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SUMMARY

Heat shock protein 90 (Hsp90) is a molecular chaperone regulating the activity of diverse client proteins
together with a plethora of different co-chaperones. Whether these functionally cooperate has remained
enigmatic. We analyze all double mutants of 11 Saccharomyces cerevisiae Hsp90 co-chaperones in vivo con-
cerning effects on cell physiology and the activation of specific client proteins. We find that client activation is
supported by a genetic network with weak epistasis between most co-chaperones and a few modules with
strong genetic interactions. These include an epistatic module regulating protein translation and dedicated
epistatic networks for specific clients. For kinases, the bridging of Hsp70 and Hsp90 by Sti1/Hop is essential
for activation, whereas for steroid hormone receptors, an epistatic module regulating their dwell time on
Hsp90 is crucial, highlighting the specific needs of different clients. Thus, the Hsp90 system is characterized
by plastic co-chaperone networks fine-tuning the conformational processing in a client-specific manner.

INTRODUCTION

Heat shock protein 90 (Hsp90) is an abundant and conserved mo-
lecular chaperone present in bacteria and eukaryotes (Johnson,
2012). Together with a large number of co-chaperones, it plays
a pivotal role in the maturation of client proteins under physiolog-
ical and stress conditions (Schopf et al., 2017). Clients include ste-
roid hormone receptors (SHRs), kinases, and E3 ubiquitin ligases,
which rely on Hsp90 interaction for activity (Boczek et al., 2015;
Echeverria et al., 2011; McClellan et al., 2007; Taipale et al.,
2012). In contrast to other chaperones, Hsp90 acts late in the
maturation process and also seems to have a regulatory role (Ja-
kob et al., 1995; Nathan and Lindquist, 1995; Nathan et al., 1997;
Radli and Rudiger, 2018). Because Hsp90 controls central hubs of
cellular protein homeostasis, it has an important role in diseases
such as cancer, neurodegenerative disease, and psychiatric dis-
orders (Biebl and Buchner, 2019; Joshi et al., 2018).

Hsp90 is a constitutive dimer with a V-shaped structure (Ali
etal., 2006; Pearl and Prodromou, 2006; Shiau et al., 2006), which
undergoes an ATP-driven conformational cycle that comprises
large structural rearrangements, including a transiently N-termi-
nally dimerized conformation (Prodromou et al., 2000; Verba
etal., 2016). In eukaryotes, the conformational cycle is modulated
by the binding of co-chaperones that vary in structure, function,
and specificity for certain Hsp90 conformations (Li et al., 2012).
While the co-chaperome expanded from yeast to mammals,
similar functions have been found for the orthologs, suggesting
that new co-chaperones added regulatory mechanisms (Johnson
and Brown, 2009). In yeast, many co-chaperones modulate the
chaperone function of Hsp90 (Table 1). Only three of them are
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essential (Cdc37, Cns1, and Sgt1). For some co-chaperones, their
function in the Hsp90 cycle is well described. Sti1/Hop acts early
in the Hsp90 chaperone cycle connecting the Hsp70 and Hsp90
systems and keeping Hsp90 in an open, client-accessible state
(Chen and Smith, 1998; Johnson et al., 1998; Kirschke et al,,
2014; Schmid et al., 2012). Notably, direct contacts between
Hsp70 and Hsp90 have been reported in bacteria and yeast (Gen-
est et al.,, 2013; Kravats et al., 2018). For kinases, Cdc37 is a spe-
cific recruiter co-chaperone (Abbas-Terki et al., 2000; Eckl et al.,
2013; Grammatikakis et al., 1999; Taipale et al., 2012; Verba
et al., 2016). Other co-chaperones, like Sba1/p23, act late in the
Hsp90 cycle and stabilize the N-terminally dimerized state (Ali
et al., 2006; McLaughlin et al., 2006; Richter et al., 2004). Notably,
for some co-chaperones, like p23, Hsp90-independent functions
have been observed (Bose et al., 1996; Echtenkamp et al., 2016;
Freeman et al., 1996).

Previously, we found that the maturation of different Hsp90 cli-
ents depends on different co-chaperones in yeast (Sahasra-
budhe et al., 2017). Surprisingly, for a specific client, co-chaper-
ones may have either activating or deactivating effects - or they
may have no effect at all. This led to the picture of a machinery in
which the different parts are individually recruited in a client-spe-
cific way. Yet, we do not know how the co-chaperones are coor-
dinated and to what extent they cooperate in client processing.
Large-scale screening projects (Costanzo et al., 2016; Rizzolo
et al.,, 2017, 2018) do not provide information on this issue, as
these fitness-based screens cannot predict functional relation-
ships between genes. To address the question whether each
co-chaperone contributes independently to client maturation
or whether the contribution of one co-chaperone affects other
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Table 1. Hsp90 Co-chaperones in Yeast

Yeast Co-chaperone Human Homolog Function

References

Stil Hop adaptor between Hsp70 and Hsp90;
inhibitor of Hsp90 ATPase

Cdc37 Cdc37 kinase-specific co-chaperone

Cns1 TTC4 genetic interaction with Cpr7; regulator of
protein translation

Taht Taht component of the Rvb1-Rvb2-Tah1-Pih1

Pih1 Pih1 (R2TP) complex

Cpr6 Cyp40 peptidylprolyl-cis/trans-isomerase

Cpr7

Sbai p23 binds closed Hsp90 conformation, inhibits
ATPase

Ahat Ahai accelerator of Hsp90 ATPase

Hch1 - weak accelerator of Hsp90 ATPase

Ppt1 PP5 phosphatase interacting with Hsp90

Sgt1 Sgt1 involved in kinetochore assembly and plant

immunity

Kirschke et al., 2014; Lee et al., 2012; R6hl
et al., 2015; Schmid et al., 2012

Boczek et al., 2015; Siligardi et al., 2002
Schopf et al., 2019; Tenge et al., 2015

Eckert et al., 2010

Mayr et al., 2000

Ali et al., 2006; McLaughlin et al., 2006;
Richter et al., 2004

Meyer et al., 2004; Panaretou et al., 2002
Panaretou et al., 2002

Wandinger et al., 2006

Johnson et al., 2014; Kitagawa et al., 1999

co-chaperones is important to understand the functional princi-
ples of the Hsp90 chaperone machinery. Hence, we set out to
systematically investigate genetic interactions between Hsp90
co-chaperones in S. cerevisiae on the functional level, i.e., in
the activation of specific client proteins in vivo.

We used yeast as a model organism to analyze the function of
co-chaperones on the maturation of the clients v-Src, glucocor-
ticoid receptor (GR), and mineralocorticoid receptor (MR). The
yeast Hsp90 system faithfully recapitulates the function of the
mammalian co-chaperones on their clients (Bohen and Yama-
moto, 1993; Chang and Lindquist, 1994; Fang et al., 1996; Picard
et al., 1990; Xu and Lindquist, 1993), and most Hsp90 co-chap-
erones are conserved in structure and function between yeast
and mammals (Koulov et al., 2010; MclLaughlin et al., 2006;
Meyer et al., 2003; Panaretou et al., 2002; Retzlaff et al., 2010;
Rohl et al., 2015). Further, the system lacks biological processes
that could influence reporter activity, such as downstream effec-
tors of client activity. Since the aim of this study is to investigate
the interplay between Hsp90 co-chaperones, it is beneficial that
additional processes that affect SHR activity are missing in
yeast. In addition, yeast abolishes inconsistencies due to the
heterogeneity observed between and even within mammalian
cell lines (Ben-David et al., 2018; Frattini et al., 2015; Liu et al.,
2019; Rodina et al., 2016). Testing all possible knockouts (KOs)
or knockdowns (KDs) of two co-chaperones concerning client
maturation, we found that co-chaperone networks exist. In this
framework, a few co-chaperones form strong genetic interac-
tions, while the majority of co-chaperones cooperate loosely
and add a client-specific layer of regulation. We identified
epistatic modules that regulate protein biosynthesis, SHR matu-
ration, and kinase activity.

RESULTS
Strain Generation and Validation

The yeast Hsp90 machinery comprises a cohort of well-charac-
terized co-chaperones (Cox and Johnson, 2018; Li et al., 2011;

2 Cell Reports 32, 108063, August 25, 2020

Sahasrabudhe et al., 2017; Siligardi et al., 2004; Smith and
Toft, 1993). However, a comprehensive understanding of their
genetic and functional interaction is still missing. To close this
gap, we generated double KOs or KDs of 11 known co-chaper-
ones in S. cerevisiae (Table 1). For the essential Cdc37 and Cns1
co-chaperones, DAmP (decreased abundance by mRNA pertur-
bation) strains were used, in which protein levels are decreased
by mRNA destabilization (i.e., cdc37* and cns1*) (Schuldiner
et al.,, 2005). We mated the respective single-mutant strains
with each other, and haploid double mutants were selected, re-
sulting in 110 double mutants, comprising inherent biological du-
plicates of each double-mutant strain due to KO/KD of the same
gene with different resistance cassettes (e.g., sti14::NatMX,
sbal4::KanMX4 and sti14::KanMX4, and sbal4::NatMX). All
double mutants were viable during selection, suggesting that po-
tential negative genetic interactions within the Hsp90 co-chap-
erone system do not lead to severe growth phenotypes.

To validate the generated double mutants, we first screened
for growth defects. We performed spot assays with serial dilu-
tions, quantified spot density, and normalized viability to the
wild-type (WT) strain on the same plate. At 30°C, we detected
growth defects for the pih14 and cpr7 4 single mutants, confirm-
ing previous studies (Deutschbauer et al., 2005; Duina et al.,
1996b). To quantitate the effects of the double mutants on cell
growth and obtain insight in the genetic interactions between
co-chaperones, we calculated e-scores (Elena and Lenski,
1997; Mani et al., 2008). This factor represents the difference be-
tween the survival/growth expected for the individual single mu-
tants and the observed growth of the double mutant (Figure S1A).
An e-score of 0 indicates that there is no genetic interaction. A
positive value points to a buffering interaction (the combined
phenotype is less severe than expected) and is indicative of
genes involved in the same pathway or protein complex. Nega-
tive scores reveal an aggravating effect (synthetic sick/lethal,
negative genetic interaction; the combined phenotype is more
severe than expected) and may hint toward parallel, compensa-
tory pathways (Collins et al., 2007; Mani et al., 2008). Concerning
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Figure 1. Hsp90 Co-chaperones Form a Robust Genetic Network

(A) Screen for genetic interactions affecting viability. The viability of single and double mutants of Hsp90 co-chaperones was screened at 30°C by spotting serial
10-fold dilutions on YPD medium. Only one representative dilution is shown. All agar plates contained the WT and the single-mutant strain as control. Note that
each column (1-11) in the figure originates from a single plate, allowing for growth comparison between the rows within a column. Synthetic sick mutants are
highlighted in red boxes. All mutants were screened twice or thrice with comparable results.

(B) Correlation of observed and expected fitness. The viability was scored by quantification of spot density of a suitable dilution and the spot density was
normalized to the density of the WT strain spotted on the same plate. Averages of the inherent replicates (e.g., sti1 4/cdc37* and cdc37*/sti14) were calculated.
The observed fithess score was plotted against the expected fitness score derived from multiplying the single-mutant fitness scores.

(C) e-Score representation of double-mutant fitness. The spot quantifications of (B) were used to calculate the e-score, defined as ¢ = fop — f4 X fp, Where fg,
indicates the fitness of the double mutant and f, and f,, represent the fitness of the individual mutants. The synthetic sick mutants are labeled.

(D) Validation of negative genetic interactors. The negative genetic interactions of the sti1 4/cpr74 and the cns1*/cpr7 4 strains were validated by drop dilution
spot assays in 10-fold serial dilutions. The results are representative of three biological replicates.

(E) Validation of a tripartite epistatic module among Sti1, Cns1, and Cpr7. Drop dilution spot assays of the indicated yeast strains on agar supplemented with
10 pg/mL doxycycline (+Dox) are shown. The results are representative of biological triplicates.

the general fitness of S. cerevisiae, the majority of the double mu-
tants displayed either no genetic interaction or positive genetic
interactions, indicating a less severe phenotype than expected
from the single mutants. Only two mutants displayed a strong

synthetic sick phenotype: sti14/cpr74 (¢ = —0.101) and cns1*/
cpr74 (e = —0.275) (Figures 1A-1D). Hence, the reduced fitness
of the cpr7 4 strain was further aggravated by the loss of Sti1 and
Cns1, suggesting that Cpr7 functions in common pathways
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together with Sti1 and Cns1 (Schopf et al., 2019; Tenge et al.,
2015). To confirm that Sti1, Cpr7, and Cns1 form an epistatic
module, we tested whether Cns1 and Sti1 are also connected
via a negative genetic interaction. We used a tet-off system for
amore stringent KD of Cns1 than with the DAmP system (Schopf
et al., 2019). Depletion of Cns1 via the tet-off system markedly
reduced viability confirming that the KD efficiency exceeds that
of the DAmMP system (Figure 1E). Importantly, introduction of
sti14 into the tet07-CNS1 strain further reduced viability, con-
firming a negative genetic interaction between Sti1 and Cns1.
Furthermore, the KO of STI7 in the tet07-CNS1/cpr7 4 genetic
background resulted in a synthetic sick mutant with strongly
reduced fitness (Figure 1E). Hence, Sti1, Cns1, and Cpr7 form
an epistatic module in which the co-chaperones are connected
via negative genetic interactions with each other, extending pre-
viously found epistatic relationships of Cns1 with Cpr7 or Cpr7
with Sti1 (Duina et al., 1996a; Schopf et al., 2019).

To evaluate whether the synthetic sick double mutants
showed growth defects due to impeded protein homeostasis
or due to specific effects, we tested whether these mutants
could still induce a heat shock response (HSR) after thermal
stress (Figures S2A and S2B). As a marker, we used Hsp26
whose expression is increased upon heat shock (Kurtz et al.,
1986). Our analysis showed that all mutants upregulated
Hsp26 after heat stress at 42°C, suggesting that they still
possess a functional HSR. Furthermore, global protein aggrega-
tion was not affected by the mutations, whereas inhibition of
Hsp90 with radicicol led to a reduction of global protein aggrega-
tion, as previously described (Nathan et al., 1997), and heat
shock at 42°C increased protein aggregation (Figures S2C-
S2F). Additionally, we used scanning electron microscopy
(SEM) to check yeast morphology. These analyses showed
that the mutants displayed the same morphology as the WT (Fig-
ure S3A). Together, our results demonstrate that apart from the
two strong negative genetic interactions between co-chaper-
ones identified, the Hsp90 co-chaperone network is remarkably
robust against the loss of co-chaperones.

Genetic Interactions of Co-chaperones Affecting Client
Activity

Having established that general effects of the double-deletion
strains on viability are largely lacking, we asked how specific
functions in the context of the maturation of stringent Hsp90 cli-
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ents are affected in the mutant strains. As model clients, we used
the Hsp90-dependent oncogenic kinase v-Src (Boczek et al.,
2015; Xu and Lindquist, 1993) and the two closely related
Hsp90-dependent SHRs GR and MR (Dittmar et al., 1996; Smith
and Toft, 1993).

v-Src

The oncogenic kinase v-Src has been used as a reporter of
Hsp90 function in yeast in a number of studies due to the robust
lethal phenotype (Dey et al., 1996; Goeckeler et al., 2002; Korn-
bluth et al., 1987; Lee et al., 2002; Montalibet and Kennedy,
2004; Nathan and Lindquist, 1995; Nathan et al., 1999; Panare-
tou et al., 2002). To investigate the effect of co-chaperones on
v-Src kinase activity, v-Src was conditionally expressed in the
deletion strains, and v-Src activity was determined via quanti-
fying spot assays (Figure 2A). Our analyses showed that the
KO of STI1 or the KD of CDC37 significantly increased survival
compared to the WT strain, suggesting that Sti1 plays a pivotal
role in the maturation of kinases besides the well-established ki-
nase-specific co-chaperone Cdc37, in agreement with previous
results (Sahasrabudhe et al., 2017). Interestingly, viability was
slightly increased in all other single mutants tested, suggesting
that these co-chaperones also modulate the activation of v-Src
to some extent. To reveal genetic interactions on the level of
client activity, we screened v-Src activity in all co-chaperone
double mutants (Figure 2A). More than 90% of the double mu-
tants displayed buffering genetic interactions, indicated by
slightly decreased viability, i.e., higher v-Src activity of the dou-
ble mutant compared to the expected viability (Figure 2B, C).
This suggests that most co-chaperones cooperate and form a
functional network that aids v-Src maturation. Of note, the stron-
gest positive genetic interactions were evident in strains contain-
ing the cdc37* mutation, confirming the importance of Cdc37 in
kinase maturation.

Deletion of STI1 substantially increased viability in combina-
tion with all co-chaperone KOs/KDs tested. Surprisingly, deple-
tion of Cdc37 entailed a much less dominant phenotype and
showed the biggest effect in combination with the cpr74 muta-
tion. Additionally, the KD of Cdc37 increased the viability of
sti14 strain even further. One caveat concerning the sti14/
cdc37* mutant is that sti14 alone shows considerable viability
upon v-Src expression. Hence, the additional depletion of co-
chaperones, in particular Cdc37, which also confers a fitness in-
crease in the single mutant, could mask potential negative

Figure 2. v-Src Activity Is Modulated by Hsp90 Co-chaperones

(A) v-Src activity screen. v-Src kinase was conditionally expressed in yeast and viability of Hsp90 single and double mutants at 30°C was measured by spotting
serial dilutions on agar containing 2% D-Galactose (D-Gal). A representative dilution of one biological replicate is shown. The screen was performed in duplicates
or triplicates. WT and single-mutant strains were spotted on each plate as control. The density on the D-Gal containing plate was normalized to the growth control
on the D-Glc containing plate. The bar chart shows the corrected growth of the mutants relative to the WT. Blue bars indicate WT, red bars indicate single mutants
and black bars depict double mutants. Note that the scale for sti7 4- and cns7*-containing mutants is different from the others.

(B) Correlation of observed and expected v-Src induced toxicity. The quantified spot density calculated in (A) was used to plot the expected fitness score derived
from the multiplied fitness scores of the single mutants correlated with the observed fitness score of the double mutants. Each point represents the average of the
two double KO/KD twins (e.g., sti14/cdc37* and cdc37*/sti1 4).

(C) e-Score representation of double-mutant fitness with expressed v-Src. The expected and observed growth rates were used to calculate the e-Score. Note that
due to the inverse relationship between fitness and v-Src activity, here, the e-Score is defined as ¢ = f, X f, — fap. The differences between the observed and
expected fitness score was normalized to the expected score.

(D) Sti1 and Cdc37 synergistically promote v-Src activity. Phosphotyrosine levels were quantified in log-phase growing yeast strains expressing v-Src under the
GAL1 promoter. Bars represent the means + SD of three independent experiments. A representative blot is shown. Significance was evaluated by t testing: n.s., p
> 0.05; *p < 0.05; **p < 0.01; *™*p < 0.001.
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genetic interactions. To unveil synergism between these co-
chaperones in v-Src maturation, we investigated the interplay
of Sti1 with Cdc37 in more detail by analyzing their effects on
the enzymatic activity of v-Src in yeast. To this end, we
measured tyrosine phosphorylation of yeast proteins by v-Src ki-
nase (Brugge et al., 1987; Figure 2D). This assay showed that
deletion of STIT markedly reduced v-Src activity, as did deple-
tion of Cdc37, but to a smaller degree. Importantly, in the double
mutants, tyrosine phosphorylation was almost entirely abol-
ished, confirming a synergistic relationship of these genes on
the level of co-chaperone function.

Interestingly, deletion of the SBA1 gene markedly increased v-
Src activity in the sti1 4 background (Figure 2A). This positive ge-
netic interaction suggests antagonistic behavior of these co-
chaperones during kinase maturation. This is in line with their
opposing effect on the Hsp90 conformation (Biebl and Buchner,
2019). Together, these results show that besides the well-estab-
lished kinase-specific co-chaperone Cdc37, Sti1 also plays a
pivotal role in the maturation of v-Src and that the two co-chap-
erones fulfill partly overlapping functions.

SHRs

To test whether the scenario obtained for the co-chaperone
regulation of v-Src activity holds true also for other stringent
Hsp90 clients, we determined the activity of the SHRs GR and
MR in the single and double co-chaperone mutant strains.

We first evaluated the effects of single mutants on GR and MR
activity (Figures 3A and 3B). In agreement with previous studies
(Sahasrabudhe et al., 2017), we found that single co-chaperone
KOs either decreased or increased GR and MR activity or they
did not exhibit an effect. Consistent with the close evolutionary
relation between GR and MR, similar patterns of co-chaperone
dependence were observed. Yet, some co-chaperones had
different effects, suggesting that GR and MR differ in specific re-
quirements of chaperone-assisted maturation. Both GR and MR
activity was increased in the aha?4 and hch14 KO strains and
decreased in the sti1 4 and sba14 KO strains, while the other mu-
tants affected the receptors differentially (Figures 3A and 3B).
Interestingly, the amplitude of activation and deactivation in
the co-chaperone single-mutant strains was smaller for MR
than for GR, suggesting that the GR relies more stringently on
Hsp90 control.

When we tested for genetic interactions in the co-chaperone
double mutants, we found that in ~80% of the double mutants,
the activity of the MR or GR was lower than expected, suggest-
ing that most co-chaperones form a genetic interaction network
that regulates SHR activity (Figures 3C and 3D). This is in
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contrast to what we observed for v-Src, where most co-chap-
erone double mutants entailed higher activity than what was ex-
pected from the single mutants and suggests that the co-chap-
erones cooperate in different ways for different classes of clients.
Importantly, since some single mutants increased SHR activity,
the classification of interactions is more complex than for v-Src
activity. Interactions could be aggravating if the combined
phenotype is more severe than the individual phenotypes. This
could either mean lower-than-expected activity if both single
mutants had deactivating effects or higher-than-expected activ-
ity if the single mutants activated the receptor (Figures S1A and
S1B). Interactions were considered buffering if the combined
phenotype was less severe than the individual phenotypes. In
addition, masking phenotypes were possible if the single mu-
tants had opposing phenotypes (i.e., activating and deactivating)
and the combined phenotype deviated from the expected mixed
phenotype (Figure S1C). For GR, 24 masking interactions, 28
buffering interactions, and 3 aggravating genetic interactions
were detected. In 14 of the 24 masking interactions, the deacti-
vating mutation was dominant, meaning that the activity
observed was similar to that of the single KO/KD that reduced re-
ceptor activity. By contrast, for MR, we found 32 masking inter-
actions, 14 buffering interactions, and 9 aggravating combina-
tions. Within the pool of masking interactions, in 27 mutants
the deactivating mutation had a dominant effect.

When we analyzed the reporter activity in the co-chaperone
double mutants, a strong dominant-negative effect on GR activ-
ity was obvious in mutants lacking Sti1, Cpr6, and to a lesser
extent Sba1/p23, showing that these co-chaperones are pivotal
for client maturation (Figure 3A). Additionally, double mutants
lacking one of these co-chaperones tended to display lower ac-
tivity than expected from single KOs. This suggests that these
co-chaperones form a core in the network to promote GR matu-
ration. By contrast, the loss of Hch1 usually had a dominant acti-
vating effect in the mutants. Interestingly, even though Aha1 is
closely related to Hch1 and the KO of AHA7 and HCH1 each acti-
vate GR, the activating effect of aha’ 4 seemed to be less domi-
nant and was buffered by the KO of additional co-chaperones.
Accordingly, the positive genetic interaction score for aha4-
containing double mutants was higher than for hch14-contain-
ing double mutants. Similarly, loss of ST/7 had a dominant-nega-
tive effect on MR activity (Figure 3B). The effect of sba7l4 was
less pronounced and loss of Cpr7, but not Cpr6, had a negative
effect on MR activity. This highlights that even closely related cli-
ents can have very different co-chaperone requirements for
maturation. Additionally, the activating effect of hch14 and

Figure 3. Hsp90 Clients Are Affected by Client-Specific Co-chaperone Networks
(Aand B) GR and MR activity screen. Heatmaps representing the activity of GR (A) and MR (B) in Hsp90 co-chaperone single and double mutants are shown. Red
indicates lower activity, blue indicates increased activity compared to WT. Measurements were done in at least four biological replicates and the means of both

inherent replicates are depicted.

(C and D) Correlation of the expected with the observed GR (C) and MR (D) activity. The expected receptor activity derived from the multiplied single-mutant
activities was correlated with the observed receptor activity. Each point represents one of the double mutants from (A) and (B).

(E) Double-mutant effects on GR, MR and v-Src. The effects of co-chaperone double mutants on GR, MR and v-Src activity were correlated. The Pearson
coefficient was calculated for the GR-MR correlation. For the GR-v-Src and MR-v-Src correlation, additionally the Kendall -coefficient was calculated. sti1 4-
containing double mutants are marked in pink. Each point represents the averaged activity of the double-mutant twins (e.qg., sti1 4/cdc37* and cdc37*/sti1 4).
(F) e-Value correlation between GR, MR and v-Src. The normalized e-score of each double mutant was correlated for GR, MR and v-Src. Each point represents the

averaged, normalized e-score from the double-mutant twins.
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aha14 was weaker for MR. Yet, matching the results for GR, the
mean genetic interaction score was higher for aha14- than for
hch14-containing mutants. Interestingly, ppt74 had a domi-
nant-negative effect in most double mutants, while the single
mutant did not affect MR activity. This suggests that Ppt1 coop-
erates with many co-chaperones to promote client maturation
and that defects upon Ppt1 deletion only become evident if an
additional co-chaperone is lost.

When we analyzed the highest buffering interactions (in which
the activity was lower than expected from the single KO activa-
tion) in more detail for GR and MR, several of the highest-scoring
buffering interactions included the AHA71 or HCH1 genes. This
strongly suggests that they occupy a central position in the co-
chaperone network that mediates GR and MR maturation.
Ahal activates the Hsp90 ATPase, and its KO has previously
been shown to positively affect GR and MR activity (Dunn
et al.,, 2015; Harst et al.,, 2005; Sahasrabudhe et al., 2017).
Hch1 is a homolog of Aha1 that is only present in yeast and ac-
tivates the Hsp90 ATPase slightly (Meyer et al., 2004b; Panare-
tou et al.,, 2002). Interestingly, the double KO of AHA7 and
HCH?1 scored highest for GR and second highest for MR, i.e.,
the SHR activity was considerably lower than expected from
the combined effects of the single KOs. In fact, the activity of
the aha14/hch14 double mutant was even lower than the activity
of each individual KO, suggesting that the introduction of the
second KO alleviated the activating effect of the first KO (Figures
3A and 3B). Thus, Aha1 and Hch1 may act together in a pathway
or complex to regulate GR and MR. In summary, GR and MR are
subject to specific positive and negative regulation by Hsp90 co-
chaperones. There is overlap in the co-chaperone dependence
and genetic networks of the two receptors; however, some co-
chaperones form genetic interactions that affected activity in a
client-specific manner.

Client Specificity of the Co-chaperone Network

To obtain a more general picture of the co-chaperone depen-
dence of the tested clients, we systematically compared how
co-chaperone KOs/KDs affected the activities of GR, MR, and
v-Src. For the effects of double mutants on GR or MR activity,
a Pearson R of 0.61 was calculated, suggesting that the double
KOs in general influenced GR and MR activity in a similar way
(Figure 3E). Nevertheless, this also indicates that despite the ho-
mology and structural similarity between GR and MR, there are
significant differences how co-chaperones affect the receptors.
This is not due to differences in the overall stability, since GR and
MR showed similar degradation kinetics in cycloheximide chase
experiments (Figure S4A). The correlation coefficients for either
GR or MR activity with v-Src activity were much lower (Figure 3E).
This indicates that the double deletions affected SHR activity
and kinase activity in markedly different ways. Importantly, the
small correlation was due to the shared detrimental effect of
the sti14 on client activity, suggesting that Sti1 had profound
impact on the maturation of the unrelated kinase and receptor
client classes.

As combinations of KOs/KDs provide information of how co-
chaperones cooperate in chaperoning client activity, we
compared the genetic interactions between all co-chaperones
for GR, MR, and v-Src (Figure 3F). To this end, we correlated
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the normalized e-values obtained for GR, MR, and v-Src to
obtain information how well the genetic interaction map corre-
lates between the different clients, i.e., how co-chaperones
collaborate to ensure client maturation. Surprisingly, we found
that the co-chaperone interaction network correlated poorly be-
tween GR and MR, with a Pearson R of 0.29, suggesting that the
genetic interaction landscape varied markedly between GR and
MR. When we compared the e-scores for GR or MR with the
scores obtained for v-Src, there was no statistically significant
correlation when analyzed with the Pearson, Spearman, or Ken-
dall correlation algorithm. Thus, the active co-chaperome is
client specific, and the co-chaperones form different genetic
networks to ensure client activation.

Analysis of Specific Epistatic Modules that Affect Client
Activity

Epistatic Interactions Affecting Viability

Our viability analysis revealed negative genetic interactions for
the double mutants stiTd/cpr74, cnsi1*/cpr74 and tetO7-
CNS1/sti1 4 indicating that Sti1, Cpr7, and Cns1 form a tripartite
module, which regulates a common pathway that is required for
viability. To gain more insight into the underlying cellular process,
we sought to identify the target pathway of this epistatic module.
To analyze the genetic interactions between STI7 and CPR7
further, we tested their effects on protein translation by 3°S-
methionine incorporation in logarithmically growing yeast cells
(Figure S3B). The cpr7 4 strain displayed a significantly reduced
protein biosynthesis rate, in agreement with previous results
(Schopf et al., 2019; Tenge et al., 2015). Of note, while protein
biosynthesis was not affected in the sti14 strain, the sti14/
cpr7 4 double KO strain had reduced protein biosynthesis rates
(Figure S3B). This suggests that the observed genetic interaction
between CPR7 and STI1 could be due to their joint involvement
in regulating protein biosynthesis. As it was shown recently that
eEF2 is chaperoned by the Hsp90 system (Schopf et al., 2019),
we determined the aggregation of eEF2 in the sti14, cpr74,
and sti14/cpr7 4 strains in comparison to the WT strain. The an-
alyses revealed that eEF2 aggregation is enhanced in the cpr74
strain and even further increased in the sti14/cpr74 strain,
whereas deletion of STI71 alone did not significantly affect eEF2
aggregation (Figure S3C). eEF2 showed only a weak tendency
toward increased aggregation in the cns1* mutant (Figure S3C).
Yet, introduction of sti7 4 into the cns7* mutant decreased eEF2
solubility, demonstrating the genetic interaction between CNS7
and STI1 (Figure S3C). In summary, these findings confirm the
genetic interaction for sti1d/cpr74, cns1*/cpr74, and tet07-
CNS1/sti1 4, as deduced from our viability screen also for a spe-
cific client protein.

v-Src Activation Network

The most striking effect on v-Src activity was observed in mu-
tants lacking Sti1 and Cdc37. To shed light on the regulatory
mechanism of the Hsp90 system on v-Src, we performed a
cycloheximide chase in the presence of the Hsp90 inhibitor rad-
icicol. Hsp90 inhibition did not lead to increased v-Src degrada-
tioninthe WT orinthe sti1 4 and cdc37* strains in the presence or
absence of radicicol (Figures S4B and S4C). Since this suggests
a conformational regulation through Hsp90, we tested v-Src sol-
ubility. Even in the WT strain, a substantial amount of v-Src was
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(A) v-Src solubility is maintained by Sti1 and Cdc37. Pellet (P) and supernatant (S) fractions were separated in logarithmically growing yeast cells expressing
hemagglutinin (HA)-tagged v-Src. The pellet and supernatant ratios of the mutants were normalized to the WT. P and S levels do not recapitulate cellular ratios but
are defined by loading amounts. Bars and error bars represent means + SD of three biological replicates.

(B) Sti1 and Cdc37 functionally overlap in keeping v-Src soluble. Pellet (P) and supernatant (S) fractions of yeast strains expressing HA-tagged v-Src were
separated in the indicated genetic backgrounds expressing either Sti1 or Cdc37 from a plasmid. All ratios were normalized to the WT. P and S fractions do not
recapitulate cellular ratios but are defined by the amount that was loaded. Bars represent means + SD from two independent biological replicates. e.v. indicates
the empty vector control. Significance was evaluated by t testing: n.s., p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001.

(C) Sti1 and Cdc37 have overlapping functions in keeping v-Src active. Phosphotyrosine levels were quantified in yeast strains expressing HA-tagged v-Src
and one of the indicated Cdc37 or Sti1 mutants. Bars and errors indicate the means + SD of biological triplicates. Significance was determined by t testing: n.s.,

p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001.

found in the pellet fraction. Solubility was considerably more
compromised in the sti14 (~80% reduction), cdc37* (~75%
reduction) single mutants and the sti1 4/cdc37* (~95% reduc-
tion) double mutant (Figure 4A). Thus, both co-chaperones are
involved in maintaining the native fold of v-Src. To test whether
the surprisingly central role of Sti1 in maintaining kinase function
is restricted to v-Src, we tested its effect on the endogenous
yeast kinase Ste11, which regulates yeast mating and leads to
growth arrest in the presence of inducing pheromone (Louvion
et al., 1998). We used the constitutively active AN-Ste11 mutant
(Louvion et al., 1998), which lacks a regulatory domain and led to

a partial growth arrest in yeast (Figure S5). Notably, when we
monitored the effects of STIT KO or depletion of Cdc37, we
found that the growth defect induced by AN-Ste11 was rescued.
These results confirm that Sti1 and Cdc37 are also important for
the maturation of an endogenous yeast client kinase.

Since synergism between genes suggests parallel pathways,
we tested whether Cdc37 and Sti1 could rescue the loss of
each other. To this end, we expressed Sti1 or Cdc37 from a
plasmid in a KO/KD strain of the respective other co-chaperone
and tested for v-Src solubility (Figure 4B). These experiments
showed that Sti1 can compensate for the loss of Cdc37 and
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vice versa confirming the hypothesis that Sti1 and Cdc37 act in
parallel pathways. Importantly, also on the activity level, Cdc37
was able to rescue the loss of Sti1 (Figure 4C). Sti1 acts as an
adaptor protein that connects the Hsp70 system to the Hsp90
system by tetratricopeptide repeat (TPR) domains that can
bind the C-terminal EEVD motifs of Hsp70 and Hsp90 (Chen
and Smith, 1998; Johnson et al., 1998; Rohl et al., 2015; Scheu-
fler et al., 2000; Schmid et al., 2012). Hence, Sti1 promotes client
handover from Hsp70 to Hsp90. By contrast, Cdc37 is a kinase-
specific recruiter co-chaperone that directly binds Hsp90. To
test the relevance of the Hsp70 system in this context, we tested
the Sti1NS9AN435A mytant that is compromised in Hsp70 binding
(Rohl etal., 2015). We found that this mutant could not rescue the
loss of Sti1 (Figure 4C), indicating that the observed effects of
Sti1 on v-Src activity are caused by the bridging between
Hsp40/70 and Hsp90 and not only by the effect of Sti1 on
Hsp90 conformation and ATPase. Consequently, we hypothe-
size that v-Src is trapped in the Hsp70 system in the absence
of Sti1 and therefore cannot reach its functional state. Together,
these results reveal overlapping functions of Sti1 and Cdc37 in
v-Src maturation and that the release of v-Src from Hsp70 is
pivotal for activation. Hence, partially parallel pathways for ki-
nase recruitment to Hsp90 by Cdc37 or Hsp70:Sti1 seem to
have evolved.

SHR Activation Network

The most significant genetic interaction our screen revealed was
the buffering behavior of the aha?4 and hch14 mutations that
were conserved between GR and MR. To analyze the role of
Ahail and Hch1 in the GR maturation process in more detail,
we checked whether overexpression of Ahal and Hch1 in WT
cells could decrease GR activity. Overexpression significantly
reduced the activity of GR and this effect was dependent on
Ahal and Hch1 binding to Hsp90, since overexpression of the
binding-deficient mutants Aha1P%%K and Hch1P%%K did not affect
GR activity (Figure 5A). Furthermore, in the aha1 4 strain, overex-
pression of Aha1, but not Aha1P®3, reversed the effect of the
ahal4 mutation (Figure 5B). Overexpression of Hch1 even
reduced the activity further in the aha74 background, suggesting
that Hch1 can functionally replace Aha1l in this reaction. Yet,
functional differences are obvious, considering that Hch1, but
not Aha1, was able to partially rescue the detrimental effects of
the STI1, CPR6, or SBA1 KOs.

We then analyzed how the aha4, hch14 or the combined
aha1l4/hch14 mutation affected GR stability in vivo by following
GR levels after cycloheximide treatment (Figure 5C). In all mu-
tants, GR degradation was delayed 2- to 3-fold compared to
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the WT, suggesting that loss of Ahal and Hch1 stabilized GR,
but the stabilizing effect was not additive or synergistic when
both co-chaperones were missing, which matches the activity
data. To determine how Ahal and Hch1 affect client binding to
Hsp90, we turned to in vitro experiments studying complex for-
mation by analytical ultracentrifugation. The labeled GR ligand-
binding domain (GR-LBD? efficiently bound yeast Hsp82 in the
presence of ATPyS (Figure 5D). When Aha1 or Hch1 was added,
the GR-LBD* was displaced in agreement with previous studies
(Lorenz et al., 2014; Sahasrabudhe et al., 2017). Of note, a
ternary complex between the GR-LBD*, Hsp90 and Hch1 could
be formed, while Aha1 could not bind together with the GR-LBD#
to Hsp90. This suggests differences in binding which may ac-
count for the mentioned functional differences between Aha1
and Hch1. Although Ahal and Hch1 compete for binding to
Hsp90, a trimeric Hsp90:Aha1:Hch1 complex exists, confirming
the idea of different binding modes (Figure 5E). Together with the
in vivo activity data, this suggests that the increased dwell time of
GR on Hsp90 in the ahal4 and hch14 KO strains leads to an
increased GR activity. Yet, further extension of the time bound
to Hsp90 by the simultaneous KO of AHAT and HCH1 did not in-
crease activity.

DISCUSSION

Despite extensive research on the Hsp90 chaperone machinery,
surprisingly little is known about how co-chaperones affect client
maturation in vivo and whether they cooperate. Genetic interac-
tion data from large-scale synthetic genetic array screens of
recent years provide a tremendous resource to delineate protein
complexes and pathways (Kuzmin et al., 2018; Rizzolo et al.,
2017, 2018; Zhao et al., 2005). However, as fitness was used
as the readout, they do not necessarily provide insight into
how genes interact for executing a specific function like matura-
tion of a given Hsp90 client.

In line with these general studies, we could show that synthetic
lethality was absent between Hsp90 co-chaperones and that only
a few double mutants displayed negative fitness. Also most com-
binations of two co-chaperones can be lost without obvious
growth phenotypes. This suggests that co-chaperones may
have individual functions and thus fine-tune the Hsp90 machinery.

When we screened the activity of specific clients (v-Src, GR,
and MR) in all double-mutant backgrounds, we found a surpris-
ing central role of Sti1 in the maturation process of v-Src (Figures
6A and 6B) and a negative genetic interaction between Sti1 and
Cdc37, suggesting that these co-chaperones may have

Figure 5. Aha1 and Hch1 Regulate GR Binding to Hsp90

(A) Overexpression of Ahat and Hch1 reduce GR activity. Aha1, Hch1, or the Hsp90-binding-deficient Aha1P%3K and Hch1P%3K mutants were overexpressed in
yeast strains co-expressing the GR and the reporter plasmid. Bars indicate the means + SD of at least four biological replicates. Significance was evaluated by
t testing: n.s., p > 0.05; *p < 0.05; *p < 0.01; **p < 0.001.

(B) Overexpression of Aha1 and Hch1 rescue the loss of Ahal. Aha1, Hch1, or the Aha1P%3K mutant were co-expressed with GR and the reporter plasmid in the
aha14 background. Bars indicate the means + SD of at least four biological replicates. Significance was calculated by t testing: n.s., p > 0.05; *p < 0.05; “*p <
0.01; **p < 0.001.

(C) Loss of Aha1 or Hch1 reduces GR degradation. The levels of HA-tagged GR were monitored in the indicated mutants after protein expression was inhibited by
the addition of cycloheximide. Shown are the means + SD of biological triplicates.

(D) Ahat and Hch1 displace GR from Hsp90. Ahat (3 uM) and Hch1 (3 pM) were added to Hsp82:GR-LBDm* complexes in analytical ultracentrifugation ex-
periments. Hsp82 was used at a dimer concentration of 1.5 uM, and GR-LBD* was used at a concentration of 500 nM.

(E) Ahat and Hch1 compete for Hsp90 binding. Aha1? (500 nM) and Hch1 (6 uM) binding to Hsp90 (2.5 uM dimer) was tested by analytical ultracentrifugation.
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Figure 6. Different Genetic Interaction Net-
works Are Required for Different Clients

(A) Schematic model depicting partially parallel
pathways of Cdc37 and Sti1 in kinase maturation.
Hsp70 and Cdc37 have overlapping functions by
stabilizing partially unfolded client states. While
Cdc37 can stabilize a kinase and recruit it to
Hsp90, Hsp70 requires Sti1 for the transfer. In
both pathways, Cdc37 can bind the Hsp90:kinase
complex to promote maturation.

(B) Schematic model showing client-specific co-
chaperone networks. Co-chaperones are de-
picted as circles and are color-coded with respect
to their effect on client maturation (red, KO/KD is
deactivating; blue, KO/KD is activating). The size
of the circle and the saturation representative the
magnitude of their effects. Genetic interactions
between co-chaperones are shown as edges;
edge size and saturation of color indicate the
strength of the interaction (white, weak; black,
strong).
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compensatory roles in parallel pathways. This is in line with pre-
vious findings that established a genetic and physical interaction
of Cdc37 mutants and Sti1 on the level of growth fitness (Abbas-
Terki et al., 2002). Accordingly, the overexpression of Sti1 and
Cdc37 compensated the effects of depleting CDC37 or the
loss of STI1T on v-Src aggregation and activity, respectively.
Sti1 is important for the transfer of client proteins from Hsp70
to Hsp90 (Chen and Smith, 1998; Johnson et al., 1998; Rohl
et al., 2015; Schmid et al., 2012), and Cdc37 has been shown
to act as a kinase-specific recruiter co-chaperone (Citri et al.,
2006; Grammatikakis et al., 1999; Keramisanou et al., 2016; Ki-
mura et al., 1997). Thus, these results indicate that at least for
some kinases, Sti1 may be able to replace the function of
Cdc37. Our results also suggest that the Hsp70 system plays
an important role in kinase activation and that specifically the
release of kinases from Hsp70 is a decisive step, in line with pre-
vious results (Moran Luengo et al., 2018). Specifically, we found
that the main function of Sti1 for v-Src activation is its ability to
bridge Hsp70 and Hsp90 and not the conformational influence
it has on Hsp90. This conclusion was drawn from testing the ef-
fect of a Sti1 mutant lacking the ability to bind Hsp70, which
could not rescue the loss of Sti1. Studies in the mammalian sys-
tem, which found that Cdc37 can exert mild unfolding pressure
on kinases (Keramisanou et al., 2016) and that binding of clients
to Hsp70 leads to the partial unfolding of clients (Boysen et al.,
2019; Dahiya et al., 2019; Kirschke et al., 2014; Moran Luengo
etal., 2018), support overlapping roles of Cdc37 and Sti1:Hsp70.
Importantly, these roles for Cdc37 and Sti1/Hop and Hsp70
seem to be conserved, since they have been observed in the
yeast, mammalian, and mixed systems (Boysen et al., 2019; Da-
hiya et al., 2019; Keramisanou et al., 2016; Kirschke et al., 2014;
Moran Luengo et al., 2018).

Of note, both co-chaperones evidently have distinct functions,
since CDC37, but not STI1, is essential. Furthermore, their inter-
action with Hsp90 is strikingly different. While Sti1 binds to the
open state of Hsp90 and blocks the ATPase as a noncompetitive
inhibitor (Prodromou et al., 1999; Richter et al., 2003; Schmid
et al., 2012), Cdc37 binds to the closed state and inhibits the
ATPase partially (Eckl et al., 2013; Roe et al., 2004; Siligardi
et al., 2002; Verba et al., 2016).

Hence, we propose a model, in which two partially parallel path-
ways have evolved to keep v-Src in a partially unfolded state and
guiding it to Hsp90 (Figure 6A). While Cdc37 can perform both
functions, Hsp70 requires Sti1 to promote kinase transfer to
Hsp90. Consistent with the structure of the Hsp90:Cdc37:Cdk4
kinase complex (Verba et al., 2016), Cdc37 could form a Hsp90:ki-
nase:Cdc37 complex after client transfer of the kinase from Hsp70
to Hsp90. Parallel pathways may be beneficial to increase the
repertoire of v-Src conformations that can be trapped and
funneled toward the Hsp90 machinery.

We also found a buffering genetic interaction between Sti1 and
Sba1/p23, suggesting that these co-chaperones are part of a
linear pathway, which is in line with the model that p23 acts
late in the Hsp90 cycle, whereas Sti1 acts early in the cycle.
Possibly, Sba1/p23 forms an Hsp90:kinase:p23 complex that
is preceded by a Hsp90:Sti1:kinase complex.

Finally, the v-Src activity screen revealed that besides a few co-
chaperones that displayed a strong effect on client activity, all co-
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chaperones tested had a weak to modest positive effect, suggest-
ing that besides a core set of important co-chaperones, the entire
co-chaperome participates in fine-tuning kinase maturation.

Interestingly, when we tested SHRs, ~85% of the double mu-
tants displayed lower activity than expected from the single KOs/
KDs, which is different from the situation for v-Src, where activity
was increased in most double mutants. However, these results
match early studies from the Lindquist lab, where opposing ef-
fects on SHRs and v-Src were observed when the Hsp40/70-
Hsp90 system was perturbed (Kimura et al., 1995). We envision
that mechanistic differences in the maturation process of ki-
nases and SHRs are reflected in the differences in the co-chap-
erone requirement of SHRs versus kinases. In particular, we
found that Hsp90 inhibition leads to the rapid degradation of
SHRs, but not of v-Src. Additionally, despite overlapping binding
sites on Hsp90, current evidence suggests that the binding
modes of kinases and SHRs are different (Lorenz et al., 2014;
Verba et al., 2016). While the GR-LBD was shown to bind to
the outside of N-terminally dimerized Hsp90 (Lorenz et al,
2014), the N-lobe and C-lobe of the kinase Cdk4 are separated
and the connecting stretch is threaded through an orifice in the
Hsp90 dimer (Verba et al., 2016). Hence, Hsp90 interaction im-
parts dramatic conformational changes on kinases. For GR,
conformational plasticity is functionally important (Suren et al.,
2018). Hsp90 is thought to prevent the unfolding of a small
loop that holds the hormone in place (Suren et al., 2018). Hence,
the requirements for conformational processing seem to be
different between SHRs and kinases, and it is tempting to spec-
ulate that the different nature of genetic interactions of GR/MR
and v-Src are a product of these differences.

The accelerators Ahal and Hch1, which led to increased GR
and MR activity when individually knocked out, surprisingly, dis-
played a strong buffering genetic interaction when deleted
together (Figure 6B). Both effectively displaced GR from an
Hsp90:GR complex, suggesting that they regulate the dwell
time of GR on Hsp90. This is consistent with overlapping binding
sites for Ahal and the GR-LBD (Lorenz et al., 2014), and the
finding that the knockdown of Ahal in mammalian cells could
rescue CFTR F508A, supposedly by increasing the dwell time
on Hsp90 (Wang et al., 2006). In humans, Hch1 is not present
and it has been suggested that a post-translational modification
on Tyr627 of human Hsp90 functionally replaces Hch1 (Zuehlke
et al., 2017). This may enable a more rapid and more flexible
regulation of client binding to Hsp90. Regulating the dwell time
of specific clients by co-chaperones may allow to maintain a
pool of Hsp90 molecules in an acceptor state for clients or to limit
the activation of certain clients.

In general, our results show that the Hsp90 co-chaperone sys-
tem in yeast is robust and that the co-chaperones are function-
ally independent units concerning the maintenance of viability. In
most cases, the loss of two co-chaperones did not lead to a
breakdown of client maturation. Of note, those double mutants
that do have pronounced effects were client specific. No double
mutant led to the breakdown of chaperone function across
different clients. The structurally related GR and MR exhibit
some overlap in their dependence on co-chaperones, while
negligible overlap was found with v-Src (Figure 6B). Differences
between clients were also evident from the genetic interaction
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scores, showing that the co-chaperones cooperate in different
ways for different clients to support their maturation (Figure 6B).
Hence, not only the co-chaperone dependence but also the
interaction networks of the co-chaperones are client specific.
Notably, some new co-chaperones, such as tuberous sclerosis
complex 1 (Tsc1) or Folliculin-interacting protein 1/2 (FNIP1/2),
emerged in mammals and have also been shown to affect ki-
nases and SHRs (Woodford et al., 2016, 2017). This suggests
that the general co-chaperone network complexity increased
further from yeast to mammals. Differences in co-chaperone ef-
fects on closely related SHRs have also been reported for
mammalian cells (Cox et al., 2007; Riggs et al., 2003; Storer
et al., 2011). Based on the similarities of modules in the yeast
and the human Hsp90 co-chaperone system, we assume that
the basic genetic interactions within the Hsp90 machinery are
conserved from yeast to humans.

Together, our study provides a comprehensive view of co-
chaperone epistasis during client maturation in yeast. The pic-
ture emerging from this analysis is that of a chaperone system
that is robust against the loss of components. To promote client
maturation, co-chaperones do not act independently but form
small epistatic modules embedded in client-specific flexible ge-
netic networks of weak genetic interactions (Figure 6B) that
render Hsp90 a plastic modular machinery that adapts to the re-
quirements of each client via different co-chaperone teams.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

eEF2 antibody Kerafast Cat# ED7002

HA antibody Sigma-Aldrich Cat# H3663; RRID: AB_262051
Hsp26 antibody Pineda N/A

Hsp82/Hsc82 antibody Pineda N/A

PGK1 antibody Invitrogen Cat# 459250; RRID: AB_2532235
pTyr antibody Antikrper-online.de Cat# ABIN94452; RRID: AB_10767083
Anti-rabbit antibody Sigma-Aldrich Cat# A0545; RRID: AB_257896
Anti-mouse antibody Sigma-Aldrich Cat# A4789; RRID: AB_258201
Chemicals, Peptides, and Recombinant Proteins

11-deoxycorticosterone Sigma-Aldrich Cat# D6875

Aldosterone Sigma-Aldrich Cat# A9477
ATTO488-maleimide ATTO-TEC Cat# AD 488-45

L-Canavanine sulfate Sigma-Aldrich Cat# C9758

Cycloheximide Sigma-Aldrich Cat# C4859

Dexamethasone Sigma-Aldrich Cat# D4902

Doxycyclin Sigma-Aldrich Cat# D1822

Hygromycin B Sigma-Aldrich Cat# 10843555001 Roche
Nourseothricin sulfate Jena Biosciences Cat# AB-102XL
ortho-Nitrophenyl-B-galactoside (ONPG) Sigma-Aldrich Cat# N1127

Radicicol Sigma-Aldrich Cat# R2146

Puromycin dihydrochloride Sigma-Aldrich Cat# P8833

S®-Methionine Hartman Analytic Cat# KSM-01

L-4-Thialysine hydrochloride Sigma-Aldrich Cat# A2636

ATPyS Sigma-Aldrich Cat# A1388

Experimental Models: Organisms/Strains

WT Yeast BY4741; MATa; ura3A0; leu2A0; Euroscarf Cat# Y00000

his3A1; met15A0

Y8205 MATa can1A::STE2pr-Sp_his5; C. Boone N/A

lyp1A::STE3pr-LEU2; his3A1; leu2A0;

ura3A0

sti1A BY4741; MATa; ura3A0; leu2A0; Euroscarf Cat# Y01803

his3A1; met15A0; YOR027w::KanMX4

cdc37-DAmP BY4741; MATa; ura3A0; Dharmacon Cat# YSC5093-213595844

leu2A0; his3A1; met15A0; cdc37-
DAmP::KanMX4
cns1-DAmMP BY4741; MATa; ura3A0; Dharmacon Cat# YSC5093-21359678

leu2A0; his3A1; met15A0; cns1-
DAmMP::KanMX4

tah1A BY4741; MATa; ura3A0; leu2A0; Euroscarf Cat# Y07189
his3A1; met15A0; YCR0O60w::KanMX4
pih1A BY4741; MATa; ura3A0; leu2A0; Euroscarf Cat# Y00997
his3A1; met15A0; YHR034c::KanMX4
cpr6A BY4741; MATa; ura3A0; leu2A0; Euroscarf Cat# Y04165
his3A1; met15A0; YLR216c::KanMX4
cpr7A BY4741; MATa; ura3A0; leu2A0; Euroscarf Cat# Y06830

his3A1; met15A0; YJR032w::KanMX4
(Continued on next page)
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SOURCE

IDENTIFIER

sbalA BY4741; MATa; ura3A0; leu2A0;
his3A1; met15A0; YKL117w::KanMX4

ahalA BY4741; MATa; ura3A0; leu2A0;
his3A1; met15A0; YDR214w::KanMX4

hch1A BY4741; MATa; ura3AO0; leu2A0;
his3A1; met15A0; YNL281w::KanMX4

ppt1A BY4741; MATa; ura3A0; leu2A0;
his3A1; met15A0; YGR123c::KanMX4

WT BY4741xY8205; MATa; ura3A0;
leu2A0; can1A::STE2pr-Sp_his5; his3A1
yfg1A/yfg2A; MATa; can1A::STE2pr-
Sp_his5; his3A1; leu2A0; ura3A0;
yfg1A:NatMX; yfg2A::KanMX4
yfg2A/yfg1A; MATa; can1A::STE2pr-
Sp_his5; his3A1; leu2A0; ura3A0;
yfg2A::NatMX; yfg1A::KanMX4
yfg1*/yfg2A; MATa; can1A::STE2pr-
Sp_his5; his3A1; leu2A0; ura3A0;
YFG1::DAmP-NatMX; yfg2A::KanMX4
yfg2*/yfg1A; MATa; can1A::STE2pr-
Sp_his5; his3A1; leu2A0; ura3A0;
YFG2::DAmMP-NatMX; yfg1A::KanMX4
yfg1*/yfg2*; MATa; can1A::STE2pr-
Sp_his5; his3A1; leu2A0; ura3A0;
YFG1::DAmMP-NatMX; YFG2::DAmP-
KanMX4

yfg2*/yfg1*; MATa; can1A::STE2pr-
Sp_his5; his3A1; leu2A0; ura3A0;
YFG2::DAmMP-NatMX; YFG1::DAmP-
KanMX4

All possible combinations with yfg1 and yfg2
as sti1, cdc37, cns1, tah1, pih1, cpr6, cpr7,
sba, ahal, hchi or ppt1

R1158; URAS3::CMV-tTA; MATa; his3A1;
leu2A0; met15A0

cpr7A R1158; URA3::CMV-tTA; MATa;
his3A1; leu2A0; met15A0; cpr7::NatNT2

tet07-CNS1 R1158; URA3::CMV-tTA;
MATa; his3A1; leu2A0; met15A0;
PCNS1::kanR-tet07-TATA

tet07-CNS1 cpr7A R1158; URA3::CMV-
tTA; MATa; his3A1; leu2A0; met15A0;
PCNS1::kanR-tet07-TATA; cpr7::NatNT2

tet07-CNS1 sti1A; URA3::CMV-tTA; MATa;
his3A1; leu2A0; can1A::STE2pr-Sp_his5;
PCNS1::NatMX-tet07-TATA; sti1::hphNT1
tet07-CNS1 sti1A cpr7A; URA3::CMV-TA;
MATa; his3A1; leu2A0; can1A::STE2pr-
Sp_his5; pCNS1::NatMX-tet07-TATA;
cpr7::hphNT1; sti1::KanMX4

Euroscarf

Euroscarf

Euroscarf

Euroscarf

This work

This work

This work

This work

This work

This work

This work

This work

Open Biosystems

(Schopf et al., 2019)

Dharmacon

(Schopf et al., 2019)

C. Dodt

C. Dodt

Cat# Y04967

Cat# Y03573

Cat# Y01163

Cat# Y04753

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Cat# TH3647

N/A

N/A

N/A

Recombinant DNA

p415-GPD GR
p415-GPD MR
p413-GPD GR

This work
This work
(Sahasrabudhe et al., 2017)

N/A
N/A
N/A
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
p413-GPD HA-GR (Sahasrabudhe et al., 2017) N/A
p413-GPD HA-MR (Sahasrabudhe et al., 2017) N/A
pUCASS-26X J.F. Louvion N/A
p416-GAL1 v-Src This work N/A
p416-GALS v-Src This work N/A
p416-GAL1 HA-v-Src This work N/A
p415-GPD Ahat This work N/A
p415-GPD Hch1 This work N/A
p415-GPD Aha1-D53K This work N/A
p415-GPD Hch1-D53K This work N/A
p415-GPD Cdc37 This work N/A
p415-GPD Stit This work N/A
p415-GPD Sti1-N39A/N435A This work N/A
pYes-AN-Ste11 (Louvion et al., 1998) N/A
Software and Algorithms

Astra 5.3.4.20 Wyatt Technology N/A
Cytoscape 3.6.1 (Shannon et al., 2003) N/A
ImagedJ 1.50i (Schneider et al., 2012)

OriginPro 2016G OriginLab N/A
SedFit 14.1 (Schuck, 2000) N/A
Sedview 1.1 (Hayes and Stafford, 2010) N/A

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Prof. Dr.
Johannes Buchner (johannes.buchner@tum.de).

Materials Availability
Plasmids and yeast strains generated in this work are available from the lead contact upon reasonable request.

Data and Code Availability
This study did not generate/analyze unique code or datasets.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In this study, yeast strains derived from BY4741, Y8205 and R1158 were used. Single mutants were obtained from Euroscarf or Dhar-
macon. KOs or KDs were generated by linear knockout or mating following synthetic genetic array (SGA) screening procedures (Tong
and Boone, 2006; Tong et al., 2001) and are briefly outlined here. Yeast was cultured in YPD medium or selective dropout medium at
30°C unless specified otherwise.

METHOD DETAILS

Yeast Transformation

High-efficiency transformation into yeast was done following a previously published protocol (Gietz and Schiestl, 2007). A yeast cul-
ture was grown in 50 mL YPD medium from a starting ODggg from 0.15 for 4.5 h at 30°C while shaking. Cells were harvested at 3000 x
g for 5 min at room temperature, washed with 25 mL water and the resuspended in 1 mL 0.1 M lithium acetate. The cells were har-
vested and then resuspended in 500 pL of 0.1 M lithium acetate. For each transformation, 50 uL of this sample were harvested, 240 puL
PEG-3350, 36 pL of 1 M lithium acetate, 10 uL ssDNA and 72 — X uL H,O were added with X representing the volume of DNA solution.
After mixing, the sample was incubated at 30°C for 30 min and at 42°C for 30 min. Cells were then harvested at 4000 x g for 30 s and
plated on selective medium.
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Generation of Yeast Strains

Single KO and diploid DAmMP (Decreased Abundance by mRNA Perturbation) strains for yeast co-chaperones were obtained from
Euroscarf (Oberursel, Germany) or Dharmacon (Lafayette, USA) as derivatives of BY4741 (Schuldiner et al., 2005). Diploid DAmP
strains were sporulated and tetrads were picked to obtain haploid MATa DAmP strains. Throughout the manuscript, the DAmP
strains are referred to with asterisks, (e.g., cns7%). To generate double mutants, first the KanMX4 cassette was swapped to the nour-
seothricin resistance cassette by transforming yeast cells with the 50 pL of PCR product of the NatMX cassette (F:ACATGGAGGCC
CAGAATACCCT; R: CAGTATAGCGACCAGCATTCAC) and selecting for nourseothricin resistance (Janke et al., 2004). The resulting
strains were mated with the strain Y8205 (Charles Boone Lab, University of Toronto) and then sporulated on sporulation medium
(Tong and Boone, 2006) for 5 days at 20°C. Haploid MATa spores were selected by incubation on medium containing L-canavanine
(50 ng/mL), L-4-thialysine (50 png/mL) and lacking arginine, leucine, and lysine according to the SGA selection procedure (Tong and
Boone, 2006; Tong et al., 2001). To generate double mutant strains, the resulting MATa strains were mated with the original KO/KD
strains, diploids were sporulated as described and haploid MATa strains were selected on selective medium containing L-canava-
nine (50 pg/mL) and L-4-thialysine (50 ug/mL), but lacking histidine, arginine, and lysine (Tong and Boone, 2006). Single and double
mutants were then selected by incubation on —His/Arg/Lys +L-canavanine/L-4-thialysine medium supplemented with 100 ug/mL
nourseothricin and/or 200 pg/mL gentamicin. KO or KD of the target co-chaperones was confirmed by Western-Blot and/or colony
PCR.

The tet07-CNS1 strain was obtained from the yeast Tet-promoters Hughes Collection (Dharmacon, Lafayette, USA) in the R1158
background. To generate a tet07-CNS1/cpr7 4/sti1 4 triple mutant, the mating type of tet07-CNS1 was switched by mating with the
Y8205 strain and the KanMX4 cassette was swapped to a NatMX cassette. The cpr74 mutation was introduced by inserting the
hphNT1 resistance cassette using the Knop toolbox (Janke et al., 2004). This strain was then mated with the Euroscarf BY4741
sti14 strain and the haploid triple mutant was selected as described above (Tong and Boone, 2006; Tong et al., 2001).

SEM

SEM was performed based on a protocol published elsewhere (Spector et al., 1998). Stationary phase yeast cells were harvested at
4000 x g for 5 min and washed once with 500 puL of PBS. Subsequently, the cells were resuspended in 2.5% glutaraldehyde in PBS
and incubated at room temperature for 1 h while shaking. Subsequently, the cells were pelleted again and washed with PBS. Then,
the cells were resuspended in 300 pL PBS and 30 uL were spotted on a Thermanox Plastic Coverslip (ThermoFisher Scientific). After
incubation at room temperature for 2 min, the slides were washed in a Petri dish with 7.5 mL 50% ethanol, followed by washing steps
with 7.5 mL 70% ethanol, 7.5 mL 80% ethanol, 7.5 mL 95% ethanol and thrice with 7.5 mL 100% ethanol. The slides were the dried in
a vacuum chamber over-night. Before microscopy, the cells were sputtered with gold and SEM was performed with a JEOL 5900 LV
microscope (JEOL, Eching, Germany). Pictures of the cells were taken at a constant voltage of 20 kV at 2-3 x 10~ Torr vacuum.

SHR Activity Screening

GR and MR activity in yeast was determined in a 96-well format as previously described (Sahasrabudhe et al., 2017). Briefly, yeasts
transformed with the SHR expression plasmid and the B-galactosidase reporter plasmid were grown over-night at 30°C while shaking
at 150 rpm. Cells were then diluted 1:10 in media containing 10 uM DOC (11-deoxycorticosterone) or 10 uM aldosterone for GR or
MR, respectively, and grown to stationary phase over-night at 30°C while shaking at 150 rpm. Then, 50 uL of the cell suspension were
transferred to a clear-bottom 96-well plate and harvested at 3000 x g. The supernatant was discarded and the cells were permea-
bilized in 150 pL of resuspension buffer (Na,HPO,4 82 mM, NaH,PO4 12 mM, 0.1% SDS, pH 7.5) while shaking at 900 rpm for 15 min at
room temperature. The enzymatic reaction was induced by addition of ONPG (ortho-nitrophenyl-B-galactoside, Sigma-Aldrich) to a
final concentration of 1 mg/mL and the increase of the absorption at 420 nm was monitored for 30-40 min in a Tecan sunrise plate
reader. The slope of the linear region was determined using Origin Pro 2016G. All measurements were performed in at least four and
usually eight biological replicates as indicated in the respective figure legends.

Viability Screening

For viability screening, cells were grown to stationary phase over-night. 5 ODggg units were then harvested at 4000 x g, washed with
1 mL of water and resuspended to a final concentration of 10 ODggo/mL. Dilution series with 10-fold serial dilutions starting from 1
ODeoo/mL were produced and then spotted on YPD plates. Every agar plate contained the WT and the single mutant as control
and only strains that were grown on the same plate were compared. Viability was determined after 48 h and 72 h of incubation at
30°C. To obtain an objective measure in addition to the visual analysis, we quantified spot-density of a suitable dilution using the
Imaged software and normalized the density to the wild-type, spotted on the same plate.

v-Src Activity Screening

Yeast strains harboring v-Src under the GAL1 or the weaker GAL-S promoter were grown in selective media over-night. 5 ODggg Units
were then prepared as described above. Dilution series with 5-fold or 10-fold serial dilutions starting from 1 ODggo/mL were produced
and then spotted on selective agar containing either 2% D-glucose (D-Gic) or 2% D-galactose (D-Gal). Each plate contained the wild-
type and the single mutant strain as control and only strains that were grown on the same plate were compared. Cell growth was
documented after 48 h and 72 h. To provide an objective quantification in addition to the visual analysis, colony density of the spots
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in appropriate dilutions was calculated using ImagedJ and the spot density on the D-Gal containing plate was normalized to the unin-
duced control on glucose-containing plates. Screening was performed with the GAL1 promoter once and additionally with the GAL-S
promoter in duplicates or triplicates.

Ste11 Activity Analysis

The activity of Ste11 kinase in yeast was analyzed using a previously described constitutively active Ste11 mutant (AN-Ste11) (Lou-
vion et al., 1998). Cells were grown to stationary phase over-night and then spotted in 10-fold serial dilutions as described above on
selective agar containing 2% D-galactose as the only carbon source or 2% D-glucose as control.

Phosphotyrosine Kinase Activity Measurements

Tyrosine kinase activity of v-Src was quantified as previously described (Sahasrabudhe et al., 2017). Briefly, cells were grown to sta-
tionary phase in minimal medium with 2% raffinose as the only carbon source for about 24 h. Then, the culture was diluted to an ODggg
of about 0.1 and grown over night. In the morning a culture was inoculated to an ODggg of 0.3 and cells were grown for 5-8 h to reach
an ODgq of 0.8 before induction of v-Src expression with 2% D-galactose (D-Gal). v-Src expression was allowed to occur for 4 h.
Samples of 1-2 ODggo Units were then harvested by trichloracetic acid (TCA) precipitation (Baerends et al., 2000). Briefly, TCA
was added to a final concentration of 20% and samples were frozen at —80°C for at least 30 min. After thawing, cells were pelleted,
washed twice with —20°C cold 80% acetone and then dried at 30°C. The dried cells were then lysed by addition of 1% SDS in 0.1 M
NaOH, Laemmli buffer was added and cells were boiled at 95°C for 5 min prior to SDS-PAGE and Western Blot.

Aggregate Isolation

To isolate whole-proteome or eEF2 pellet and supernatant fractions, yeast cultures were grown to early logarithmic phase (ODggo of
0.8) for harvesting. For heat-shocked samples, stationary-phase cultures were diluted to an ODggg of 0.3 and incubated at 30°C for
1 h before the samples were transferred to 42°C or kept at 30°C for 3 h until an ODggg of approximately 0.8-1.2 was reached. For
radicicol-treated samples, an over-night culture was diluted to a starting ODggg of 0.3, incubated at 30°C for 1 h and then treated
either with 20 uM radicicol or DMSO for 3 h until an ODggg of 0.8-1.2 was reached. HA-v-Src samples were grown to stationary phase
as described for phosphotyrosine quantification. HA-v-Src expression was induced by addition of 2% D-Gal and expression took
place for 6 h. If applicable, 5 uM of radicicol or DMSO were added together with D-Gal for induction. 30-40 ODgqg units were har-
vested at 3000 x g for 5 min, washed with PBS and resuspended in lysis buffer (50 mM Tris, 150 mM NaCl, 5 mM MgCl,, 5% glycerol,
pH 8.0) supplemented with 1x Protease Inhibitor Mix G (Serva), 1 mM PMSF and 5 mM EDTA. Cells were lysed by glass-bead disrup-
tion with 4 on/off cycles consisting of 2 min of shaking in a Retsch mixer mill at 30 Hz and 2 min off time between cycles. The lysate
was pre-cleared by centrifugation at 500 x g for 1 min at 4°C. Protein concentration was normalized using Bradford reagent and 50 pl
of the sample volume were centrifuged at 18,000 x g at 4°C to separate supernatant and pellet. The pellet was then washed twice with
lysis buffer before resuspension in resuspension buffer (1% SDS, 6 M urea, 50 mM Tris-HCI, 1 mM EDTA, pH 7.5). The samples were
then subjected to SDS-PAGE and Western-Blot following standard procedures.

Cycloheximide Chase

For cycloheximide chase of HA-GR and HA-MR, yeast cultures were grown to logarithmic phase (ODggo = 0.8) and then treated with
100 pg/mL cycloheximide. For cycloheximide chase experiments with HA-v-Src, cells were grown to logarithmic phase following the
described protocol, HA-v-Src expression was induced for 4 h and then 100 png/mL of cycloheximide were added. In samples that
contained radicicol, the inhibitor was added together with cycloheximide at a final concentration of 5 M. At the indicated time points,
1-5 ODggp Units were precipitated by addition of TCA as described above and samples were subjected to SDS-PAGE and Western-
Blot.

Protein Expression and Purification
Hsp82, Hch1 and Aha1 were purified as previously described (Li et al., 2011; Schmid et al., 2012). The GR-LBDm was purified as
published (Lorenz et al., 2014).

Analytical Ultracentrifugation

For sedimentation velocity experiments, the GR-LBDm was randomly labeled with Atto488-maleimide (ATTO-TEC) on cysteines. Ex-
periments were performed in a ProteomLab Beckman XL-A centrifuge (Beckman Coulter, Brea, California) equipped with an AVIV
fluorescence detection unit (Aviv Inc., Lakewood, USA) using 500 nM of the labeled component and 3 uM or 6 uM of unlabeled com-
ponents as indicated in the figure legend. Experiments were conducted in aUC buffer (20 mM HEPES, 20 mM KCI, 5 mM MgCl,, 5 mM
DTT, pH 7.5) supplemented with 2 mM ATP-yS and 50 uM dexamethasone if the sample contained the GR-LBD. Data analysis was
performed using SedView (Hayes and Stafford, 2010), SedFit (Schuck, 2000) and Origin Pro 2016G.

35g-Methionine Incorporation

To quantify the effect of Hsp90 co-chaperones on the rate of protein biosynthesis, 3*S-methionine incorporation was monitored
based on a published protocol (Esposito and Kinzy, 2014). Briefly, cells were grown to log phase from a starting ODggg of 0.2 to
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an ODgq of 0.8, harvested, washed with PBS and resuspended in pre-warmed selective medium lacking methionine to a final ODggg
of 1. Cells were supplemented with 10 pCi L-S%%-methionine and 60 uM cold L-methionine and grown at 30°C for 90 min. Cells equiv-
alent to 1 ODggo Were then harvested, washed once with 1 mL H,O + 100 pg/mL cycloheximide and lysed as described elsewhere
(Kushnirov, 2000). The proteins were separated by SDS-PAGE, the gels were dried and the autoradiography was analyzed using a
Typhoon 9200 (GE Healthcare) multimode scanner. Densitometry analysis was performed using Imaged and the values were normal-
ized to the WT control.

Genetic Interactions

Genetic interactions were quantified using the e-Score. For fitness analysis, the e-Score was defined as € = f,, — f5 * f,, where f, in-
dicates the fitness of the double mutant and f, and f,, represent the fitness of the individual mutants (Elena and Lenski, 1997; Mani
etal., 2008). To provide a measure of v-Src activity, the e-Score was defined as e =f, * f, — f4p, With f,, indicating double mutant fitness
and f, and f, denoting the fitness of the individual mutants. For receptor activity (for GR and MR) measurements, the e-Score was
used as stated in the respective Results section. For normalization, the e-Score was divided by the expected activity e-Scorenorm =
e-Score / (f, * fp).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters are reported in the figures and figure legends. Statistical significance was assigned by using a two-sample
t test. p values below 0.05 were classified as significant (n.s.: p > 0.05; *p < 0.05; *p < 0.01; **p < 0.001).

Cell Reports 32, 108063, August 25, 2020 €6




	Hsp90 Co-chaperones Form Plastic Genetic Networks Adapted to Client Maturation
	Introduction
	Results
	Strain Generation and Validation
	Genetic Interactions of Co-chaperones Affecting Client Activity
	v-Src
	SHRs

	Client Specificity of the Co-chaperone Network
	Analysis of Specific Epistatic Modules that Affect Client Activity
	Epistatic Interactions Affecting Viability
	v-Src Activation Network
	SHR Activation Network


	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Resource Availability
	Lead Contact
	Materials Availability
	Data and Code Availability

	Experimental Model and Subject Details
	Method Details
	Yeast Transformation
	Generation of Yeast Strains
	SEM
	SHR Activity Screening
	Viability Screening
	v-Src Activity Screening
	Ste11 Activity Analysis
	Phosphotyrosine Kinase Activity Measurements
	Aggregate Isolation
	Cycloheximide Chase
	Protein Expression and Purification
	Analytical Ultracentrifugation
	35S-Methionine Incorporation
	Genetic Interactions

	Quantification and Statistical Analysis



