SE
(Sp) from sampling depth in sequencing (Boucher et al., 2014) using the
equation below.

E(1-E)

S, =
p
Riotar

Where R0t is the total sequencing reads of all variants, E; is the estimated
frequency of a variant calculated based on sequencing reads (R/Riota)-
95% confidence intervals for E; were calculated as 2 X S, and propagated
to estimate the impacts of sampling on selection coefficients. Reproducibility
of fitness effects was assessed by performing a full biological replicate
including separate yeast transformations for mutants at 20 amino acid posi-
tions. The reliability of the bulk competitions was further assessed by com-
parison to the growth effects of a panel of Hsp90 mutations determined in
monoculture.

Assays for GR, v-src, and Ste11 Activity

To facilitate the analyses of Hsp90 mutants with a full range of fitness effects,
client assays were performed using a temperature-sensitive strain (iG170D)
where Hsp90 function can be rapidly inactivated prior to client analyses (Na-
than et al., 1997). For analyses of clients at elevated temperature, we cloned
hsp90 mutations into p414GPD with an N-terminal Hise tag that produces
near-endogenous levels of Hsp90 protein that is required for function at
elevated temperatures (Borkovich et al., 1989). Glucocorticoid receptor
(GR) function in yeast was analyzed using the P2A/GRGZ plasmid as
described previously (Meyer et al., 2004; Wayne and Bolon, 2007). To quan-
tify v-src activity, we utilized a galactose inducible v-src plasmid (p316GALv-
srcV5) described previously (Meyer et al., 2004; Wayne and Bolon, 2007).
Ste11 function in yeast was quantified using the FUS7-LacZ reporter plasmid
pSB234 as described (Trueheart et al., 1987). See Supplemental Information
for additional details.

ATPase Activity of Purified Hsp90 Proteins

Hydrolysis of ATP by Hsp90 was determined using an enzymatic assay as pre-
viously described (Norby, 1988). ATPase assays were performed at 37°C using
a Bio50 Spectrophotometer equipped with a Peltier temperature control unit
(Cary) and a 1-cm pathlength cuvette. See Supplemental Information for addi-
tional details.

Statistical Analysis
The data presented are the representative or examples of three biological rep-
licates unless it is specified. The error bars represent the SD for three indepen-
dent experiments, unless it is indicated.

Additional experimental procedures can be found in Supplemental
Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
six figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2016.03.046.
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