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Abstract

Hsp90 constitutes one of the major chaperone machinery in the cell. The Hsp70 assists
Hsp90 in its client maturation though the underlying basis of the Hsp70 role remains to be
explored. In the present study, using S. cerevisiae strain expressing Ssal as sole Ssa
Hsp70, we identified novel mutations in the nucleotide-binding domain of yeast Ssa1 Hsp70
(Ssa1-T175N and Ssa1-D158N) that adversely affect the maturation of Hsp90 clients v-Src
and Ste11. The identified Ssa1 amino acids critical for Hsp90 function were also found to be
conserved across species such as in E.coli DnaK and the constitutive Hsp70 isoform
(HspA8) in humans. These mutations are distal to the C-terminus of Hsp70, that primarily
mediates Hsp90 interaction through the bridge protein Sti1, and proximal to Ydj1 (Hsp40 co-
chaperone of Hsp70 family) binding region. Intriguingly, we found that the bridge protein
Sti1 is critical for cellular viability in cells expressing Ssa1-T175N (A1-T175N) or Ssal-
D158N (A1-D158N) as sole Ssa Hsp70. The growth defect was specific for sti1A, as deletion
of none of the other Hsp90 co-chaperones showed lethality in A1-T175N or A1-D158N.
Mass-spectrometry based whole proteome analysis of A1-T175N cells lacking Sti1 showed
an altered abundance of various kinases and transcription factors suggesting compromised
Hsp90 activity. Further proteomic analysis showed that pathways involved in signaling, sig-
nal transduction, and protein phosphorylation are markedly downregulated in the A1-T175N
upon repressing Sti1 expression using doxycycline regulatable promoter. In contrast to
Ssa1, the homologous mutations in Ssa4 (Ssa4-T175N/D158N), the stress inducible Hsp70
isoform, supported cell growth even in the absence of Sti1. Overall, our data suggest that
Ydj1 competes with Hsp90 for binding to Hsp70, and thus regulates Hsp90 interaction with
the nucleotide-binding domain of Hsp70. The study thus provides new insight into the
Hsp70-mediated regulation of Hsp90 and broadens our understanding of the intricate com-
plexities of the Hsp70-Hsp90 network.
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Author summary

Hsp70-Hsp90 constitutes major cellular chaperone machinery in cells. The Hsp70 plays
critical role in Hsp90 chaperoning pathway. We have now identified novel mutations in
the nucleotide-binding domain of yeast Ssal Hsp70 (Ssal-T175N and Ssal-D158N) that
adversely affect Hsp90 client maturation. As compared to wt Ssal, the identified Ssal
mutants bind relatively better with Ydj1, and poorly support growth in the absence of
Stil, when present as the sole source of Ssa Hsp70 in S. cerevisiae. The cells expressing
Ssal-T175N as sole Ssa Hsp70 show downregulation of pathways involved in signaling,
signal transduction, and protein phosphorylation upon repressing Stil. The study shows
that Ydj1 interaction at the nucleotide-binding domain of Ssal Hsp70 influences Hsp90
function.

Introduction

The Hsp90 family of chaperones are highly conserved across species, and essential for cellular
viability in eukaryotes. About 10% of the yeast proteome is dependent on Hsp90 for its matu-
ration and includes the family of kinases, growth hormone receptors and transcription factors
[1]. These clients are involved in a number of cellular processes such as cell cycle control, cellu-
lar survival and signalling pathways [2-4]. For many of these substrates, Hsp90 is required for
maturation, and for others it is involved in their transport or assembly into multiprotein com-
plex. Hsp90 functions in coordination with another major cellular chaperone Hsp70 which
first interacts with client proteins, and remodels them for further maturation by Hsp90s [5].
The dynamics of Hsp70-Hsp90 interactions and its functional significance are under intense
investigation.

Each protomer of the homodimeric Hsp90 consists of a highly conserved nucleotide-bind-
ing domain (NBD), a middle domain (MD) and a C-terminal domain (CTD). In the absence
of ATP, Hsp90 adopts an open V-shape conformation having dimerized CTD with NBDs of
each protomer away from each other [6]. The ATP binding at NBD leads to conformational
changes that cause the N-terminal domain to transiently dimerize and associate with the mid-
dle domain. Also, a segment of NBD folds over the nucleotide-binding pocket and interacts
with ATP. The long charged linker consisting of 56 amino acids present between the nucleo-
tide-binding domain and the middle domain of Hsp90 contributes to flexibility towards these
conformational changes in the protein [7]. The substrate primarily interacts with MD of
Hsp90 [8]. The binding of Hsp90 to its co-chaperone such as Ahal or Hchl stimulates ATP
hydrolysis which facilitates the release of substrates and thus the initiation of a new reaction
cycle [9,10].

Hsp90 is assisted by different co-chaperones that either modulates its ATPase activity or
facilitate substrate transfer as well as conformational changes. In S. cerevisiae, the heterocom-
plex Hsp70-Sti-Hsp90 is required for substrate transfer from Hsp70 to Hsp90 where Stil acts
as the bridge protein and interacts simultaneously with MEEVD motif present at the C-termi-
nus of Hsp90 and C-terminal EEVD motif of ADP bound Hsp70 [11,12]. Additionally, Stil is
also known to act as an inhibitor of Hsp90 basal ATPase activity [13]. As a substrate is trans-
ferred to Hsp90, Stil dissociates from Hsp90 and is replaced by another TPR domain-contain-
ing protein, such as Cpré6, Cpr7 or Cnsl, as Hsp90 traverses through different stages. Cnsl is
essential for cellular viability, and deletion of Cpr7 results in temperature sensitivity [14].
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Another TPR protein Tah1 in complex with Pih1 interacts with Hsp90 and regulates its
ATPase activity [15].

Hsp70 interacts with partially unfolded substrates to prevent their aggregation, and pro-
mote folding back to the native state. Many of these substrates are further transferred to
Hsp90. The additional requirement of Hsp90 action for some Hsp70 substrates is still not
clear. Unlike eukaryotes, prokaryotes lack homologs of the bridging protein Stil that bridges
Hsp70 with Hsp90. Instead, a direct interaction between the E.coli Hsp70 (DnaK) and Hsp90
(HtpG) has been observed [16]. Similar interaction has also been seen for yeast and mamma-
lian Hsp70 and Hsp90 [17,18]. One study showed that direct interaction between E.coli
Hsp90-Hsp70 results in conformational changes in both proteins [19]. Further, these direct
interactions lead to synergistic stimulation of ATP hydrolysis activity and are required for cli-
ent reactivation in vitro [20]. It has been shown also that cells carrying mutations in the middle
domain of the yeast Hsp90 that disrupt its interactions with NBD of Hsp70 are unable to grow
at 37°C [17]. Further, in the absence of Stil, these Hsp90 mutants are unable to support growth
even at the optimal temperature of 30°C [17]. However, the molecular basis of this importance
of Hsp70-Hsp90 interactions remains unclear.

Similar to Hsp90, the Hsp70 family of proteins are highly conserved across different species;
from prokaryotes to mammals. Hsp70 chaperones are present in different cellular compart-
ments including the cytosol, endoplasmic reticulum, lysosomes, and mitochondria, and per-
form a variety of functions including those linked to protein trafficking, cellular signaling,
protein folding and degradation [21]. Hsp70 consists of three domains; the N-terminal nucleo-
tide-binding domain, the substrate-binding domain and a C-terminal domain that acts as a lid
over the substrate-binding domain. Similar to Hsp90, the Hsp70 reaction cycle is regulated by
its interaction with various co-chaperones. The co-chaperones not only regulate Hsp70 activity
but also provide functional specificity to different Hsp70 isoforms. Hsp40 assists in substrate
transfer as well as stimulates Hsp70 ATPase activity [22,23]. Nucleotide exchange factors, in
turn, exchange ADP with ATP which facilitates substrate release from Hsp70 to initiate a new
reaction cycle [24,25].

In the present study, we attempted to elucidate the requirement of different structural
regions of Hsp70 in Hsp90 chaperoning activity. To examine Hsp70 role, we employed S. cere-
visige strain expressing Ssal, and lacking remaining three isoforms, as sole source of Ssa
Hsp70. Using random mutagenesis, we isolated various Hsp70 mutants defective in their role
in the maturation of the Hsp90 client protein v-Src. We show that the Hsp70 mutants were
defective in their direct interaction with Hsp90, and have enhanced interaction with Ydj1. The
data suggest that Hsp90 direct interaction at nucleotide-binding domain of Hsp70 is regulated
by Hsp40 binding at the same region of Hsp70. The Ydj1l-mediated regulation of Hsp70-Hsp90
interaction plays a crucial role in client protein maturation and thus cell survival under stress
conditions.

Results
Identification of Ssal residues critical for the maturation of Hsp90 clients

Hsp70 plays a critical role in the maturation of Hsp90 clients such as v-Src, Stell and many
growth hormone receptors [26-28]. S.cerevisiae encodes for four highly homologous members
of cytosolic Ssa Hsp70 members. To examine the Hsp70 region critical for Hsp90 function, we
used the yeast strain Al that lacks all four chromosomally encoded Ssal-4 Hsp70s and
expresses Ssal from a plasmid-encoded gene, as the sole Ssa Hsp70 source. The Rous sarcoma
viral tyrosine kinase, v-Src was used as an Hsp90 client. The heterologous overexpression of
matured v-Src leads to growth arrest in S.cerevisiae due to uncontrolled phosphorylation of
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tyrosine residues present in most of the cellular proteins [29]. Similar to a previous report,
overexpression of v-Src in the A1 strain from a galactose-inducible promoter led to poor
growth onto solid SGal media (S1A Fig) [26]. To identify Ssal residues required for Hsp90
activity, we randomly mutagenized Ssal to isolate mutants that suppress v-Src-mediated toxic-
ity. The plasmid-encoding Ssal was mutagenized and the mutant library was transformed into
a strain harbouring galactose inducible v-Src and expressing wt Ssal from the tet repressible
promoter. The transformants were plated onto doxycycline plate to repress wt Ssal expression
and colonies that showed optimal growth onto solid SGal media were selected for further anal-
ysis (SI1A Fig). The plasmids were extracted from well-grown colonies, and reconfirmed for
their ability to suppress v-Src-mediated toxicity.

Six Ssal alleles displayed a reproducible reduction of v-Src toxicity (Fig 1A and Table 1).
We further chose to focus on particular Ssal alleles on the basis that i) the selected mutant
showed relatively strong suppression of v-Src toxicity, and ii) the mutation was located at a site
distal to that known to interact with the bridging protein Stil. The Hsp70 mutations distal to
the Stil interaction site was chosen not to disrupt the Hsp70-Hsp90 interaction mediated by
the bridge protein. Among the 6 isolated mutants, A1-A604-642 showed insertion of a stop
codon at the 604" residue leading to deletion of 39 residues at the C-terminal end of Ssal. This
mutant lacks the EEVD motif present at the C-terminus of Hsp70 required for interaction
with Stil. Among the remaining mutants, A1-T175N and A1-D158N showed reproducibly
better suppression of v-Src toxicity and thus used for further studies (Figs 1A and S2). Both
T175 and D158 residues were found to be conserved among different Ssa Hsp70 isoforms
(Ssal-4 and human Hsc70 and Hsp70 (S1B Fig).
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Fig 1. Strains expressing Ssal-T175N or Ssal-D158N show reduced v-Src toxicity. (A) S. cerevisiae strains
expressing indicated Ssal allele as the sole source of Ssa Hsp70. The v-Src expression was induced using galactose
(SGal). (B) Cell growth in SGal media at 30°C. Shown is O.D.gonm at various time intervals. (C) Schematics showing
domain architecture and position of identified mutations (D158N and T175N) in Ssal. (D) The 3D structure of Ssal
from AlphaFold database where NBD is coloured blue and amino acids at 158 and 175 are marked in red.

https://doi.org/10.1371/journal.pgen.1010442.g001
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Table 1. Amino acid homologous to Ssal mutants, in Human HspA8 and E.coli DnakK, showing suppression of v-
Src mediated toxicity.

Ssal mutants DnaK HspAS8
A1-T175N T173 T177
A1-A605-642 - -

Al-A464V A465 A467
A1-D158N D156 D160
A1-A371T D577N A376, Not conserved A374, D582
Al1-A275V Not conserved Not conserved

https://doi.org/10.1371/journal.pgen.1010442.t001

The ability of A1-T175N and A1-D158N to reduce the v-Src-mediated growth defect was
further confirmed by the growth of the strains expressing either of the two mutant proteins as
the sole source of Ssa Hsp70 and overexpressing v-Src. As shown in Fig 1B (S1 Dataset), the
Al strain overexpressing v-Src grew poorly whereas those expressing the T175N (A1-T175N)
or D158N (A1-D158N) mutant Ssals grew markedly better. As seen, the presence of
Ssal-T175N had a more pronounced effect than Ssal-D158N in reducing v-Src toxicity.

We further examined whether the effect of Ssal-T175N and Ssal-D158N on v-Src toxicity
was dominant or recessive. The plasmid encoding wt Ssal or the mutant alleles were trans-
formed into a wt strain harboring plasmid encoding galactose inducible FLAG-v-Src and all
four chromosomally-encoded Ssa Hsp70s. The transformants were grown in liquid SD media,
and then serially diluted onto solid media with dextrose or galactose as the carbon source. As
seen in S3 Fig, as compared to wt cells lacking v-Src, significant growth defect was observed in
cells upon v-Src expression. The expression of either wt Ssal or its mutant alleles could not res-
cue cells from v-Src-mediated toxicity. These results suggest that the effect of Ssal-T175N and
Ssal-D158N on v-Src mediated growth defect is recessive.

The experimental 3D structure of Ssal is not yet known, we have used a modelled structure
available in AlphaFold database (https://alphafold.ebi.ac.uk/entry/P10591). Fig 1D shows the
Ssal structure with the location of the D158N and T175N mutations. Interestingly, both the
mutations lie in the nucleotide-binding domain, and not the substrate-binding domain of Ssal
(Fig 1C).

v-Src maturation is reduced in A1-T175 and A1-D158

The above results show that v-Src-mediated toxicity is reduced in strains expressing
Ssal-T175N or Ssal-D158N. To examine whether the reduced toxicity is due to poorer matu-
ration of v-Src, we overexpressed v-Src in strains expressing wt or mutant Ssal, and measured
the kinase abundance and activity using anti-FLAG and anti-phosphotyrosine antibodies,
respectively. As shown in Fig 2A (S2 Dataset), v-Src levels were found to be similar in Al,
A1-T175 or A1-D158, suggesting that the v-Src abundance was not affected. To elucidate this
further, we examined the fraction of v-Src present in the soluble versus the pelleted fraction of
the cellular lysate. As seen in Fig 2A (S2 Dataset), though about similar amount of v-Src was
present in soluble and pellet fraction in Al strain, most of the kinase was found as insoluble
fraction A1-T175N (~90%) and A1-D158N (~70%) cells suggesting that most of the kinase
present in strains with mutant Ssal accumulate as inactive aggregates. We further monitored
the v-Src kinase activity and found that as compared to Al, the activity was compromised in
A1-D158N, and markedly reduced in A1-T175N (Fig 2A) (S2 Dataset).

Previous studies show that inactive v-Src is degraded relatively faster, and thus reduced
maturation of v-Src results in lower steady-state levels of the protein [30]. However, our results
show that though the kinase activity varies in A1, A1-T175N and A1-D158N, but overall v-Src
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Fig 2. A1-T175N and A1-D158N show reduced v-Src kinase activity. (A) Indicated strains were grown in SGal
liquid media for 6h. The whole cell lysate (T) was prepared, and fractionated into supernatant (S) and Pellet (P). All
fractions were probed with anti-FLAG or anti-phosphotyrosine antibody. Panel towards right depicts quantification
from immunoblots. (B) The Hsp70, Hsp90 or Pgkl was probed with anti-Hsp70, anti-Hsp90 or anti-Pgk1 antibody
respectively. Pgkl is the loading control and is same for 2A and 2B. Error bars represent standard error from 3
different biological replicates.

https://doi.org/10.1371/journal.pgen.1010442.9002

level in similar in different strains. We further measured the abundance of Hsp70 and Hsp90
which are known to affect v-Src maturation (Fig 2B) (S2 Dataset). As seen, both Hsp70s and
Hsp90s are present at similar levels in Al versus the A1-T175N and A1-D158N strains, sug-
gesting that v-Src aggregation in these strains is unrelated to the changes in expression level of
these chaperones.

The diminished maturation of v-Src in the A1-T175N and A1-D158N strains could be due
to an effect of the mutation on the Hsp70 structure compromising its ability to promote sub-
strate folding. We thus monitored the secondary structure of Ssal, Ssal-T175N and
Ssal-D158N using far-ultraviolet circular dichroism spectroscopy (S5 Fig) (S15 Dataset). The
secondary CD is widely used to estimate secondary structural contents such as a-helices and
B-sheets in proteins. As seen, the secondary structure of the Ssal mutants was found to be sim-
ilar to that of the wt Ssal, suggesting that the mutations did not cause any significant alteration
to the protein structure.

As heat shock proteins affect v-Src maturation, we examined the abundance of major heat
shock proteins such as Ydj1, Hsp104 and Ssel in cells expressing either of the Ssal mutants as
the sole Ssa Hsp70 source (54 Fig). As seen above, the Ssa Hsp70 mutants were found to be
expressed at a level similar to wt Ssal. Similarly, we did not observe any difference in the expres-
sion level of other chaperones in A1-T175N or A1-D158N strains when compared to Al.

Ssal mutants impair Stell pathway activity

We next examine whether the effect of the Ssal mutations (A1-T175N and A1-D158N) on
Hsp90 client protein is specific for v-Src or more general, affecting other known Hsp90 cli-
ent proteins. Stell, a mitogen-activated protein kinase kinase kinase is a well-known Hsp90
client protein [31]. The reduced maturation of Stell results in reduced activation of the
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transcription factor Stel2. As Stel2 binds to pheromone response elements, a defect in
Stell maturation adversely affects transcriptional activation of a pheromone-responsive
reporter gene. Thus the reporter lacZ under control of a promoter containing three repeats
of the pheromone response element (PRE-lacZ) is widely used to monitor Stell maturation
[32]. Stell contains three N-terminal regulatory domains. A constitutively active Ste11AN
that lacks these regulatory domains causes inhibition of cell growth due to a combined acti-
vation and suppression of mating pathway signalling, and a high osmolarity response sig-
nalling, respectively [33].

To examine the effect of Stel1AN on the growth of cells expressing different Ssal allele,
the plasmid expressing the constitutively active kinase under control of galactose-inducible
promoter was transformed into yeast strains, and a pool of 10-11 transformants was serially
diluted onto solid media containing dextrose or inducer galactose as carbon sources. As
shown in S6A Fig, cells expressing Ste11AN displayed a growth defect in cells carrying wt
Ssal (S6A Fig). In contrast, strains expressing either Ssal-T175N or Ssal-D158N did not
show any significant growth defect, and grew quite similar to the Al strain lacking the
kinase expression (S6A Fig), suggesting reduced maturation of Stel1AN in strains express-
ing the mutant Ssals. To examine whether reduced Ste11AN-mediated toxicity is related to
the kinase expression, we examined the steady state level of Ste11AN in A1-T175N and
A1-DI158N. As evident in S6B Fig, the expression level of Hiss-Stel11AN in A1-T175N and
A1-D158N is similar to that in Al.

Hsp90 is required for the Stell pathway activity [31]. We further examined Stel1AN matu-
ration by monitoring its effect on the activity of the reporter enzyme B-galactosidase expressed
from the promoter containing PRE sequence. As shown in S6C Fig (516 Dataset), the strain
expressing wt Ssal showed significant B-galactosidase activity. As compared to Al, A1-T175
and A-D158 displayed a more than 8 fold reduction in the activity of B-galactosidase suggest-
ing reduced maturation of Ste11AN or other client protein in the pathway, in strains express-
ing the mutant Ssal Hsp70s.

We further compared the Stell pathway activity in the A1-T175N and A1-D158N strains
with that in Al. The A1-T175N, A1-D158N and A1l strains were transformed with a plasmid
encoding PRE-lacZ, and B-galactosidase activity was monitored as described in Materials and
Methods. The Al strain expressing wt Ssal showed a significant increase in B-galactosidase
activity in response to o-factor (S6D Fig) (S17 Dataset). As seen, the activity was reduced by
more than 40 fold in the strain expressing Ssal-T175N instead of Ssal. A similar reduction in
pheromone-dependent signalling was observed in A1-D158N, suggesting a poor maturation
of Stell (or other cellular factor in the pathway) in strains expressing A1-T175N or
A1-D158N mutant as the sole Ssa Hsp70 [34].

v-Src shows enhanced interaction with Hsp70s carrying T175N or D158N
mutation

As v-Src is an Hsp90 client, its reduced maturation could be due to an effect on its interaction
with Hsp90 in cells expressing mutant Ssa Hsp70 isoforms. We thus monitored the interaction
of the kinase client with Hsp90 or Hsp70 by immunoprecipitating FLAG-v-Src using anti
FLAG antibody-bound beads. The beads were washed, and bound proteins were probed with
antibodies against Hsp70s or Hsp90s. Due to low levels of v-Src in the cell supernatant, we
could not capture v-Src-Hsp90 interactions in strains expressing mutant Ssa Hsp70s. However,
we could successfully compare client protein interactions with Ssa Hsp70s. As seen in Fig 3 (S3
Dataset), wt Ssal interacted with v-Src and such v-Src-Hsp70 interaction increased with the
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Fig 3. v-Src interaction with Ssal-T175N and Ssal-D158N is stronger than with Ssal. The indicated strains were
grown in selective SGal media for v-Src expression. The cellular lysate was incubated with anti-FLAG antibodies
immobilized beads. The immunoprecipitated proteins were probed with indicated antibodies. The supernatant was
used as a control to examine protein level in A1, A1-T175N and A1-D158N strains. Panel towards right depicts
quantification of respective western blots. Star represents nonspecific band. Error bars represent standard error from 3
different biological replicates.

https://doi.org/10.1371/journal.pgen.1010442.9003

Ssal-T175N or Ssal-D158N protein, suggesting that v-Src affinity with the mutant Ssa Hsp70s
is relatively higher than with the wt Hsp70.

T175N or D158N mutation in Ssal increases its binding to Ydj1

Above studies show that v-Src interaction with mutant Ssa Hsp70 is stronger than with wt
Ssal. As the co-chaperone Ydj1 plays a crucial role in v-Src transfer to Ssa Hsp70 [35], we
explored whether Ydj1-Hsp70 interaction varied with the mutant Ssa Hsp70s. Purified His,-
Ydj1 was bound over the Co”*-NTA beads, and incubated with cellular lysate from strain
expressing wt or mutant Ssals. The proteins bound to Ydjl-immobilized beads were eluted
and probed on immunoblots with an anti-Hsp70 antibody. As shown in Fig 4A, relatively
more of Ssal-T175N and Ssal-D158N was eluted as compared to wt Ssal, suggesting that the
mutant Ssa Hsp70s interacted more strongly with Ydj1. The eluted fractions from Ydj1 bound
beads were further probed with an anti-Hsp90 antibody. A similar amount of Hsp90 was
eluted from strains expressing wt or mutant Ssa Hsp70 isoforms (Fig 4A).

We further monitored Ydj1 interaction with wt Ssal and its mutant versions using Bio-
layer Interferometry (BLI) as described in Materials and Methods. BLI, an optical label-free
method based upon changes in the interference pattern of light, is extensively used to monitor
biomolecular interactions in real-time. The purified Ydjl was immobilized on a biosensor sur-
face, and Ssa Hsp70 was used at varying concentrations as an analyte in a solution containing
5mM ATP. As shown in Fig 4B (S4 Dataset), incubation of a Ydj1-immobilized biosensor tip
with a solution containing Ssal, Ssal-T175N or Ssa-1D158N led to an increased BLI response.
Furthermore, at similar concentrations of Hsp70s, the binding response was much stronger
for Ssal-T175N or Ssal-D158N than wt-Ssal, suggesting that Ydj1 affinity is higher for
Ssal-T175N and Ssal-D158N as compared with wt-Ssal, which is in agreement with the above
pulldown assay showing relatively stronger binding of Ydj1 with Ssal-T175N or Ssal-D158N.
Further Ssal-T175N displayed a stronger binding than Ssal-D158N to Ydjl.
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Fig 4. Hsp70 mutants show increased affinity to Ydj1. (A) Purified Hise-Ydjl was immobilized over Co®*-NTA beads
and incubated with cellular lysate from indicated strains. The bound proteins were eluted and probed with anti-Hsp70,
anti-Hsp90 and anti-Ydj1 antibodies. (B) BLI studies to monitor interaction between Ssa Hsp70 and Ydj1. Ydj1
(0.75uM) was immobilized over the biosensor surface, and Ssa Hsp70 (wt Ssal or its mutants) was used as analyte. The
binding was monitored in the presence of ATP.

https://doi.org/10.1371/journal.pgen.1010442.9004

The Ssal-T175 and Ssal-D158 mutations are proximal to the Ydjl binding
site

The data presented show that the T175 and D158 residues influence Ydjl interaction to Ssa
Hsp70. Both residues lie in the NBD of Ssa Hsp70. As Hsp40 proteins primarily interact with
their J-domain to Hsp70s, we modelled the complex of the J-domain of Ydj1 (J-Ydj1) with
NBD of Ssa Hsp70 (NBD-Ssal) to identify whether the T175 and D158 residues lie at, or near
to, the binding site of Ydj1. We extracted the NBD region from the 3D structure of Ssal Hsp70
from S.cerevisiae (shown in Fig 5A). S7 Fig shows the alignment between NBD of S. cerevisiae
Ssal and E. coli DnaK. The NBD of Ssal was docked to the J-domain of Ydj1 (pdb ID 5VSO)
using the HDOCK protein-protein docking webserver [36]. As expected from previous stud-
ies, we found interaction between D36 in the HPD motif of J-Ydj1 with R169 of NBD-Ssal
(Figs 5B and S8B). Additional interactions observed between the J-Ydj1 and NBD-Ssal from
protein-protein-docked complex are mentioned in Table 2. The docked complex of Ssal NBD
and the J-domain of Ydj1 were superimposed onto the available E.coli DnaK-] domain of the
DnaJ complex (pdb id 5NRO) with RMSD of 0.475 A (S8A Fig). As shown in S8B Fig, the
modelled structure of the NBD(Ssal)-J(Yjd1) complex shows that the T175 and D158 residue
of DnaK lie near to the Ydj1 binding site.

Asn substitution at T175 or D158 in Ssal affects Hsp90 interaction

We further examined Hsp70-Hsp90 interaction in cells expressing wt or mutant Ssal. The
cells expressing Hiss-tagged wt or mutant Ssal Hsp70s were grown until an O.D.gppnm ~1.0.
The cells were collected, and cellular lysates were incubated with Co**-NTA beads to capture
Hise-tagged Ssa Hsp70. The beads were washed, and bound proteins were eluted. The eluted
fractions were probed with anti-Hsp90 or anti-Hise antibodies on immunoblots. As seen in
Fig 6A (S5 Dataset), although similar levels of Hsp70s were detected, Hsp90 levels were found
to be significantly reduced in cells expressing mutant Ssa Hsp70s, as compared to those
expressing wt Ssal. These results suggest that the mutant Ssa Hsp70s, compared to wt Ssal,
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Fig 5. (A) The structure of NBD of yeast Hsp70 extracted from the complete structure of Hsp70 obtained from AlphaFold
Protein Structure Database. (B) The interacting residues of Hsp70 (blue) and Hsp40 (red) docked complex.

https://doi.org/10.1371/journal.pgen.1010442.g005

bind at relatively lower affinities to Hsp90. Similarly, we examined the interaction between
purified His, tagged Stil with Hsp70 and Hsp90. We found no difference between interaction
of Stil with both Hsp70 and Hsp90 in A1 and A1-T175N expressing yeast strains, suggesting
that loss of Hsp70 and Hsp90 interaction is not due to Stil (S9 Fig).

Next, we examined whether the Ssal mutant proteins, defective in their interaction with
Hsp90 in vivo, also exhibited similar defect in vitro. To examine this, Hiss-Ssal, Hisg-
Ssal-T175N, Hisg-Ssal-D158N, and Hsp82 were purified, and interaction between Ssa Hsp70
and Hsp90 was monitored using BLI. Hsp82 was immobilized onto a CM5 biosensor and
immersed into a solution containing wt-Ssal, Ssal-T175N or Ssal-D158N as analyte. The
binding was monitored as an increase in the BLI response (Fig 6B) (S6 Dataset). As seen, at the
equilibrium phase of association, the BLI response for Hsp82 to wt-Ssal interaction was about
2 and 4 fold higher than that of Ssal-D158N and Ssal-T175N, respectively. Overall these
results suggest that T175N and D158N position in Ssal is crucial for Hsp90 interaction.

Table 2. The list of interactions observed in the docked complex of yeast Ssal-Ydj1 J-domain.

Residues in Ssal Residues in Ydj1 Distance (angstrom) Type of interaction
ARG169 ASP36 2.98 Electrostatic
ARG169 ASP36 4.78 Electrostatic
GLN373 ASP36 2.97 Hydrogen Bond
GLN373 ASP36 2.88 Hydrogen Bond
ILE213 ARG27 4.55 Hydrophobic
GLU210 ARG27 2.94 Hydrogen Bond
GLU210 ARG27 2.80 Salt Bridge
GLU210 ARG27 4.37 Electrostatic
GLU210 LYS23 3.83 Salt Bridge
GLU215 LYS23 2.63 Salt Bridge
SER383 LYS37 2.71 Salt Bridge
SER382 LYS37 291 Hydrogen Bond
LEU377 PRO39 4.95 Hydrophobic

https://doi.org/10.1371/journal.pgen.1010442.t1002
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Fig 6. Ssal-T175N and Ssal-D158N show weaker interaction with Hsp90. (A) Equal amount of yeast lysate was
incubated with cobalt metal affinity resin. The bound proteins were eluted with buffer containing 300mM imidazole
and probed with anti-Hisg and anti-Hsp90 antibodies. (B) Hsp70 (wt-Ssal, Ssal-T175N or Ssal-D158N) and Hsp82
interaction was monitored using BLI. Kinetic association and dissociation were monitored using 1.0uM of Hsp70 with
Hsp90 immobilized on biosensor. Green, red, and blue curves show interaction of Ssal-T175N, Ssal-D158N and wt-
Ssal respectively with Hsp90. Error bars represent standard error from 3 different biological replicates.

https://doi.org/10.1371/journal.pgen.1010442.9006

Asn substitution at T175 or D158 in Ssal triggers temperature sensitivity

Since the mutant Ssa Hsp70s interacted poorly with Hsp90s, and as Hsp70 is required for
Hsp90 function, we wondered if disruption of Hsp70-Hsp90 interaction might have an effect on
cell growth under suboptimal conditions requiring increased activity of the chaperones. To
examine the effect of Ssal-D158N and Ssal-T175N on their ability to support essential functions
required for cellular viability, we compared the growth of the A1-D158N and A1-T175N strains
with that of A1 at different temperatures. Cells were grown in liquid YPAD media at 30°C, and
further serially spotted onto solid growth media. The cellular growth was monitored at 16°C,
30°C and 37°C. As evident from S10A Fig, the A1-D158N strain grew similarly to the wt Al
strain at 30°C however, partial growth defect was observed at both 16°C and 37°C. As compared
to Al, the A1-T175 strain showed poor growth at 16°C, and a severe growth defect at 37°C. Fur-
ther, we compared the growth rate of the A1, A1-T175N and A1-D158N strains at 30°C and
37°Cin liquid YPAD media. Similar to as seen above, we found that the A1-T175N strain grew
slowly at 30°C compared to the Al and A1-D158N strains (S10B Fig and S18 Dataset). We did
not observe any growth of the A1-T175N strain at 37°C (S10C Fig and S19 Dataset). Overall,
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these results suggest that cells expressing the Ssal mutants grow poorly at suboptimal tempera-
tures and that Ssal-T175N is unable to support growth at higher temperatures (37°C).

The relatively poor growth of A1-T175N and A1-D158N at suboptimal temperatures could
be due to lack of activation of protective stress responses in these strains. To monitor stress
response, we transformed cells with plasmid encoding HSE-lacZ that expresses -galactosidase
from promoter containing heat shock elements (HSE). Under stress, the heat shock factors
(Hsf1) bind to HSE resulting in transcriptional activation of downstream genes. The transfor-
mants were first grown in selective liquid SD media at 30°C, and further incubated at 37°C for
4 hours to induce heat shock response. An equal number of cells were then used for B-galacto-
sidase assays as described in Materials and Methods. As shown in S10D Fig (S20 Dataset), as
compared to Al, both A1-D158N and A1-T175N showed about a 2 fold higher B-galactosidase
activity indicative of an elevated heat shock response in these strains.

The growth defect observed for A1-D158N and A1-T175N at suboptimal temperatures, as
well as a higher heat shock response, could be be due to an inability of the cellular proteostasis
machinery to support folding of protein substrates involved in essential processes. Therefore,
we monitored reactivation of in-vivo expressed thermolabile firefly luciferase after its denatur-
ation at higher temperature. Luciferase is a widely used substrate of Hsp70. The cells express-
ing firefly luciferase were grown at 30°C until mid-exponential phase and subsequently shifted
to 48°C for 30 minutes. The refolding of the thermally-denatured luciferase was initiated by
recovering cells at 30°C and monitoring, luciferase activity by measuring increase of lumines-
cence after 60 minutes. The luciferase activity post heat shock was compared with that
obtained before heat treatment. Since, Hsp104 is essentially for disaggregation, we used an
hsp104A strain to monitor basal refolding of denatured luciferase. As expected, hsp104A cells
showed only poor luciferase refolding (S10E Fig) (S21 Dataset). The A1 strain showed about
12 fold better luciferase refolding as compared to hsp104A. The luciferase reactivation in
A1-T175N and A1-D158N was found to be about 2 and 6 fold respectively, lower as compared
to that in A1 suggesting that as compared to wt Ssal, both mutants were partially defective in
luciferase refolding in vivo.

Stil is indispensable for optimal growth in cells carrying the A1-T175N
and A1-D158N mutations

Hsp70 interacts with Hsp90 directly through its nucleotide-binding domain and indirectly
through the bridge protein Stil [11,16,17]. Deletion of Stil is known to impair the maturation
of Hsp90 clients such as v-Src (and thus reduce v-Src toxicity), likely by affecting Hsp90 func-
tions or the transfer of clients from Hsp70 to Hsp90. Since our data suggest that D158N and
T175N residues influence Ssal interaction with Hsp90, we wondered whether the observed
reduction of v-Src toxicity in the A1-T175N or A1-D158N strain was due to disruption of
Hsp70-Hsp90 interaction via Stil or the nucleotide-binding domain. To approach these possi-
bilities, we attempted to examine the effect of a Stil deletion in the A1-T175N and A1-D158N
strains on v-Src toxicity. If the reduced toxicity in strains expressing the mutant Hsp70s is due
to disruption of Stil mediated Hsp70-Hsp90 interaction, the lack of Stil in these strains should
not have an additive effect on the cellular growth upon v-Src overexpression.

We thus attempted to delete STII in A1, A1-T175N and A1-D158N as described in Materi-
als and Methods. Interestingly, while STII could be deleted in the A1 strain, a similar knockout
was not possible in A1-T175N and A1-D158N. We further attempted to shuffle a plasmid
encoding Ssal in a strain lacking Stil (SY289) with one encoding either of the Ssa mutations
(pRS315-SSA1, pRS315-SSA1-T175N or pRS315-SSA1-D158N). The strain SY289 expressing
wt Ssa2 from a URA3-containing plasmid was transformed with a LEU2-based plasmid
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encoding wt or mutant Ssal Hsp70s. The transformants were patched onto solid SD media
containing fluoroorotic acid (FOA). The cells were further replicated onto SD media lacking
leucine. As seen in Fig 7A, whereas cells expressing wt Ssal showed normal growth onto solid
SD media containing FOA and lacking leucine, no growth was visible onto FOA for stilA cells
harboring plasmids encoding either Ssal-T175N or Ssal-D158N. These results suggest that the
Ssal mutant alleles, when present as the sole source of Ssa Hsp70, are unable to support cell
growth in the absence of Stil.

To further confirm whether Stil is required for cellular growth of A1-T175N and
A1-D158N or not, we constructed Al, A1-T175N and A1-D158N strains, expressing Stil from
a plasmid-borne gene under the control of a doxycycline-repressible promoter, and lacking
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Fig 7. Stil is indispensable for optimal growth of A1-T175 and A1-D158. (A) A1-T175N and A1-D158N cells
haboring plasmid encoding Ssa2 were patched onto selective SD media with and without FOA. Shown is growth after 5
days of incubation at 30°C. (B)sti1A deletion strains with wt Al and its mutants were transformed with pCM189-STI1.
Growth was monitored onto SD and SD (Dox) plates for 5 days. (C) 5-6 transformants were pooled and grown in
selective liquid SD media. Cells were further sub cultured at 0.02 O.D.¢ppnm in SD or SD (Dox) media at 30°C. (D)
Effect of deletion of various chaperones and co-chaperones on the growth of wt, A1-T175N and A1-D158N. Error bars
represent standard error from 3 different biological replicates.

https://doi.org/10.1371/journal.pgen.1010442.g007
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chromosomally encoded Stil. The cells were grown onto solid SD growth media with and
without doxycycline. As seen in Fig 7B, though all strains grew in the absence of doxycycline,
only those with mutant Ssal failed to grow in the presence of the repressor. Similar results
were observed when cells were grown in the presence and absence of doxycycline-containing
liquid SD media (Fig 7C) (S7 Dataset). We found that in the absence of Stil expression, the
A1-D158N strain grows only partially in liquid growth media, and no increase in growth was
observed for the A1-T175N strain. Collectively, these results show that Stil is required for opti-
mal growth in cells expressing A1-T175N or A1-D158N as a sole source of Ssa Hsp70.

In addition to Stil, Hsp90 requires the assistance of various other co-chaperones. While co-
chaperones such as Stil and Ahal modulates Hsp90 ATPase activity, others such as Cpr7,
Cpr6, Hchl, Tahl, Sbal, and Pih1 modulate conformational transition of Hsp90 during vari-
ous stages of its reaction cycle [9,10,15]. We thus examined whether the observed effect on cell
growth in A1-T175N and A1-D158N is specific for Stil or more general to any of the other
Hsp90 co-chaperones. The gene encoding the desired Hsp90 co-chaperone in Al was replaced
with the gene encoding KanMX4. The knockout strains were transformed with a plasmid
encoding for Ssal-T175N or Ssal-D158N. 3-4 transformants were then pooled and patched
onto solid SD media containing FOA to shuffle out a wt Ssal encoding plasmid. The FOA
plate was then replica-plated onto solid SD media lacking leucine or uracil. As seen in Fig 7D,
wt Ssal supported normal growth in the absence of either of the Hsp90 isoform or any of their
co-chaperones. The cellular growth in cpr7A, stilA and hsp82A was relatively slow as compared
to other knockout strains. As expected, stilA did not support growth in any of the strains
expressing the mutant Ssa Hsp70s. For A1-T175N, cells possessing both Hsp90 isoforms, one
of the Hsp90 isoforms, or deletions of Hsp90 co-chaperones, except stilA grew poorly. The
absence of either of Hsp90 isoforms or any other Hsp90 co-chaperone other than Stil in
A1-D158N had no significant effect on cellular growth. Overall, these results show that the
growth defect observed in A1-T175N and A1-D158N is specific for stiIA and not general for
other Hsp90 co-chaperones.

Structurally, Stil comprises of 3 TPR domains (TPR1, TPR2A and TPR2B), and two aspar-
tate- and proline-rich domains (DP1 and DP2). The TPR domains, TPR1 and TPR2 bridge
Hsp70 and Hsp90 by interacting at EEVD and MEEVD residues present at their C-terminus,
respectively [12]. Though the exact role of the DP1 and DP2 domains is not clear, they have
been shown to promote client activation in vivo. To further elucidate Stil functions in the
A1-T175N and A1-D158N strains, we examined the ability of various Stil derivatives to com-
plement Stil’s role in supporting cell growth in these mutants. S11A Fig shows schematics of
various Stil derivatives that were examined to support cell growth in the absence of Stil in
cells expressing Ssal-T175N or Ssal-D158N as sole Ssa Hsp70. The derivatives either lack the
TPR region required for interaction with Hsp70 or Hsp90, or the linker region that facilitates
conformational changes in Stil. The genes encoding these derivatives were subcloned under
control of the GPD promoter and transformed into A1, A1-T175N or A1-D158N lacking Stil
and harboring a Ura3-containing plasmid encoding Ssa2 (S11A Fig). A pool of 5-6 transfor-
mants was patched onto solid media with and without FOA to examine the growth of cells
without wt Ssa2. As shown in S11B Fig, A1 cells expressing wt Stil or any of its derivatives
showed optimal growth onto solid media containing FOA. When complemented with wt Stil,
A1-T175N and A1-D158N grew similar onto media with and without FOA. When comple-
mented with a Stil-derivative lacking linker region, the A1-T175N and A1-D158N displayed
relatively slow growth on growth media with FOA. Other Stil derivatives expressing only DP2
or TPR2B or TPR2A-TPR2B-DP2 could not complement Stil function in supporting growth
in cells expressing mutant Ssal as sole Ssa Hsp70. Similarly, Stil derivatives lacking region
DP2 or TPR2B-DP2 did not support growth in stiIA A1-T175N and A1-D158N strains. These
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results suggest that full-length Stil is important to support optimal cells growth, and that the
function of the linker region is not crucial for the growth phenotype observed in cells express-
ing either of mutant Ssals as a sole source of Ssa Hsp70 (S11B Fig).

Stil is required for the maintenance of proteastasis in the A1-T175N strain

The strain expressing Hsp70 mutant Ssal-T175N shows increased aggregation of v-Src and an
elevated heat shock response, suggesting perturbations in proteostasis. We thus carried out a
proteome-wide analysis to examine the fate of cellular proteins in the A1-T175N strain. Fig 8A
describes the schematics of the TMT-based mass spectrometry study utilized to explore the
proteome. The changes in the abundance of proteins in the soluble fraction of cellular lysates
were examined upon repression of Stil expression post 10h (S12A and S12B Fig) (S22 Dataset)
and compared with that before repression (Oh). The mass spectrometry study showed not
many changes in solubility of most of the proteins in A1 strain (Fig 8B and S2 Excel sheet).
The mass spectrometry identified 3166 proteins in the supernatant fraction of which 2691
were used for further analysis as the rest of the proteins showed significantly lower abundance.
Proteins which showed >2 fold difference in abundance (10h versus Oh fraction) were consid-
ered to be significantly altered. Based on this criteria, we observed lower abundance of a major
fraction (3.7%) of proteins in the soluble fractions upon Stil repression. Among them, a
majority was found to be kinases and transcription factors indicating altered Hsp90 activity
(Fig 8C and S1 Excel sheet). GO term analysis showed that pathways involved in signalling,
signal transduction, and protein phosphorylation are markedly downregulated in the
Ssal-T175N background upon repression of Stil, which is as expected from a compromised
Hsp90 activity (Fig 8D). Many of the kinases, such as Ypkl, Slt2, Yck2, and Cdc28 involved in
Ser/Thr phosphorylation and cell cycle control were found to be decreased upon Stil repres-
sion in the A1-T175N mutant strain [37-42]. Repression of Stil in A1-T175N also reduced the
abundance of various transcription factors, such as Taf2, Taf9, Brfl, and DNA Polymerase sub-
units such as Pol12 & Pol31 as well as various ribosomal proteins such Rpl24A, Rpl24B,
Rpl23A, Rpl38 and Rps1B [43-46]. We also found a reduced abundance of Cog6 (49.1%),
Vpsd5 (49%), Vpsl (48.7%), Sftl (41.5%) and Erv25 (48.9%) in the soluble fraction which are
critical component for vesicular trafficking. The decreased abundance of Conserved Oligo-
meric Golgi (Cog6) may result in defect in ER to golgi trafficking, vesicular tethering and
IPOD formation [47,48]. Vps45 is essential for vacuolar protein sorting and its lower abun-
dance results in a defect in vesicular trafficking to endocytic pathways and reduced iron uptake
in vacuoles [49]. Similarly, depletion of Erv25 results in an increase of the unfolded protein
response (UPR) [50]. We found serine/threonine kinases (S/T kinase), such as Pkcl involved
in the maintenance of cell wall integrity, to be significantly depleted in the soluble fraction.
Similarly, the inactivation of kinases Hrk1 and Mck1 is known to result in loss of ion homeo-
stasis by lower activation of Pmal on cellular membrane [51,52]. Cdc28, Cakl and Cdc48 that
are known to regulate cell cycle were also found to be down-regulated upon Stil repression in
A1-T175N strain. Their inactivation is known to result in failure of both meiosis and mitosis
and leads to cell cycle arrest. Cdc48 is also involved in retrograde transport of proteins, ERAD
and membrane fusion [53,54]. Depletion or mutation in Cdc48 leads to ER stress and also
increased cell death due to apoptosis [55]. We further analysed the modulation of Hsp90 inter-
actors and found that about 35% of those interactors were downregulated. Similar analysis
with proteins involved in different biological functions showed that various kinases (~13%)
and Hsp90 clients (~14%), were also downregulated suggesting that Hsp90 functions are com-
promised in A1-T175N (Fig 8G and Table 3 and S9 Dataset). Overall the proteome-wide anal-
ysis showed that depletion of Stil in cells expressing Ssal-T175N leads to large scale alterations
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Fig 8. Stil is required for maintenance of Hsp90 clients in A1-T175N strain. (A) Schematics representing the
experimental design. Cells were harvested post 10 hours of Stil repression. Cells (at Oh and 10h) were lysed and
fractionated into supernatant and pellet fractions. Supernatant was used for mass spectrometry based proteomic
analysis. (B) Volcano plot showing the log, fold of proteins upon Stil repression in A1 strain (C) Volcano plot
showing the log, fold of proteins upon Stil repression in A1-T175N strain. 98 proteins were downregulated upon Stil
repression (green dot). Only one protein was found to be upregulated by more than 2 fold (red dot). Significant cut-off
was set for >2 fold and p<0.01 (N = 3, p<0.01). (D) GO term analysis shows the enriched proteins involved in various
biological processes. Red dotted line shows p<0.05. (E) Western blot showing the Hogl abundance upon Stil
repression (N = 3). (F) Quantification of Hog1 in supernatant and pellet fractions. Percentage fractions of Hogl in
supernatant and pellet were estimated with respect to total (100% = supernatant+pellet) Hogl protein in Al and
A1-T175N strain. (G) Significantly downregulated proteins in different biological processes and Hsp90 physical
interactors. Error bars represent standard error from 3 different biological replicates.

https://doi.org/10.1371/journal.pgen.1010442.9008

in the proteome which could be due to altered effect on Hsp90 activity upon mutations in
Ssal-T175N. We had also checked the solubility in A1 upon Stil repression. We plotted vol-
cano plot. We could only observe 2 proteins which were significantly downregulated upon Stil
repression (Fig 8B and S2 Excel sheet). A previous study [18] have shown the enrichment of
stress response and protein folding/refolding processes upon Hop/STI1P knockout in cell
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Table 3. List of downregulated Hsp90 interactors.

Protein

Functions

TAF2
TAF9
ADRI1
BRF1

Transcription Factor

Med1
Hogl
Fpr3
Adr1
Dcsl
Sap30
PIH1
CDC28

Transriptional regulation

SUP35
RPS1B
RPL24B
RPL23A
RPL38
RPL24A

Translation

NRK1
Pkcl
Ypkl
Hogl

HRK1
SLT2
YCK2

KKQ8

MCK1

CDC28
SFT1

CAK1

FUS3

Protein Kinases

COG6
TDH1
ROD1
PKC1
ADRI1
YPK1
HOG1
SLT2
YCK2
VPH1
URA2
MCK1
CDC28
FUS3

Hsp90 clients

(Continued)
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Table 3. (Continued)

Protein Functions

FET3 Hsp90 physical interactors
GUT2
FIS1
YPR127W
TDH1
ERV25
PSE1
SUP35
VPS1
MDH2
PET10
AYR1
FPR3
CTT1
YOP1
RTN2
ADRI1
DCS1
HOGI
SLT2
IML2
PST2
PST1
YET3
VPH1
PIH1
URA2
FMP16
RPL38
DPP1
SDS24
RPL24A
MCK1
PUT1
POR1
STI1

https://doi.org/10.1371/journal.pgen.1010442.t003

lines. We could not observe such changes in our experimental set up due to differences in sup-
pression of Stil. Nevertheless, this indicates the specificity of decrease in solubilty is related to
Ssal-T175N mutant only.

To further examine the altered solubility of Hsp90 clients, we examined the abundance of
one of the Hsp90 substrates, Hogl (Mitogen-activated protein kinase) in both cellular lysate
supernatant and pellet [56]. The protein level was monitored before and after Stil repression
post 10h. As seen, the decrease of Hog1 levels in the soluble fraction and increase in the pellet
fraction after Stil repression was relatively more in A1-T175N compared to Al (Fig 8E and
8F) (S8 Dataset). Overall, these results suggest an important aspect of Hsp70-Hsp90 direct
interactions, mediated by the nucleotide-binding domain, in promoting solubility of the
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proteome including diverse pathways such as transcription, translation, organellar specific
protein sorting, cell cycle control, stress responses and protein degradation.

Ydj1 assists Ssal-T175N and Ssal-D158N better than wt Ssal in luciferase
refolding activity

The Hsp40 Ydj1 assists Hsp70 function by stimulating ATPase activity as well as substrate trans-
fer [22,57]. The above pull-down and BLI studies show that Ydj1 interaction with Ssal mutant
proteins is relatively stronger than with wt Ssal. We thus examined whether this increased affin-
ity of Ydj1 with Ssal mutants also affected their protein refolding activity. The unfolded heat-
denatured luciferase is an obligate Hsp70 substrate for its refolding. The refolding of luciferase
is further enhanced when Hsp90 is co-incubated with Hsp70s in a refolding buffer [58].

The luciferase was denatured upon incubation at 45°C for 7 min, and the refolding was ini-
tiated by incubating denatured luciferase with Ssal, Ssal-T175N or Ssal-D158N in the pres-
ence of Ydj1 at 25°C for different time intervals. As seen in Fig 9C(S12 Dataset), Ydj1 alone is
unable to refold heat-denatured luciferase. As seen by an increase in luminescence, the fraction
of refolded luciferase increased when Ssal, Ssal-T175N or Ssal-D158N was added into a
refolding buffer containing Ydj1. The refolding increased in a time-dependent manner and
nearly saturated at about 30 min. At all incubation times, the increase in luminescence was rel-
atively more pronounced with Ssal-T175N or Ssal-D158N than with wt-Ssal. After 30 min of
incubation, luciferase refolding was about 60-fold in the reaction containing Ssal-T175N:Ydj1
or Ssal-D158N:Ydj1 while it was only 30-fold with Ssal:Ydjl. Overall, the data suggest that in
the presence of Ydj1, Ssal-T175N or Ssal-D158N are more efficient than Ssal in refolding
luciferase in vitro. We further examined the effect of Ydj1 on Ssal and its mutant’s ATPase
activity. As seen in Fig 9D (S13 Dataset), in the presence of Ydj1, ATPase activities of Ssal,
Ssal-T175N and Ssal-D158N were similar.

We further examined how Hsp90 cooperated with Ssal mutant proteins in the refolding of
denatured luciferase. The Hsp82 isoform of Hsp90 was added to the refolding reaction contain-
ing either wt Ssal or its mutants, Ydj1, and Stil as bridge protein between Hsp70 and Hsp90.

As expected, the presence of Hsp90 further enhanced luciferase refolding (Fig 9A and 9B)
(S10 and S11 Datasets). After 30 min of incubation in the refolding buffer, luciferase refolding
was about 80-fold in the reaction containing Ydj1:Stil:Hsp82 with wt Ssal as compared to 60
and 80-fold with Ssal-T175N and Ssal-D158N, respectively. The fold increase in luciferase
refolding upon addition of Hsp90 and Stil in a reaction containing Ydjl:Ssal(wt or mutant) is
4,2 and 2 for wt Ssal, Ssal-T175N and Ssal-D158N respectively as compared to reaction con-
taining Ydj1 and different variants of Hsp70 only, suggesting that Hsp90 mediated increase in
the substrate refolding is lower with Ssal mutants than with wt Ssal (Figs 9A and 9B and S13)
(S10, S11, S23 and S24 Datasets).

T175N or D158N mutation in Ssa4, interacts poorly with Ydj1, supports
cells growth even in the absence of Stil

Above data shows that the identified Ssal mutant proteins interact relatively strongly with
Ydj1, interact poorly with Hsp90, and does not support growth in the absence of Stil. Our pre-
vious study shows that one of the Ssa Hsp70 isoforms, Ssa4 interacts poorly with Ydj1 [26]. In
order to examine whether Ssal-Ydjl interaction regulates viability of sti1A cells, we con-
structed the homologous mutations in the remaining three Ssa Hsp70 isoforms, including Ssa4
and monitored their ability to support cellular survival in the absence of Stil.

Ssa2/3/4 were mutated at the position homologous to T175 and D158 in Ssal with Asn.
The wt and designed alleles (Ssa2/3/4-T175N and Ssa2/3/4-D158N) were expressed from
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Fig 9. The fold increase in luciferase activity by Hsp90 is lower with Ssal-T175N and Ssal-D158N as compared
with wt Ssal: (A) Luciferase (80nM) was denatured in the presence of ImM ATP at 45°C for 10 min. The denatured
luciferase (40nM) was incubated in presence of 0.5uM Hsp70 (Ssal, Ssal-T175N or Ssal-D158N) and 0.3uM Ydj1. The
reaction was incubated at 25°C, and refolding was initiated by the addition of ImM ATP. (B) Ydj1 mediated stimulation
of ATPase activity of Ssal-T175N and Ssal-T158N with respect to that of wt-Ssal. (C, D) The denatured luciferase
(40nM) was incubated in the presence of 0.3uM Ydj1, 0.5uM Hsp70 (Ssal, Ssal-T175N or Ssal-D158N), 2.5uM Stil and
0.9uM Hsp82, and the refolding was monitored as described above. Error bars represent standard error from 3 different
biological replicates.

https://doi.org/10.1371/journal.pgen.1010442.g009

the same Ssa2 promoter as used for Ssal. The wt strain or that lacking Stil harboring a
URA3-containing plasmid encoding wt Ssa2 as the sole source of Ssa Hsp70 was trans-
formed with LEU2-containing plasmid encoding wt or the designed mutant Ssa Hsp70 iso-
forms. 3—4 transformants were pooled and patched onto FOA containing growth media for
counter-selecting the Ssa2-encoding plasmid. As seen, cells expressing wt Ssa Hsp70 iso-
forms showed optimal growth onto FOA in the presence and absence of Stil. Though ST11
cells expressing T175N or D158N mutant allele of Ssal, Ssa2 or Ssa4 grew well, those carry-
ing Ssa3-T175N/Ssa3-D158N showed significant growth defects (Fig 10A). As expected,
cells expressing Ssal mutants did not show any growth in the absence of Stil. Similarly,
stilA cells expressing Ssa2-T175N and Ssa3-T175N did not grow, while relatively poor
growth was observed with Ssa2-D158N and Ssa3-D158N. Interestingly, similar to cells
expressing wt Ssa4, those expressing Ssa4 alleles, Ssa4-T175N and Ssa4-D158N, grew well
even in the absence of Stil (Fig 10A).

We further monitored the interaction of A1, A2, A3 and A4 isoforms of Hsp70 with Ydj1
using biolayer interferometry. As evident in Fig 10B (S14 Dataset), different Ssa Hsp70 iso-
forms showed varied level of affinities with Ydj1; Ssal has the highest, while Ssa2 and Ssa3,
both showed similar affinity, followed by Ssa4 which had the least binding affinity to Ydjl.
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Fig 10. Ssa4-T175N and Ssa4-D158N support cellular growth in absence of Stil. (A) Strains expressing A1, A2, A3
or A4 (or their respective T175N and D158N mutants) in wt and sti1A background were patched onto FOA plates.

Shown here is growth after 8 days of incubation at 30°C. (B) Hsp70 (Ssal, Ssa2, Ssa3 and Ssa4) and Ydj1 interaction
was monitored using BLI. Black, Red, Green and Blue represent Ssal, Ssa2, Ssa3 and Ssa4 respectively.

https://doi.org/10.1371/journal.pgen.1010442.9010

Opverall, the results show that Ssa Hsp70 isoforms, though highly homologous, function dif-
ferently in the Hsp90 chaperoning pathway, and that the functional distinction is, in part, reg-
ulated by their interaction with Ydj1.

Discussion

Hsp70 and Hsp90 together form a multi-chaperone machinery. The formation and function-
ing of this dynamic complex are regulated by various co-chaperones. The two chaperones are
bridged by Stil that also modulates their ATPase activity, and promotes transition among vari-
ous conformations formed during the reaction cycle [12]. Similarly, Ydj1 modulates the open-
ing and closing of the Hsp70 substrate-binding pocket for client proteins to adopt a form for
subsequent processing by Hsp90. The Ydj1 and Hsp90 have been recently shown to compete
for the same region on Hsp70 however, the significance of such dynamics is not clear [59]. In
the present study, using yeast that express Ssal in the absence of other Ssa Hsp70s, we show
that a delicate balance exists between the interaction of Hsp70 with Ydj1 versus Hsp90 and any
perturbations from such dynamic equilibrium adversely affects Hsp90 function and thus its
role in the maintenance of proteastasis.

Hsp70 consists of three functional domains; N-terminal ATPase binding domain, sub-
strate-binding domain and a C-terminal lid. Our mutagenesis study on Ssal discovered muta-
tions in the Hsp70 region that inhibited maturation of Hsp90 client proteins v-Src and Stell.
The loss of client maturation suggests Hsp70/Hsp90 network is functionally impaired by the
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amino acid substitution in the Hsp70 isoform. The two potent Ssal alleles unable to support
the client maturation had amino acid substitution in the same nucleotide-binding domain.
The identified amino acids critical for Hsp90 function were also found to be conserved across
species such as in E.coli DnaK and constitutive Hsp70 isoform (HspA8) in humans (Table 1).
Interestingly, among the isolated mutants affecting Hsp90 function, no substitution was
observed in the substrate-binding domain of Ssal. At the C-terminal domain, no single amino
acid substitution was observed however, in agreement with role of Stil, a Ssal allele lacking
the entire 39 amino acid stretch including Stil interaction motif (EEVD) was isolated. Overall
these findings suggest that in addition to the well-studied role of the C-terminus of Hsp70
(through Stil), the Hsp90 function is sensitive to changes in N-terminal domain of Hsp70s.

The reduced client maturation in cells expressing the Ssal mutants could be either due to a
defect of Hps70 activity or a downstream effect on Hsp90 action. Several lines of evidence sug-
gest that it’s the loss of Hsp90 action that affects client folding in the presence of these Ssal
mutants as source of Ssa Hsp70. First, all identified mutations show poor affinity with Hsp90.
Second, the luciferase refolding with the Ssal mutant is higher as compared to wt Ssal suggest-
ing that Ssal refolding activity is not altered due to mutations. Third, the fold increase in lucif-
erase refolding by Hsp90 is lower in presence of the mutant Hsp70s than the wt isoform. Thus
collectively, these observations suggest that Hsp90 is relatively less efficient with mutant Ssal
Hsp70s indicating a potential role of the Hsp70 subregion encompassing these mutations in
Hsp90 functions.

The loss of v-Src maturation leads to its aggregation and subsequent degradation [60]. The
reduced phosphorylation of cellular proteins in A1-T175N and A1-D158N expressing v-Src
suggests that the kinase activity is adversely affected in these strains. In agreement with lower
kinase activity, v-Src was primarily found in the pellet fraction of cellular lysate indicating that
the kinase is not natively folded. Interestingly there is no enhanced degradation of the mis-
folded client in strains expressing Ssal mutants which resulted in accumulation of intracellular
v-Src aggregates, as observed in cell-pellet fraction. Why misfolded v-Src or also other kinase
Stel1AN is not degraded remains to be studied however it could be due to altered interaction
of the mutant Hsp70s/Hsp90s with its co-chaperones required for their degradation. Indeed,
the mutant Hsp70s binds with relatively higher affinities with Ydj1, which in turn could affect
their interaction with other co-chaperones such as Ssel and Fesl, known to facilitate Hsp70
degradation activity [61,62].

Hsp40s not only stimulate Hsp70 activity but also regulates its functional specificity [63].
The pull-down with Hise-Ydj1 as bait protein shows that the Ydj1 binds with higher affinity to
mutant Ssals than with wt Ssal. Also, as compared to wt Ssal, the Ssal-T175N and
Ssal-D158N are 1.5 to 2 fold more active in refolding denatured luciferase indicating that
increased affinity of Ydj1 with the mutant Hsp70s further enhances their substrate refolding
activity. The luciferase refolding efficiency was further increased upon addition of Hsp90 how-
ever, interestingly, the enhancement was found to be higher in reaction containing wt Ssal
than the mutants suggesting that the mutants cooperate relatively poorly with Hsp90 in sub-
strate refolding. The in vitro results are also in agreement with in vivo findings showing lower
client maturation in cells expressing the Hsp70 mutants than wt Ssal as a sole source of Ssa
Hsp70. As the C-terminal domain of wt and the mutant Ssal Hsp70s is identical, the data sug-
gest that the ability of Hsp90 in substrate refolding is not only dependent upon its interaction
through Hsp70-C terminus but also on its interaction with the nucleotide-binding domain of
Hsp70.

The Hsp90 interacts with nucleotide-binding as well as C-terminal domains of Hsp70s. The
in vitro BLI analysis confirms that the direct Hsp70/Hsp90 interaction is weaker with Ssal
mutants. The in vivo pull-down analysis for Ssal interacting partners showed a lower
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abundance of the Hsp70/Hsp90 complex in A1-T175N and A1-D158N strains, even though
Stil is expressed in the cells. The data indicate that Hsp90 binding to the nucleotide-binding
domain of Hsp70 might regulate downstream interaction of Hsp90-Stil with C-terminal
domain of Hsp70. Since Ssal mutants interact with higher affinity to Ydj1, it is likely that the
co-chaperone interaction at NBD leads to conformational changes in Hsp70 affecting its inter-
action with the bridge protein Stil. This is in agreement with previous findings that the co-
chaperone interaction at the nucleotide binding domain of Hsp70 affects conformational
changes in the substrate binding and the C-terminal domain of the protein [64]. The increased
affinity of Ydj1 with the mutant Ssa Hsp70s would make it less likely to be free for further
interaction with the Stil-Hsp90 resulting in a reduced level of the ternary complex. The rela-
tively lower increase in luciferase refolding upon addition of Stil-Hsp90 to refolding reaction
containing mutant Ssal is likely to be related to weak interaction of the mutant Ssa Hsp70 with
wt Hsp90. Overall, these results suggest that the nucleotide-binding domain of the Hsp70 regu-
lates its C-terminal mediated interaction with Stil-Hsp90.

The pull-down assay with Ydj1 as a bait protein showed that it binds with similar affinity to
Hsp90 in strains expressing Ssal-T175N or Ssal-D158N. This interaction of Ydj1 with Hsp90
is more likely to be a direct interaction rather than through Hsp70 as Ydj1 binds with different
affinities to mutant Ssal Hsp70 though interaction with Hsp90 is similar in strain expressing
different Ssal mutants. As Ydjl interaction with Hsp90 remains similar in cells expressing wt
or the mutant Hsp70, the Ydj1-Hsp90 direct collaboration is less likely to be the basis of either
reduced v-Src maturation or lower Hsp70-Hsp90 complex formation in A1-T175N or
A1-D158N strain.

The Stil and not other Hsp90 co-chaperones, was found to be essential for cellular growth
in strain expressing Ssal-T175N or Ssal-D158N as sole Ssa Hsp70, suggesting that it’s primar-
ily the client transfer activity from the Hsp70 to Hsp90 that is impaired in these strains. The
growth defect was more pronounced at a higher temperature even in the presence of Stil.
Since at higher temperature proteins are more prone to misfold and aggregate, the cellular
demand for a functional Hsp70 and Hsp90 chaperones would increase with an increase in
temperature. The reduced cellular growth of A1-T175N and A1-D158N could be due to the
compromised Hsp70 activity. Alternatively, as the Hsp70 mutations lie in an interacting region
of Hsp90 [16,59], it’s possible that in these strains Hsp90 activity is compromised in a manner
that is not compensated by the interaction of Hsp70-Hsp90 by Stil. This suggests non-redun-
dant roles of Hsp70-Hps90 interaction through the region surrounding amino acids T175/
D158 versus bridge protein Stil. The Ydj1 is synthetically lethal with Stil as the ydjlAstilA
remains inviable [65]. It is interesting to note that Ydj1 interacts better with Ssal mutants
(Ssal-T175N and Ssal-D158N) and also promote their ability to refold denatured luciferase
suggesting that the growth defect upon Stil deletion in these mutants is not due to depletion of
Ydj1 function.

Among the various Stil derivatives that were examined, none except that lacking linker
region could complement Stil function in supporting cellular growth in A1-T175N and
A1-D158N suggesting that the linker region is not essential for such Stil function. Interest-
ingly, Stil derivative lacking only DP2 region also did not support growth suggesting an
important role of the domain in client protein maturation. This is in agreement with a previ-
ous study suggesting the essential role of DP2 in client activation, possibly by either direct
binding to substrates or facilitating their conformational changes required for client transfer
to Hsp90 [12]. DP2 alone also could not complement the Stil function. Further, as construct
lacking DP2 contains all Stil region important for Hsp70 and Hsp90 interaction yet not able
to complement Stil function suggest that the bridging the two chaperones alone is not suffi-
cient for Hsp90 chaperoning activity in A1-T175N and A1-D158N strains. In summary, since
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Stil does not have a client folding activity of its own, and yet is required to support growth in
A1-T175N and A1-D158N suggests that the client transfer activity from Hsp70 to Hsp90 gets
adversely affected in cells expressing Ssal-T175N or Ssal-D158N as sole Ssa Hsp70.

The modeled structure of the complex of nucleotide-binding domain of Ssal with the J-
domain of Ydj1 shows that the identified mutation is in the interacting region of the two pro-
teins. Indeed, our pull-down study with Hiss-Ydj1 as bait protein as well as BLI study show
that the Ssal mutants bind with higher affinity to Ydj1. Further, T175 and D158 lie in the
Hsp70 region that interacts with Hsp90 [16,59]. The identified T175N mutation is homologous
to the mutation found in DnaK that affects its binding with Hsp90. Overall, these findings sug-
gest that the identified Ssal mutations are at a region that interacts with both Ydj1 and Hsp90.
As the Ssal mutants bind with lower affinity to Hsp90, it’s possible that under in vivo condi-
tions, both Hsp90 and Ydj1 compete for the same region in Ssal, and Ydj1 having relatively
higher affinity to the mutant Hsp70s competes out Hsp90. Further decrease in Hsp90 binding
to Hsp70 in A1-T175/D158 lacking Stil might result in complete disruption of formation of
Hsp70-Hsp90 complex resulting in the cellular lethality (Fig 11). This is in agreement with the
data showing that mutation homologous to Ssal-T175N or Ssal-D158N in Ssa4, can support
cellular viability in the absence of Stil. As Ydj1 interacts with a lower affinity with Ssa4 than
Ssal, it might not be able to compete out Hsp90 for its binding with Ssa4 mutants [26]. The
current study show the effect of identified mutation on Hsp90 substrates v-Src, Stell and
Hogl, and similar effect on other substrates remains to be seen.

The reduced growth defect in stilA cells with D158N as compared to T175N mutant of
Ssa2/3 could be related to their difference in the binding affinity to Ydj1. Indeed the binding
affinity of Ssal-T175N is relatively higher than Ssal-D158N with Ydj1. The growth defect of
T175N was found to be more pronounced with Ssa3, as cells expressing Ssa3-T175N grew
much poorly even in the presence of Stil. The results further supports previous findings that
though highly homologous, the different Ssa Hsp70 chaperones function distinctly in Hsp90
chaperone pathway [26]. Overall these results show that Ydj1 affinity to Ssa Hsp70s plays a
critical role in formation of Hsp70-Hsp90 complex and thus Hsp70 role in Hsp90 chaperoning
pathway. The role of other Hsp40s that interact to a similar region of Hsp70, in the Hsp90
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chaperoning function remains to be determined. Also, the current study is carried out with
strains expressing desired Ssa Hsp70 in the absence of other three isoforms, and thus how the
presence of different Hsp70 isoforms affect interactions and thus coordination with their co-
chaperones in wt strain need to be further explored.

Recent studies show the significance of postranslational modifications of chaperones in
their cellular functions, also known as chaperone code [66]. Interestingly, T175 in Ssal is
known to be phosphorylated, and D158 has proximity to sites on Ssal that undergo modifica-
tions [67]. Thus its possible that alteration of these modifications by substitution of residues at
158 and 175 to asn affects the chaperone function resulting in loss of Hsp90 client maturation
as well as growth defect upon deletion of Stil.

Both Hsp70s and Hsp90s play crucial role in the maintenance of a wide range of cellular
proteins. Thus cellular health is quite susceptible to changes in either Hsp70 or Hsp90 activity.
In prokaryotes, that lack bridge protein Stil, the sole mode of Hsp70-Hsp90 interaction is
through the nucleotide-binding domain of Hsp70. Though the Hsp90 interaction with Hsp70
nucleotide-binding domain remains conserved in eukaryotes, they evolved an additional
mode of interaction through bridge protein Stil. We show that the Hsp90 interaction at the
NBD of Hsp70 has a dominant effect on its interaction with the C-terminal domain of Hsp70
through Stil. The bimodal interaction of Hsp90 with Hsp70 provides an additional regulation
in determining the functional specificities within highly homologous Hsp70s beneficial for
better fitness of cells under stressful conditions. It is possible that under optimal conditions
with lower load of misfolded proteins, the requirement of Hsp90s is low. Under these condi-
tions, more of Ydj1 is involved in Hsp70 activation required for many diverse cellular func-
tions. Under stress conditions, the Ydj1 might get sequestered with a much larger fraction of
misfolded proteins, resulting in higher interaction of Hsp90 with NBD domain of Hsp70 and
thus increased abundance of Hsp70-Hsp90 complex required for maintenance of protein
homeostasis.

Materials and methods
Strains and plasmids

The strains and plasmids used in this study are described in Tables 4 and 5.

Strain SY135 (A1) has pRS315-SSA1 as sole source of Ssa Hsp70 isoform. The gene encod-
ing Stil, Hsp82, Hsc82, Cpr6, Cpr7, Sbal, Ahal, Hchl, Tahl and Pih1 was knocked out using
standard homologous-based recombination approach.

For protein purification, the gene encoding Ssal was PCR amplified, digested with BamH]I
and Xhol, and subcloned into plasmid pRS416-Pgpp-Hisg digested with same enzymes to gen-
erate pRS416-Pgpp-HisgSSAL. The plasmid encode from 5’ to 3’ direction Hiss-tag, TEV pro-
tease site and gene encoding Ssal. Similarly, Ssal-T175N and Ssal-D158N were subcloned to
generate plasmids pRS416-Pgpp- HisgSSA1-T175N and pRS416-Pgpp- HisgSSA1-D158N
respectively.

PCR amplified Hiss-STI1 was cloned in pCM189 vector at BamH1 and Xmal Sites. ST11
under native promoter and terminator was cloned in pRS327 vector using Pst1 and HindIII
restriction sites. All constructs were further confirmed by DNA sequencing.

Random mutagenesis

pRS315-SSA1 was mutagenized using Forsburg hydroxylamine mutagenesis—based method
[68]. The mutagenesis buffer is composed of 0.35 g hydroxylamine hydrochloride, 450 uL of 5
M NaOH, 4.55 mL of ice-cold sterile MQ water, pH 6.7. 10 pg of pRS315-SSA1 was incubated
in 500 pl of mutagenesis buffer for 48 hours. The mutant library thus obtained was purified
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Table 4. Srains used in the present study.

Strain | Genotype Reference
SY187 | MATa, kar 1-1,Ppa;5:ADE2, his3A202, leu2Al, trpl1A63, ura3-52

[

SY135 | MATa,Ppa;s5:ADE2, ssal:Kan, ssa2::HIS3, ssa3:TRP1, ssa4::ura3-2f/pRS315Psss»-SSA1 [78]

SY136 | MATa, Ppars:ADE2, ssal::Kan, ssa2::HIS3, ssa3::TRP1, ssa4:: ura3-2f/pRS315Pss4,-SSA2 [78]

SY143 | MATa, Ppars::ADE2, ssal::Kan, ssa2::HIS3, ssa3:TRPI, ssa4:: ura3-2f/pRS315Pssp,-SSA3 [78]

SY211 | MATa, Ppars::ADE2, ssal::Kan, ssa2::HIS3, ssa3:TRPI, ssa4:: ura3-2f/pRS315Pssp,-SSA4 [78]

DD179 | MATa, Ppars:ADE2, ssal::Kan, ssa2::HIS3, ssa3:TRPI, ssa4:: ura3-2f/pRS315Pss4,- This
SSAI-A371T D577N study

DD180 | MATa, Ppars:ADE2, ssal::Kan, ssa2::HIS3, ssa3:TRPI, ssa4:: ura3-2f/pRS315Pss»-SSAI- This
A604-642 study

DD201 | MATa,Ppays:ADE2, ssal::Kan, ssa2::HIS3, ssa3::TRP1, ssa4::ura3-2f/pRS315Pss4,-SSAI- This
T175N study

DD202 | MATa,Ppars:ADE2, ssal::Kan, ssa2::HIS3, ssa3::TRP1, ssa4::ura3-2f/pRS315Psss>-SSAI- This
A464V study

DD203 | MATa,Ppars:ADE2, ssal::Kan, ssa2::HIS3, ssa3::TRP1, ssa4::ura3-2f/pRS315Pgssa,-SSA1- This
DI58N study

DD204 | MATa,Ppa;s:ADE2, ssal::Kan, ssa2::HIS3, ssa3::TRP1, ssa4::ura3-2f/pRS315Pss4,-SSAI- This
A275V study

DD205 | MATa, Ppars::ADE2, ssal:Kan, ssa2::HIS3, ssa3::TRPI, ssa4:: ura3-2f/pRS416Pgpp-HissSSA1 This
study

DD206 | MATa, Ppars:ADE2, ssal::Kan, ssa2::HIS3, ssa3::TRP1, ssa4:: ura3-2f/pRS416Pcpp- This
HissSSA1-T175N study

DD207 | MATa, Ppar5::ADE2, ssal::Kan, ssa2::HIS3, ssa3:TRPI, ssa4:: ura3-2f/pRS416Pgpp- This
HisgSSAI-D158N study

SY289 | MATa, Ppars::ADE2, ssal::NAT, ssa2:HIS3, ssa3:TRP1, ssa4:: ura3-2f, stil::KanMX/ This
PRS316Pss4,-SSA2 study

DD502 | MATa, Ppars:ADE2, ssal::NAT, ssa2::HIS3, ssa3::TRP1, ssa4:: ura3-2f, stil::KanMX/ This
PRS315Pgs,-SSA1/pRS327-STII study

NK402 | MATa, Ppars:ADE2, ssal::NAT, ssa2::HIS3, ssa3::TRP1, ssa4:: ura3-2f, stil:KanMX/ This
PRS315Pgs,-SSA1/pCM189-Hiss-STI1 study

https://doi.org/10.1371/journal.pgen.1010442.1004

using GeneJET PCR purification kit (ThermoFisher, catalog number 0702) and used for fur-
ther transformation in S. cerevisiae.

Media and growth conditions

Media composition is similar to as described before [69].

For induction by galactose driven promoter, cells were grown in liquid SRaff growth media
until 1 O.D.ggonm. The cells were collected by centrifugation, washed with sterile water and fur-
ther subcultured at 0.5 O.D.gpgnm, for 6 hours in SGal media. The cell cultures were grown at
30°C unless otherwise mentioned.

Immunoblot analysis

Cells grown in liquid media were harvested by centrifugation, and lysed using glass beads. The
lysis was carried out using bead ruptor (OMINI BEAD RUPTOR 24) at 3000 rpm for 30 sec-
onds. The lysate was further fractionated into supernatant and pellet. 10-20 pg of total protein
was separated onto 10% SDS-PAGE and transferred onto PVDF membranes. The primary
antibodies used in the study are as follows: anti-FLAG antibody (F3165 Sigma), anti-Phospho-
tyrosine (05-321 Millipore), anti-Hsc82 (ab30920 Abcam), anti-Ydjl (SAB5200007 Sigma),
anti-Hisg antibodies (Pierce, USA-MA1-21315), anti-Hsp70 (ADI-SPA-822-F Enzo Life-
sciences), and anti-Pgkl (catalog number 459250 Invitrogen). Secondary antibodies used in
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Table 5. Plasmids used in the present study.

Plasmid Marker Reference
PRS316P;a1,-FLAG-vSrc URA3 [26]

PRS316Pgar,-Hiss-STE11AN URA3 This study
pRS412P;41,-STE11AN ADE2 This study
PRE-lacZ URA3 [32]

PpRS315Pss4,-SSAL LEU2 [78]

PRS315Pssa,-SSA2 LEU2 [78]

PRS315Pss,-SSA3 LEU2 [78]

PRS315Pgs4,-SSA4 LEU2 [78]

PRS315Pgs,-SSA1-T175N LEU2 This study
PRS315Pss4,-SSA1-D158N LEU2 This study
PRS315Pss42-SSA1-A6604-642 LEU2 This study
PRS315Pgs,-SSA1-A464V LEU2 This study
PRS315Pgs4,-SSA1-A371T D577N LEU2 This study
PRS315Pgs5,-SSA1-A275V LEU2 This study
PRS315Pgs,-SSA2-T175N LEU2 This study
PRS315Pgs4,-SSA2-D158N LEU2 This study
pRS315Pssa,-SSA3-T175N LEU2 This study
pRS315Pssa,-SSA3-D158N LEU2 This study
PRS315Pss4,-SSA4-T175N LEU2 This study
PRS315Pss4,-SSA4-D158N LEU2 This study
pRS416P:pp-HisgSSA1 URA3 This study
PRS416PGpp-HiscSSA1-T175N URA3 This study
pRS416P;pp-HissSSA1-D158N URA3 This study
pCM189-STI1 URA3 This study
pRS327-GPD-STI1 LYS2 This study
pRS327-GPD-STI1ALinker LYS2 This study
pRS327-GPD-STI1-DP2 LYS2 This study
pRS327-GPD-STI1-TPR-DP1-TPR2A LYS2 This study
pRS327-GPD-STI1-TPR2B LYS2 This study
pRS327-GPD-STI1-ADP2 LYS2 This study
pRS327-GPD-STI1-TPR2A-TPR2B-DP2 LYS2 This study
pPROEXHTV-YDJ1 Ampicillin, [70]

pET29bHTV-HSP82 Kanamycin [26]

pET29bHTV-STI1 Kanamycin [26]

HSE-lacZ URA3 [79]

pMR135 URA3 [72]

PRS317-Pierof-SSAL LYS2 This study

https://doi.org/10.1371/journal.pgen.1010442.1005

this study include anti-mouse IgG HRP linked (7076, Cell signalling technologies) and anti-
rabbit IgG HRP (7074, Cell signalling technologies).

Protein purification

Hsp82 and Stil were purified as described earlier [26]. Ydj1 was purified similar to method
mentioned before [70].

Ssal, Ssal-T175N and Ssal-D158N were purified as described earlier [69]. Strain harboring
plasmid pRS416-Pgpp-HisgSSAL, pRS416-Pgpp-HissSSA1-T175N or pRS416-Pgpp-HiseS-
SA1-D158N was grown in liquid YPAD media for 24-48 hours at 30°C. Cells were centrifuged

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010442 November 9, 2022 27/39


https://doi.org/10.1371/journal.pgen.1010442.t005
https://doi.org/10.1371/journal.pgen.1010442

PLOS GENETICS

Regulation of Hsp90 function by Hsp40

and resuspended into buffer containing 20 mM HEPES, 150 mM NaCl, 20 mM KCl and 20
mM MgCl,, pH 7.4. Cells were lysed using glass beads followed by sonication for 30 minutes.
Nickel based metal affinity resin was used for the purification of Hsp70s. The Hiss tag was
removed by incubation of purified protein with Hiss-TEV. The reaction mixture was incu-
bated with cobalt based metal affinity resin, and TEV protease was removed in the bound frac-
tion. Protein purity was confirmed onto 10% SDS-PAGE.

Immunoprecipitaion and pull down

Immunoprecipitation was performed as described earlier [26]. Briefly, cells were resuspended
in 20 mM Tris (pH 7.5) buffer containing 150 mM NaCl, 0.5 mM EDTA, 0.1% Triton-X100, 1
mM PMSF, and lysed using glass beads (OMINI BEAD RUPTOR 24). The clarified lysate was
incubated with anti-FLAG antibody conjugated agarose resin (Sigma A2220) for 16h at 4°C.
The beads were washed with buffer containing 150 mM NacCl, 0.1% Triton X-100 in 20 mM
Tris (pH 7.5). Immunoprecipated proteins were separated onto 10% SDS-PAGE, transferred
onto PVDF membrane and probed with appropriate antibodies

The pull-down assay using purified proteins was performed as described earlier [71]. Puri-
fied Hiss-Ydj1 was bound to cobalt based affinity resin for 1 hour, followed by incubation with
clarified yeast lysate for 1h. Bound fraction was eluted with buffer containing 20mM EDTA.

The Hisg-Ssal, Hisg-Ssal-T175N and Hisg-Ssal-D158N expressed from plasmid borne
gene were used for in vivo pull-down studies. Briefly, clarified yeast lysate was incubated with
cobalt based metal affinity resin for 1h. The beads were further washed with buffer containing
20 mM HEPES, 150 mM NaCl, 20 mM KClI and 20 mM MgCl,, 60 mM Imidazole and 0.1%
Tween-20, pH 7.4. Bound proteins were eluted using buffer containing 20 mM HEPES, 500
mM NaCl, 20 mM KCl and 20 mM MgCl, and 300 mM Imidazole.

Quantitative real-time PCR

Quantitative Real-Time PCR was used to study mRNA transcripts of v-SRC. 18S-rRNA was
monitored as housekeeping gene. The cells were harvested and total RNA was purified using
HiPurA Yeast RNA Purification Kit (HiMedia, MB611). About 100ng of RNA was used to pre-
pare cDNA using iScript Select cDNA Synthesis Kit (Bio-rad, 1708896). 50 ng of cDNA was
used as template for quantitative Real-Time PCR (qRT-PCR) using Biorad SYBR kit (1725270)
on Biorad Real-time PCR system.

Luciferase refolding assay

Luciferase refolding was performed as described earlier [26]. Firefly luciferase (80 nM) was
denatured by incubating it at 45°C for 7 minutes. The refolding of denatured luciferase (40
nM) was carried out in the presence of 0.6 uM Ydj1 and 2 uM of Hsp70 (Ssal, Ssal-T175N or
Ssal-D158N). Refolding was performed at 25°C and initiated upon addition of 1 mM ATP.
Effect of Hsp90 on luciferase refolding was investigated by incubating denatured luciferase (40
mM) in the presence of 0.3 uM Ydj1, 0.5 pM of Hsp70 (Ssal, Ssal-T175N or Ssal-D158N),
2.4 uM Stil and 0.9 uM Hsp82.

In vivo luciferase refolding

Cells harboring pMR135 were grown in liquid SD media until O.D.gp0nm reaches ~1. Cells
were harvested and resuspended in fresh liquid SD media to 0.3 O.D.gp0nm. 100 pg/ml of cyclo-
heximide was added to cells suspension to stop protein synthesis. To denature luciferase, cells
were incubated at 48°C for 30 minutes. Luciferase was further refolded by shifting cell to 30°C.
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The refolding was monitored by adding 50ul of D-luciferin (23 pg/sample) to 200ul of cell ali-
quot [72].

Stell kinase assay

Cells were co-transformed with pRS412-Pga1,,-Ste11AN and PRE-lacZ or only with PRE-lacZ
[32]. Transformants with pRS412-Pgay1- Hisg Ste11AN and PRE-lacZ were grown in liquid
SD media until 1-1.2 O.D.gpnm and further subcultured at 0.5 O.D.gppnm in SGal growth
media to induce Hiss-Ste11AN expression for 6 hours. Transformants with PRE-lacZ alone
were grown in liquid SD media until 1-1.2 O.D.gpnm and further subcultured at 1 O.D.gp0nm
in SD media containing 5 uM of o-factor for 6 hours. To monitor B-galactosidase activity, 1 O.
D.soonm cells were permeabilized using 3 freeze thaw cycle in liquid N, and further incubated
with 200 pl of ortho-Nitrophenyl-B-galactoside (ONPG (4 mg/ml)) at 30°C for 15 minutes fol-
lowed by addition of 200 uL of 1M Na,COj. The culture was centrifuged at 13000 rpm for 10
minutes and supernatant was used for measuring absorbance at 420nm.

HSE-lacZ assay

Cells were transformed with HSE-lacZ [73]. Transformants were grown until 1-1.2 O.D.40onm
at 30°C. Cells were further normalized at 1 O.D.gg0nm and incubated at 37°C for 4 hours. The
B-galactosidase activity was monitored as described above for PRE-lacZ assay.

CD analysis

Far UV CD spectra were recorded on a JASCO-J-815 spectropolarimeter. The CD spectra
were recorded over 250-195 nm in a cuvette of 1-mm pathlength with 10 nm/min of scan rate
at 25°C. The CD signal was converted into Mean Residue ellipticity (MRE) as described before
[74,75].

Bio-layer intereferometry

Bio-layer interferometry studies were carried out in Octet K2 instrument (Fortebio) at 30°C.
Hsp90 was immobilized on Amine Reactive 2"¢ Generation (AR2G) biosensors by amine cou-
pling chemistry using 1:1 ratio of 0.1 M N-Hydroxysuccinimide (NHS) and 0.4 M 1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide (EDC). Biosensor treated as above except with buffer
lacking Hsp90 was used as reference control. The biosensors were then dipped into 1M etha-
nolamine solution for 600 seconds. Ssal and its mutants were prepared in 1X assay buffer (25
mM Hepes (pH 7.4), 150 mM NaCl, 20mM MgCl,, 20mM KClI) containing 0.1% Tween-20 (v/
v) and 0.05% Triton-X-100 (v/v) along with 1 mM ATP. Association was monitored for 200
seconds by dipping the Hsp90 bound biosensors into various concentrations of Ssal or its
mutants. The dissociation was monitored by dipping the biosensors in 1X assay buffer at shak-
ing speed of 1000 rpm for 200 seconds. The non-specific signal obtained from reference bio-
sensor was subtracted from corresponding signal obtained upon Hsp90 immobilized
biosensors. Binding curves was further analyzed using software ‘Data Analysis 9.0’ available
from ForteBio.

BLI for Ydj1 and Hsp70 was performed as described earlier [26].

Modelling

The 3D structure of Hsp70 from Saccharomyces cerevisiae was taken from AlphaFold Protein
Structure Database (https://alphafold.ebi.ac.uk/entry/P10591). Hsp70 NBD region was
extracted from the 3D structure and docked with Hsp40 J-domain (pdb id 5VSO) from
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Saccharomyces cerevisiae on HDOCK server. The docked complex was visualised in Discovery
Studio to identify the interacting residues.

Yeast cell lysate fractionation and sample preparation for TMT based QMS
analysis

Tet-OFF promoter regulatable Stil plasmid harboring DD502 and NK402 strains were grown
into dextrose synthetic medium without uracil amino acid until saturation. 0.025 O.D.sponm
cells were inoculated in secondary culture and grown until log phase. Cells were pelleted,
washed with 1X PBS and 40 O.D.gp0nm cells were collected for yeast cell lysate fractionation
(Oh time point). 0.06 O.D.gponm cells were inoculated in 10 pg/ml of Dox containing repression
medium and grown for 10 hr. After 10 hr cells were pelleted, washed and 40 O.D.¢p0nm cells
were collected for yeast cell lysate fractionation (10h time point). 40 O.D.gponm cells were lysed
in 1 ml of lysis buffer (25 mM HEPES, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% Glyc-
erol) using zirconium beads in Fast Prep Zymo bead beator at 4000 rpm of 30 on/ 30 off for 4
cycles at 4°C. Cell debris were removed by spinning at 4000 rpm for 1 min. Clarified lysates
were spun for 13000 rpm for 30 min and fractionated into supernatant and pellet fractions.

30 pg of total proteins in supernatant fractions were used for TMT based QMS analysis.

Tryptic digestion and Tandem Mass Tag (TMT) labelling

Samples were reduced with 100 mM DL-dithiothreitol (DTT) at 56°C for 30 min and pro-
cessed using the modified filter-aided sample preparation (FASP) method [76]. In short,
reduced samples were transferred to 30 kDa MWCO Pall Nanosep centrifugation filters (Pall
Corporation) and washed twice with 8 M urea. Additional washes with digestion buffer (0.5%
sodium deoxycholate in 50 mM TEAB) was performed before and after alkylation with 10 mM
methyl methanethiosulfonate for 20 min at room temperature. Protein digestions were per-
formed using Trypsin (Pierce MS grade) in digestion buffer, first with 0.3 ug Trypsin at 37°C
overnight followed by new addition of 0.3 ug trypsin and incubation at 37°C for three hours.
Produced tryptic peptides were collected by centrifugation and labelled using TMT 10-plex
isobaric mass tagging reagents (Thermo Scientific) according to the manufacturer instruc-
tions. Labelled samples were combined and sodium deoxycholate was removed by acidifica-
tion with 10% TFA. Peptides were desalted using Pierce Peptide Desalting Spin Columns
(Thermo Scientific) following the manufacturer’s instructions.

The combined desalted TMT-labeled sample was fractionated by basic reversed-phase
chromatography (bRP-LC) using a Dionex Ultimate 3000 UPLC system (Thermo Fischer Sci-
entific). Peptide separations were performed using a reversed-phase XBridge BEH C18 column
(3.5 um, 3.0x150 mm, Waters Corporation) and a gradient from 3% to 100% acetonitrile in 10
mM ammonium formate buffer at pH 10.00 over 22 min. The fractions concatenated into 15
or 22 fractions that were evaporated and reconstituted in 20 pl of 3% acetonitrile, 0.2% formic
acid for nLC-MS/MS analysis.

nLC-MS/MS

The fractions were analyzed on an orbitrap Lumos or Fusion Tribrid mass spectrometer inter-
taced with Easy-nLC1200 liquid chromatography system (Thermo Fisher Scientific). Peptides
were trapped on an Acclaim Pepmap 100 C18 trap column (100 um x 2 cm, particle size 5 pm,
Thermo Fischer Scientific) and separated on an in-house packed analytical column (75 um x
35 cm, particle size 3 um, Reprosil-Pur C18, Dr. Maisch) using a gradient from 3% to 100%
acetonitrile in 0.2% formic acid over 85 min at a flow of 300 nL/min. MS scans were performed
at 120 000 resolution. MS/MS analysis was performed in a data-dependent, with top speed
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cycle of 3 s for the most intense doubly or multiply charged precursor ions. Precursor ions
were isolated in the quadrupole with a 0.7 m/z isolation window, with dynamic exclusion set
to 10 ppm and duration of 45 seconds. Isolated precursor ions were subjected to collision
induced dissociation (CID) at 35 collision energy. Produced MS2 fragment ions were detected
in the ion trap followed by multinotch (simultaneous) isolation of the top 10 most abundant
fragment ions for further fragmentation (MS3) by higher-energy collision dissociation (HCD)
at 65% and detection in the Orbitrap at 50000 resolutions, m/z range 100-500.

Proteomic data analysis

Identification and relative quantification was performed using Proteome Discoverer version 2.4
(Thermo Fisher Scientific). The Swissprot Saccharomyces cerevisiae proteome database (Decem-
ber 2019) was used for the database search, using the Mascot search engine v. 2.5.1 (Matrix Sci-
ence, London, UK) with MS peptide tolerance of 5 ppm and fragment ion tolerance of 0.6 Da.
Tryptic peptides were accepted with 0 missed cleavage; methionine oxidation was set as a vari-
able modification, cysteine methylthiolation, TMT-6 on lysine and peptide N-termini were set as
fixed modifications. Percolator was used for PSM validation with the strict FDR threshold of 1%.
TMT reporter ions were identified in the MS3 HCD spectra with 3 mmu mass tolerance, and the
TMT reporter intensity values for each sample were normalized on the total peptide amount.
Only the unique identified peptides were taken into account for the relative quantification. The
mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier PXD034983 [77].

Supporting information

S1 Fig. Screening of Hsp70 mutants against v-Src mediated toxicity. (A) Strain SY244/
PRS317-Pretos-SSA1 was transformed with pRS316 or pRS316-Pga1,-vSre along with either wt-
SSA1 or SSA1 mutagenized with hydroxylamine. Cells were plated onto doxycycline containing
SD or SGal plates to shut expression of SSA1 under Tet repressible promoter. Shown is growth
after 5 days of incubation at 30°C. (B) Conservation of the residues near identified Hsp70
mutants in Hsp70 isoforms from S. cerevisiae (Ssal-Ssa4) and Human (Hsp70 and Hsc70).
(TIF)

S2 Fig. Strains expressing Ssal-T175N and Ssal-D158N show reduction in v-Src toxicity. S.
cerevisige strains A1, A1-T175N and A1-D158N were transformed with (EV) or pRS316Pgar;-
FLAG-v-Src (FLAG-v-Src). Transformants were pooled and grown into selective SD media.
Cells were washed and serially diluted onto SD and SGal media. Shown is growth after 5 days
of incubation at 30°C.

(TIF)

S3 Fig. Ssal-T175N or Ssal-D158N effect on v-Src toxicity is recessive. S. cerevisiae strain
SY187 was transformed with pRS316 (EV) or pRS316Pg1-FLAG-v-Src (FLAG-v-Src) and
pRS315-SSA1 or pRS315-SSA1* (T175N or D158N). Transformants were grown in selective
liquid SD media overnight. Cells were further serially diluted and spotted onto SD and SGal
media. Shown here is the growth after 4 days of incubation at 30°C.

(TIF)

S4 Fig. Major chaperones are expressed similarly in A1, A1-T175N and A1-D158N strains.
Yeast lysate was prepared from indicated strains grown in inducible liquid SGal media for 6
hours. 5ug (1X) or 10pg (2X) of total lysate protein was loaded into each lane and probed with
anti-Ydjl, anti-Ssel, anti-Hsp104, and anti-Pgk1 antibodies.

(TIF)
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S5 Fig. CD spectra for Ssal, Ssal-T175N and Ssal-D158N. Far-ultraviolet circular dichroism
spectroscopic analysis of wt-Ssal, Ssal-T175N and Ssal-D158N. The 10 uM protein in 2.5
mM HEPES buffer containing 15 mM NaCl, pH 7.5 in a 1-mm path length cuvette was used to
record CD spectra.

(TIF)

S6 Fig. Strains A1-T175N and A1-D158N show reduced Stell pathway activity. (A) Cells
harboring Ste11AN encoding plasmid were grown into selective liquid SD media, and further
serially diluted onto solid SD and SGal media. Shown is growth after 4 days of incubation at
30°C. (B) Immunoblot showing Hiss-Ste11AN steady-state level in indicated strains. The anti-
Hiss was used as the primary antibody. (C) Indicated strains were co-transformed with plas-
mid overexpressing Ste11AN and pPRE-lacZ. Ste11AN was induced by growing in SGal
media. B-galactosidase activity was measured similar to as described above for Stell. (D) Indi-
cated strains harboring plasmid pPRE-lacZ were grown in SD liquid media. Shown is the B-
galactosidase activity measured with similar number of cells harvested during mid-log phase.
The activity was calculated in Miller units. Error bars represent standard error from 3 different
biological replicates.

(TIF)

S7 Fig. Alignment of amino-acids sequence of nucleotide-binding domains of Ssal with
DnaK from E. coli using the Needleman-Wunsch algorithm for global alignment.
(TIF)

S8 Fig. (A) Superposed 3D structures of docked NBD(Hsp70)-J-domain (Hsp40) complex
from S.cerevisiae (magenta) and from E.coli (blue). Structure for E.coli Hsp70 and Hsp40 are
from PDB ID 5NRO. The RMSD of this alignment is 0.475 A. (B) the relevant residues are
highlighted in modelled complex of S. cerevisiae NBD of Ssal (blue) and ] domain of Ydj1
(red). Q373,L377, E215, 1213, E210 and R169 in green are interacting residues of NBD and
H34, P35 and D36 in magenta is HPD motif of J-domain. Residues D158 and T175 are also
shown in yellow.

(TIF)

S9 Fig. Stil interacts identically with Ssal and Ssal-T175N. Purified His,-Stil was incubated
with yeast lysate harbouring Ssal and Ssal T175N as sole source of cytosolic Hsp70. Bound
Hise-Stil was further incubated with Co**-NTA resin. Precipitated proteins were immuno-
blotted with antibodies against Hsp70, Hsp90 and Hisy.

(TTF)

$10 Fig. A1-T175N shows a temperature-sensitive growth phenotype. (A) A1, A1-T175N or
A1-D158N strains were serially diluted and spotted onto YPAD plates. The plates were incu-
bated at 16°C for 5 days, 30°C, and 37°C for 2 days. (B and C) S. cerevisiae strains were grown
at 30°C and 37°C respectively. Shown here is O.D.gpnm at indicated time points. (D) The indi-
cated S. cerevisiae strains harboring plasmid encoding HSE-lacZ was grown in liquid growth
media at 30°C. Subsequently, cells were shifted for heat shock at 37°C for 4 hours. Cells count
was normalized and further assayed for -galactosidase activity as described in material and
methods. (E) S. cerevisiae strains expressing thermolabile firefly luciferase were grown at 30°C.
Cells were shifted to 48°C for 30min. The refolding was initiated by further incubating cells at
30°C. Shown is the fraction refolded at 30°C in 60 min as compared to that before shifting
cells to 48°C. Error bars represent standard error from 3 different biological replicates.

(TIF)
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S11 Fig. Stil linker region is dispensable for its activity required for A1-T175N and
A1-D158N strain growth. (A) Schematic of domain arrangement of Stil and its variants used
in the study. (B) The stilA strains expressing Ssa2 (on Ura3 based plasmid), Ssal or its variants
(on Leu2 based plasmid), and Stil (on Lys2 based plasmid) or its variants were grown onto SD
plates and further patched onto FOA plates. The individual Stil variant is represented by the
same color-code.

(TIF)

$12 Fig. The reduction of preformed Hiss-Stil abundance in A1 and A1-T175N strains.
(A) Hise-Stil was expressed from TET repressible promoter in Al and A1-T175N strains. The
doxycycline (repressor) was added in the growth media and Hise-Stil abundance was moni-
tored at indicated time intervals. (B) Graph showing the percentage repression of Hiss-Stil at
different time points with respect to 0 hr in A1 and A1-T175N strains.

(TIF)

$13 Fig. The fold increase in luciferase activity upon incubation of Hsp90 with
Ssal-T175N, Ssal-D158N or wt Ssal. (A) and (B) The bar graph representation of the study
shown in Fig 9A and 9B respectively at 30min. Briefly, the denatured luciferase (40nM) was
incubated in the presence of 0.3uM Ydj1, 0.5uM Hsp70 (Ssal, Ssal-T175N or Ssal-D158N),
2.5uM Stil and 0.9uM Hsp82. Shown here is fold change in luminescence with respect to
denatured luciferase after 30 minutes. The bar graph shows the average of the 2 replicates
along with the data points. Controls are same as for SI3A and S13B Fig.

(TIF)

S1 Excel sheet. TMT-based Mass spectrometry proteomic data for A1-T175N strain upon
Stil repression in soluble fractions.
(XLSX)

S2 Excel sheet. TMT-based Mass spectrometry proteomic data for A1l strain upon Stil
repression in soluble fractions.
(XLSX)

S1 Dataset. Excel file containing numerical data for Fig 1B.
(XLSX)

S2 Dataset. Excel file containing numerical data for Fig 2A.
(XLSX)

$3 Dataset. Excel file containing numerical data for Fig 3.
(XLSX)

$4 Dataset. Excel file containing numerical data for Fig 4B.
(XLSX)

S5 Dataset. Excel file containing numerical data for Fig 6A.
(XLSX)

S6 Dataset. Excel file containing numerical data for Fig 6B.
(XLSX)

S7 Dataset. Excel file containing numerical data for Fig 7C.
(XLSX)

S8 Dataset. Excel file containing numerical data for Fig 8F.
(XLSX)
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S9 Dataset. Excel file containing numerical data for Fig 8G.

(XLSX)

S$10 Dataset.

(XLSX)

S11 Dataset.

(XLSX)

S12 Dataset
(XLSX)

S13 Dataset.

(XLSX)

S14 Dataset.

(XLSX)

S15 Dataset.

(XLSX)

S16 Dataset.

(XLSX)

S17 Dataset.

(XLSX)

S18 Dataset.

(XLSX)

S19 Dataset.

(XLSX)

S$20 Dataset.

(XLSX)

S21 Dataset.

(XLSX)

S22 Dataset.

(XLSX)

S$23 Dataset.

(XLSX)

S$24 Dataset.

(XLSX)

Excel file containing numerical data for Fig 9A.

Excel file containing numerical data for Fig 9B.

. Excel file containing numerical data for Fig 9C.

Excel file containing numerical data for Fig 9D.

Excel file containing numerical data for Fig 10B.

Excel file containing numerical data for S5 Fig.

Excel file containing numerical data for S6C Fig.

Excel file containing numerical data for S6D Fig.

Excel file containing numerical data for S10B Fig.

Excel file containing numerical data for S10C Fig.

Excel file containing numerical data for S10D Fig.

Excel file containing numerical data for S10E Fig.

Excel file containing numerical data for S12B Fig.

Excel file containing numerical data for S13A Fig.

Excel file containing numerical data for S13B Fig.

Acknowledgments

We thank Dr. Daniel Masison for critical reading of the manuscript. We also thank Dr. Daniel
Masison for providing pMR135 plasmid. We thank Prof. Kevin Morano for providing PRE-
lacZ and HSE-lacZ plasmid. We thank Prof. Johannes Buchner for providing plasmids encod-
ing various Sti constructs as a kind gift. We thank Carina Sihlbom and Annika Thorsell from
Proteomics Core Facility, Sahlgrenska Academy, University of Gothenburg for conducting
TMT-based QMS proteomic analysis.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010442 November 9, 2022 34/39


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s024
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s025
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s026
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s027
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s028
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s029
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s030
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s031
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s032
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s033
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s034
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s035
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s036
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s037
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s038
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010442.s039
https://doi.org/10.1371/journal.pgen.1010442

PLOS GENETICS

Regulation of Hsp90 function by Hsp40

Author Contributions
Conceptualization: Deepika Gaur, Deepak Sharma.

Data curation: Deepika Gaur, Navinder Kumar, Abhirupa Ghosh, Sudipto Saha, Deepak
Sharma.

Formal analysis: Deepika Gaur, Abhirupa Ghosh, Prashant Singh, Pradeep Kumar, Jyoti
Guleria, Sudipto Saha, Deepak Sharma.

Funding acquisition: Thomas Nystrom, Deepak Sharma.

Investigation: Deepika Gaur, Navinder Kumar, Prashant Singh, Pradeep Kumar, Jyoti
Guleria, Satinderdeep Kaur, Nikhil Malik, Sudipto Saha.

Methodology: Deepika Gaur, Navinder Kumar, Prashant Singh, Pradeep Kumar, Jyoti
Guleria, Satinderdeep Kaur, Nikhil Malik, Sudipto Saha.

Project administration: Deepak Sharma.

Resources: Sudipto Saha, Thomas Nystrom, Deepak Sharma.

Software: Abhirupa Ghosh, Sudipto Saha, Thomas Nystrom, Deepak Sharma.
Supervision: Deepak Sharma.

Writing - original draft: Deepika Gaur, Navinder Kumar, Deepak Sharma.

Writing - review & editing: Deepika Gaur, Navinder Kumar, Deepak Sharma.

References

1. Zhao R, Davey M, Hsu Y-C, Kaplanek P, Tong A, Parsons AB, et al. Navigating the Chaperone Net-
work: An Integrative Map of Physical and Genetic Interactions Mediated by the Hsp90 Chaperone. Cell.
2005; 120(5):715-27. https://doi.org/10.1016/j.cell.2004.12.024 PMID: 15766533

2. Antonova A, Hummel B, Khavaran A, Redhaber DM, Aprile-Garcia F, Rawat P, et al. Heat-Shock Pro-
tein 90 Controls the Expression of Cell-Cycle Genes by Stabilizing Metazoan-Specific Host-Cell Factor
HCFCA1. Cell Reports. 2019; 29(6):1645-59.€9. https://doi.org/10.1016/j.celrep.2019.09.084 PMID:
31693902

3. Chakraborty A, Koldobskiy MA, Sixt KM, Juluri KR, Mustafa AK, Snowman AM, et al. HSP90 regulates
cell survival via inositol hexakisphosphate kinase-2. Proceedings of the National Academy of Sciences.
2008; 105(4):1134. https://doi.org/10.1073/pnas.0711168105 PMID: 18195352

4. Streicher JM. The Role of Heat Shock Proteins in Regulating Receptor Signal Transduction. Molecular
Pharmacology. 2019; 95(5):468. https://doi.org/10.1124/mol.118.114652 PMID: 30670482

5. Karagdz GE, Duarte AMS, Akoury E, Ippel H, Biernat J, Moran Luengo T, et al. Hsp90-Tau complex
reveals molecular basis for specificity in chaperone action. Cell. 2014; 156(5):963-74. https://doi.org/
10.1016/j.cell.2014.01.037 PMID: 24581495.

6. Shiau AK, Harris SF, Southworth DR, Agard DA. Structural Analysis of E. coli hsp90 Reveals Dramatic
Nucleotide-Dependent Conformational Rearrangements. Cell. 2006; 127(2):329—40. https://doi.org/10.
1016/j.cell.2006.09.027 PMID: 17055434

7. Tsutsumi S, Mollapour M, Prodromou C, Lee C-T, Panaretou B, Yoshida S, et al. Charged linker
sequence modulates eukaryotic heat shock protein 90 (Hsp90) chaperone activity. Proc Natl Acad Sci
U S A.2012; 109(8):2937—42. Epub 02/06. https://doi.org/10.1073/pnas.1114414109 PMID: 223154 11.

8. Hawle P, Siepmann M, Harst A, Siderius M, Reusch HP, Obermann WMJ. The Middle Domain of
Hsp90 Acts as a Discriminator between Different Types of Client Proteins. Molecular and Cellular Biol-
ogy. 2006; 26(22):8385. https://doi.org/10.1128/MCB.02188-05 PMID: 16982694

9. Wolmarans A, Lee B, Spyracopoulos L, LaPointe P. The Mechanism of Hsp90 ATPase Stimulation by
Aha1. Scientific Reports. 2016; 6(1):33179. https://doi.org/10.1038/srep33179 PMID: 27615124

10. Armstrong H, Wolmarans A, Mercier R, Mai B, LaPointe P. The co-chaperone Hch1 regulates Hsp90
function differently than its homologue Aha1 and confers sensitivity to yeast to the Hsp90 inhibitor NVP-
AUY922. PLoS One. 2012; 7(11):e49322—e. Epub 11/14. https://doi.org/10.1371/journal.pone.0049322
PMID: 23166640.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010442 November 9, 2022 35/39


https://doi.org/10.1016/j.cell.2004.12.024
http://www.ncbi.nlm.nih.gov/pubmed/15766533
https://doi.org/10.1016/j.celrep.2019.09.084
http://www.ncbi.nlm.nih.gov/pubmed/31693902
https://doi.org/10.1073/pnas.0711168105
http://www.ncbi.nlm.nih.gov/pubmed/18195352
https://doi.org/10.1124/mol.118.114652
http://www.ncbi.nlm.nih.gov/pubmed/30670482
https://doi.org/10.1016/j.cell.2014.01.037
https://doi.org/10.1016/j.cell.2014.01.037
http://www.ncbi.nlm.nih.gov/pubmed/24581495
https://doi.org/10.1016/j.cell.2006.09.027
https://doi.org/10.1016/j.cell.2006.09.027
http://www.ncbi.nlm.nih.gov/pubmed/17055434
https://doi.org/10.1073/pnas.1114414109
http://www.ncbi.nlm.nih.gov/pubmed/22315411
https://doi.org/10.1128/MCB.02188-05
http://www.ncbi.nlm.nih.gov/pubmed/16982694
https://doi.org/10.1038/srep33179
http://www.ncbi.nlm.nih.gov/pubmed/27615124
https://doi.org/10.1371/journal.pone.0049322
http://www.ncbi.nlm.nih.gov/pubmed/23166640
https://doi.org/10.1371/journal.pgen.1010442

PLOS GENETICS

Regulation of Hsp90 function by Hsp40

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Rohl A, Wengler D, Madl T, Lagleder S, Tippel F, Herrmann M, et al. Hsp90 regulates the dynamics of
its cochaperone Sti1 and the transfer of Hsp70 between modules. Nature Communications. 2015; 6
(1):6655. https://doi.org/10.1038/ncomms7655 PMID: 25851214

Schmid AB, Lagleder S, Grawert MA, Réhl A, Hagn F, Wandinger SK, et al. The architecture of func-
tional modules in the Hsp90 co-chaperone Sti1/Hop. EMBO J. 2012; 31(6):1506—17. Epub 01/06.
https://doi.org/10.1038/emboj.2011.472 PMID: 22227520.

Richter K, Muschler P, Hainzl O, Reinstein J, Buchner J. Sti1 Is a Non-competitive Inhibitor of the
Hsp90 ATPase: BINDING PREVENTS THE N-TERMINAL DIMERIZATION REACTION DURING THE
ATPASE CYCLE. Journal of Biological Chemistry. 2003; 278(12):10328-33.

Marsh JA, Kalton HM, Gaber RF. Cns1 is an essential protein associated with the hsp90 chaperone
complex in Saccharomyces cerevisiae that can restore cyclophilin 40-dependent functions in cpr7Delta
cells. Molecular and cellular biology. 1998; 18(12):7353-9. https://doi.org/10.1128/MCB.18.12.7353
PMID: 9819422,

Eckert K, Saliou J-M, Monlezun L, Vigouroux A, Atmane N, Caillat C, et al. The Pih1-Tah1 cochaperone
complex inhibits Hsp90 molecular chaperone ATPase activity. J Biol Chem. 2010; 285(41):31304—-12.
Epub 07/27. https://doi.org/10.1074/jbc.M110.138263 PMID: 20663878.

Kravats A, Doyle S, R. Hoskins J, Genest O, Doody E, Wickner S. Interaction of E. coli Hsp90 with
DnaK Involves the DnaJ Binding Region of DnaK2016.

Kravats AN, Hoskins JR, Reidy M, Johnson JL, Doyle SM, Genest O, et al. Functional and physical
interaction between yeast Hsp90 and Hsp70. Proceedings of the National Academy of Sciences. 2018;
115(10):E2210. https://doi.org/10.1073/pnas.1719969115 PMID: 29463764

Bhattacharya K, Weidenauer L, Luengo TM, Pieters EC, Echeverria PC, Bernasconi L, et al. The Hsp70-
Hsp90 co-chaperone Hop/Stip1 shifts the proteostatic balance from folding towards degradation. Nature
Communications. 2020; 11(1):5975. https://doi.org/10.1038/s41467-020-19783-w PMID: 33239621

Grindle MP, Carter B, Alao JP, Connors K, Tehver R, Kravats AN. Structural Communication between
the E. coli Chaperones DnaK and Hsp90. Int J Mol Sci. 2021; 22(4):2200. https://doi.org/10.3390/
ijms22042200 PMID: 33672263.

Genest O, Hoskins JR, Kravats AN, Doyle SM, Wickner S. Hsp70 and Hsp90 of E. coli Directly Interact
for Collaboration in Protein Remodeling. J Mol Biol. 2015; 427(24):3877—-89. Epub 10/23. https://doi.
org/10.1016/j.jmb.2015.10.010 PMID: 26482100.

Craig EA. Hsp70 at the membrane: driving protein translocation. BMC Biol. 2018; 16(1):11-. https://doi.
org/10.1186/s12915-017-0474-3 PMID: 29343244

Wu S, Hong L, Wang VY, Yu J, Yang J, Yang J, et al. Kinetics of the conformational cycle of Hsp70
reveals the importance of the dynamic and heterogeneous nature of Hsp70 for its function. Proceedings
of the National Academy of Sciences. 2020; 117(14):7814. https://doi.org/10.1073/pnas.1914376117
PMID: 32198203

Minami Y, Hohfeld J, Ohtsuka K, Hartl F-U. Regulation of the Heat-shock Protein 70 Reaction Cycle by
the Mammalian DnaJ Homolog, Hsp40*. Journal of Biological Chemistry. 1996; 271(32):19617—-24.
https://doi.org/10.1074/jbc.271.32.19617 PMID: 8702658

Andréasson C, Fiaux J, Rampelt H, Mayer MP, Bukau B. Hsp110 Is a Nucleotide-activated Exchange
Factor for Hsp70. Journal of Biological Chemistry. 2008; 283(14):8877—84. https://doi.org/10.1074/jbc.
M710063200 PMID: 18218635

Sharma D, Masison DC. Hsp70 structure, function, regulation and influence on yeast prions. Protein
Pept Lett. 2009; 16(6):571-81. https://doi.org/10.2174/092986609788490230 PMID: 19519514,

Gaur D, Singh P, Guleria J, Gupta A, Kaur S, Sharma D. The Yeast Hsp70 Cochaperone Ydj1 Regu-
lates Functional Distinction of Ssa Hsp70s in the Hsp90 Chaperoning Pathway. Genetics. 2020; 215
(3):683. https://doi.org/10.1534/genetics.120.303190 PMID: 32299842

Roy J, Mitra S, Sengupta K, Mandal AK. Hsp70 clears misfolded kinases that partitioned into distinct
quality-control compartments. Mol Biol Cell. 2015; 26(9):1583—600. Epub 03/04. https://doi.org/10.
1091/mbc.E14-08-1262 PMID: 25739454.

Kirschke E, Goswami D, Southworth D, Griffin PR, Agard DA. Glucocorticoid receptor function regu-
lated by coordinated action of the Hsp90 and Hsp70 chaperone cycles. Cell. 2014; 157(7):1685-97.
https://doi.org/10.1016/j.cell.2014.04.038 PMID: 24949977.

Brugge JS, Jarosik G, Andersen J, Queral-Lustig A, Fedor-Chaiken M, Broach JR. Expression of Rous
sarcoma virus transforming protein pp60v-src in Saccharomyces cerevisiae cells. Molecular and cellu-
lar biology. 1987; 7(6):2180-7. https://doi.org/10.1128/mcb.7.6.2180-2187.1987 PMID: 3037349.

An WG, Schulte TW, Neckers LM. The Heat Shock Protein 90 Antagonist Geldanamycin Alters Chaper-
one Association with p210bcr-abl and v-src Proteins before Their Degradation by the Proteasome. Cell
Growth Differentiation. 2000; 11(7):355—60. PMID: 10939589

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010442 November 9, 2022 36/39


https://doi.org/10.1038/ncomms7655
http://www.ncbi.nlm.nih.gov/pubmed/25851214
https://doi.org/10.1038/emboj.2011.472
http://www.ncbi.nlm.nih.gov/pubmed/22227520
https://doi.org/10.1128/MCB.18.12.7353
http://www.ncbi.nlm.nih.gov/pubmed/9819422
https://doi.org/10.1074/jbc.M110.138263
http://www.ncbi.nlm.nih.gov/pubmed/20663878
https://doi.org/10.1073/pnas.1719969115
http://www.ncbi.nlm.nih.gov/pubmed/29463764
https://doi.org/10.1038/s41467-020-19783-w
http://www.ncbi.nlm.nih.gov/pubmed/33239621
https://doi.org/10.3390/ijms22042200
https://doi.org/10.3390/ijms22042200
http://www.ncbi.nlm.nih.gov/pubmed/33672263
https://doi.org/10.1016/j.jmb.2015.10.010
https://doi.org/10.1016/j.jmb.2015.10.010
http://www.ncbi.nlm.nih.gov/pubmed/26482100
https://doi.org/10.1186/s12915-017-0474-3
https://doi.org/10.1186/s12915-017-0474-3
http://www.ncbi.nlm.nih.gov/pubmed/29343244
https://doi.org/10.1073/pnas.1914376117
http://www.ncbi.nlm.nih.gov/pubmed/32198203
https://doi.org/10.1074/jbc.271.32.19617
http://www.ncbi.nlm.nih.gov/pubmed/8702658
https://doi.org/10.1074/jbc.M710063200
https://doi.org/10.1074/jbc.M710063200
http://www.ncbi.nlm.nih.gov/pubmed/18218635
https://doi.org/10.2174/092986609788490230
http://www.ncbi.nlm.nih.gov/pubmed/19519514
https://doi.org/10.1534/genetics.120.303190
http://www.ncbi.nlm.nih.gov/pubmed/32299842
https://doi.org/10.1091/mbc.E14-08-1262
https://doi.org/10.1091/mbc.E14-08-1262
http://www.ncbi.nlm.nih.gov/pubmed/25739454
https://doi.org/10.1016/j.cell.2014.04.038
http://www.ncbi.nlm.nih.gov/pubmed/24949977
https://doi.org/10.1128/mcb.7.6.2180-2187.1987
http://www.ncbi.nlm.nih.gov/pubmed/3037349
http://www.ncbi.nlm.nih.gov/pubmed/10939589
https://doi.org/10.1371/journal.pgen.1010442

PLOS GENETICS

Regulation of Hsp90 function by Hsp40

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Louvion J-F, Abbas-Terki T, Picard D. Hsp90 Is Required for Pheromone Signaling in Yeast. Mol Biol
Cell. 1998; 9(11):3071-83. https://doi.org/10.1091/mbc.9.11.3071 PMID: 9802897

Morano KA, Thiele DJ. The Sch9 protein kinase regulates Hsp90 chaperone complex signal transduc-
tion activity in vivo. EMBO J. 1999; 18(21):5953-62. https://doi.org/10.1093/emboj/18.21.5953 PMID:
10545107.

Posas F, Saito H. Osmotic Activation of the HOG MAPK Pathway via Ste11p MAPKKK: Scaffold Role
of Pbs2p MAPKK. Science. 1997; 276(5319):1702. https://doi.org/10.1126/science.276.5319.1702
PMID: 9180081

Nitika, Zheng B, Ruan L, Kline JT, Sikora J, Torres MT, et al. A novel multifunctional role for Hsp70 in
binding post-translational modifications on client proteins. bioRxiv. 2021:2021.08.25.457671. https://
doi.org/10.1101/2021.08.25.457671

Dey B, Caplan AJ, Boschelli F. The Ydj1 molecular chaperone facilitates formation of active p60v-src in
yeast. Mol Biol Cell. 1996; 7(1):91-100. https://doi.org/10.1091/mbc.7.1.91 PMID: 8741842.

YanY, Tao H, He J, Huang S-Y. The HDOCK server for integrated protein—protein docking. Nature Pro-
tocols. 2020; 15(5):1829-52. https://doi.org/10.1038/s41596-020-0312-x PMID: 32269383

Sun'Y, Taniguchi R, Tanoue D, Yamaiji T, Takematsu H, Mori K, et al. Sli2 (Ypk1), a homologue of mam-
malian protein kinase SGK, is a downstream kinase in the sphingolipid-mediated signaling pathway of
yeast. Molecular and cellular biology. 2000; 20(12):4411-9. https://doi.org/10.1128/MCB.20.12.4411-
4419.2000 PMID: 10825204.

Robinson LC, Bradley C, Bryan JD, Jerome A, Kweon Y, Panek HR. The Yck2 yeast casein kinase 1
isoform shows cell cycle-specific localization to sites of polarized growth and is required for proper sep-
tin organization. Mol Biol Cell. 1999; 10(4):1077-92. https://doi.org/10.1091/mbc.10.4.1077 PMID:
10198058.

Mendenhall MD, Hodge AE. Regulation of Cdc28 cyclin-dependent protein kinase activity during the
cell cycle of the yeast Saccharomyces cerevisiae. Microbiol Mol Biol Rev. 1998; 62(4):1191-243.
https://doi.org/10.1128/mmbr.62.4.1191-1243.1998 PMID: 9841670.

Millson SH, Truman AW, King V, Prodromou C, Pearl LH, Piper PW. A two-hybrid screen of the yeast
proteome for Hsp90 interactors uncovers a novel Hsp90 chaperone requirement in the activity of a
stress-activated mitogen-activated protein kinase, Slt2p (Mpk1p). Eukaryot Cell. 2005; 4(5):849-60.
https://doi.org/10.1128/EC.4.5.849-860.2005 PMID: 15879519.

Truman AW, Kristjansdottir K, Wolfgeher D, Hasin N, Polier S, Zhang H, et al. CDK-dependent Hsp70
Phosphorylation controls G1 cyclin abundance and cell-cycle progression. Cell. 2012; 151(6):1308—18.
https://doi.org/10.1016/j.cell.2012.10.051 PMID: 23217712.

Mandal AK, Nillegoda NB, Chen JA, Caplan AJ. Ydj1 protects nascent protein kinases from degradation
and controls the rate of their maturation. Molecular and cellular biology. 2008; 28(13):4434—44. Epub
04/28. https://doi.org/10.1128/MCB.00543-08 PMID: 18443039.

Tora L. A unified nomenclature for TATA box binding protein (TBP)-associated factors (TAFs) involved
in RNA polymerase Il transcription. Genes & Development. 2002; 16(6):673-5. https://doi.org/10.1101/
gad.976402 PMID: 11963920

Kassavetis GA, Bardeleben C, Kumar A, Ramirez E, Geiduschek EP. Domains of the Brf component of
RNA polymerase lll transcription factor IlIB (TF1IB): functions in assembly of TFIIIB-DNA complexes
and recruitment of RNA polymerase to the promoter. Molecular and cellular biology. 1997; 17(9):5299—
306. https://doi.org/10.1128/MCB.17.9.5299 PMID: 9271407.

Gerik KJ, Li X, Pautz A, Burgers PMJ. Characterization of the Two Small Subunits of Saccharomyces
cerevisiae DNA Polymerase &*. Journal of Biological Chemistry. 1998; 273(31):19747-55. https://doi.
org/10.1074/jbc.273.31.19747 PMID: 9677405

Ben-Shem A, Garreau de Loubresse N, Melnikov S, Jenner L, Yusupova G, Yusupov M. The Structure
of the Eukaryotic Ribosome at 3.0 A Resolution. Science. 2011; 334(6062):1524. https://doi.org/10.
1126/science.1212642 PMID: 22096102

Babazadeh R, Ahmadpour D, Jia S, Hao X, Widlund P, Schneider K, et al. Syntaxin 5 Is Required for
the Formation and Clearance of Protein Inclusions during Proteostatic Stress. Cell Reports. 2019; 28
(8):2096-110.€8. https://doi.org/10.1016/j.celrep.2019.07.053 PMID: 31433985

Blackburn JB, D’'Souza Z, Lupashin VV. Maintaining order: COG complex controls Golgi trafficking, pro-
cessing, and sorting. FEBS Lett. 2019; 593(17):2466—-87. Epub 08/16. https://doi.org/10.1002/1873-
3468.13570 PMID: 31381138.

Bryant NJ, Piper RC, Gerrard SR, Stevens TH. Traffic into the prevacuolar/endosomal compartment of
Saccharomyces cerevisiae: A VPS45-dependent intracellular route and a VPS45-independent, endocy-
tic route. European Journal of Cell Biology. 1998; 76(1):43-52. https://doi.org/10.1016/S0171-9335(98)
80016-2 PMID: 9650782

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010442 November 9, 2022 37/39


https://doi.org/10.1091/mbc.9.11.3071
http://www.ncbi.nlm.nih.gov/pubmed/9802897
https://doi.org/10.1093/emboj/18.21.5953
http://www.ncbi.nlm.nih.gov/pubmed/10545107
https://doi.org/10.1126/science.276.5319.1702
http://www.ncbi.nlm.nih.gov/pubmed/9180081
https://doi.org/10.1101/2021.08.25.457671
https://doi.org/10.1101/2021.08.25.457671
https://doi.org/10.1091/mbc.7.1.91
http://www.ncbi.nlm.nih.gov/pubmed/8741842
https://doi.org/10.1038/s41596-020-0312-x
http://www.ncbi.nlm.nih.gov/pubmed/32269383
https://doi.org/10.1128/MCB.20.12.4411-4419.2000
https://doi.org/10.1128/MCB.20.12.4411-4419.2000
http://www.ncbi.nlm.nih.gov/pubmed/10825204
https://doi.org/10.1091/mbc.10.4.1077
http://www.ncbi.nlm.nih.gov/pubmed/10198058
https://doi.org/10.1128/mmbr.62.4.1191-1243.1998
http://www.ncbi.nlm.nih.gov/pubmed/9841670
https://doi.org/10.1128/EC.4.5.849-860.2005
http://www.ncbi.nlm.nih.gov/pubmed/15879519
https://doi.org/10.1016/j.cell.2012.10.051
http://www.ncbi.nlm.nih.gov/pubmed/23217712
https://doi.org/10.1128/MCB.00543-08
http://www.ncbi.nlm.nih.gov/pubmed/18443039
https://doi.org/10.1101/gad.976402
https://doi.org/10.1101/gad.976402
http://www.ncbi.nlm.nih.gov/pubmed/11963920
https://doi.org/10.1128/MCB.17.9.5299
http://www.ncbi.nlm.nih.gov/pubmed/9271407
https://doi.org/10.1074/jbc.273.31.19747
https://doi.org/10.1074/jbc.273.31.19747
http://www.ncbi.nlm.nih.gov/pubmed/9677405
https://doi.org/10.1126/science.1212642
https://doi.org/10.1126/science.1212642
http://www.ncbi.nlm.nih.gov/pubmed/22096102
https://doi.org/10.1016/j.celrep.2019.07.053
http://www.ncbi.nlm.nih.gov/pubmed/31433985
https://doi.org/10.1002/1873-3468.13570
https://doi.org/10.1002/1873-3468.13570
http://www.ncbi.nlm.nih.gov/pubmed/31381138
https://doi.org/10.1016/S0171-9335(98)80016-2
https://doi.org/10.1016/S0171-9335(98)80016-2
http://www.ncbi.nlm.nih.gov/pubmed/9650782
https://doi.org/10.1371/journal.pgen.1010442

PLOS GENETICS

Regulation of Hsp90 function by Hsp40

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Belden WJ, Barlowe C. Deletion of yeast p24 genes activates the unfolded protein response. Mol Biol
Cell. 2001; 12(4):957-69. https://doi.org/10.1091/mbc.12.4.957 PMID: 11294899.

Goossens A, de La Fuente N, Forment J, Serrano R, Portillo F. Regulation of yeast H(+)-ATPase by
protein kinases belonging to a family dedicated to activation of plasma membrane transporters. Molecu-
lar and cellular biology. 2000; 20(20):7654—61. https://doi.org/10.1128/MCB.20.20.7654-7661.2000
PMID: 11003661.

Ikui AE, Rossio V, Schroeder L, Yoshida S. A yeast GSK-3 kinase Mck1 promotes Cdc6 degradation to
inhibit DNA re-replication. PLoS Genet. 2012; 8(12):e1003099—e. Epub 12/06. https://doi.org/10.1371/
journal.pgen.1003099 PMID: 23236290.

Wolf DH, Stolz A. The Cdc48 machine in endoplasmic reticulum associated protein degradation. Biochi-
mica et Biophysica Acta (BBA)—Molecular Cell Research. 2012; 1823(1):117-24. hitps://doi.org/10.
1016/j.bbamcr.2011.09.002 PMID: 21945179

Stolz A, Hilt W, Buchberger A, Wolf DH. Cdc48: a power machine in protein degradation. Trends in Bio-
chemical Sciences. 2011; 36(10):515-23. https://doi.org/10.1016/j.tibs.2011.06.001 PMID: 21741246

Braun RJ, Zischka H. Mechanisms of Cdc48/VCP-mediated cell death—from yeast apoptosis to human
disease. Biochimica et Biophysica Acta (BBA)—Molecular Cell Research. 2008; 1783(7):1418-35.
https://doi.org/10.1016/j.bbamcr.2008.01.015.

Hawle P, Horst D, Bebelman JP, Yang XX, Siderius M, van der Vies SM. Cdc37p is required for stress-
induced high-osmolarity glycerol and protein kinase C mitogen-activated protein kinase pathway func-
tionality by interaction with Hog1p and Slt2p (Mpk1p). Eukaryot Cell. 2007; 6(3):521-32. Epub 01/12.
https://doi.org/10.1128/EC.00343-06 PMID: 17220467.

Jiang Y, Rossi P, Kalodimos CG. Structural basis for client recognition and activity of Hsp40 chaper-
ones. Science (New York, NY). 2019; 365(6459):1313-9. https://doi.org/10.1126/science.aax1280
PMID: 31604242.

Johnson BD, Schumacher RJ, Ross ED, Toft DO. Hop Modulates hsp70/hsp90 Interactions in Protein
Folding*. Journal of Biological Chemistry. 1998; 273(6):3679-86. https://doi.org/10.1074/jbc.273.6.
3679 PMID: 9452498

Doyle SM, Hoskins JR, Kravats AN, Heffner AL, Garikapati S, Wickner S. Intermolecular Interactions
between Hsp90 and Hsp70. J Mol Biol. 2019; 431(15):2729—-46. https://doi.org/10.1016/j.jmb.2019.05.
026 PMID: 31125567

Biebl MM, Riedl M, Buchner J. Hsp90 Co-chaperones Form Plastic Genetic Networks Adapted to Client
Maturation. Cell Reports. 2020; 32(8):108063. https://doi.org/10.1016/j.celrep.2020.108063 PMID:
32846121

Gowda NKC, Kandasamy G, Froehlich MS, Dohmen RJ, Andréasson C. Hsp70 nucleotide exchange
factor Fes1 is essential for ubiquitin-dependent degradation of misfolded cytosolic proteins. Proceed-
ings of the National Academy of Sciences. 2013; 110(15):5975. https://doi.org/10.1073/pnas.
1216778110 PMID: 23530227

Mandal AK, Gibney PA, Nillegoda NB, Theodoraki MA, Caplan AJ, Morano KA. Hsp110 chaperones
control client fate determination in the hsp70-Hsp90 chaperone system. Mol Biol Cell. 2010; 21
(9):1439-48. Epub 03/17. https://doi.org/10.1091/mbc.e09-09-0779 PMID: 20237159.

Faust O, Abayev-Avraham M, Wentink AS, Maurer M, Nillegoda NB, London N, et al. HSP40 proteins
use class-specific regulation to drive HSP70 functional diversity. Nature. 2020; 587(7834):489-94.
https://doi.org/10.1038/s41586-020-2906-4 PMID: 33177718

Jiang J, Prasad K, Lafer EM, Sousa R. Structural basis of interdomain communication in the Hsc70
chaperone. Molecular cell. 2005; 20(4):513-24. https://doi.org/10.1016/j.molcel.2005.09.028 PMID:
16307916.

Flom G, Weekes J, Johnson JL. Novel interaction of the Hsp90 chaperone machine with Ssl2, an
essential DNA helicase in Saccharomyces cerevisiae. Curr Genet. 2005; 47(6):368—80. Epub 05/04.
https://doi.org/10.1007/s00294-005-0580-6 PMID: 15871019.

Nitika Truman AW. Cracking the Chaperone Code: Cellular Roles for Hsp70 Phosphorylation. Trends in
biochemical sciences. 2017; 42(12):932-5. Epub 11/05. https://doi.org/10.1016/j.tibs.2017.10.002
PMID: 29102083.

Weissman Z, Pinsky M, Wolfgeher DJ, Kron SJ, Truman AW, Kornitzer D. Genetic analysis of Hsp70
phosphorylation sites reveals a role in Candida albicans cell and colony morphogenesis. Biochimica et
Biophysica Acta (BBA)—Proteins and Proteomics. 2020; 1868(3):140135. https://doi.org/10.1016/.
bbapap.2018.09.001 PMID: 31964485

Rose MD, Fink GR. KAR1, a gene required for function of both intranuclear and extranuclear microtu-
bules in yeast. Cell. 1987; 48(6):1047—60. https://doi.org/10.1016/0092-8674(87)90712-4 PMID:
3030557

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010442 November 9, 2022 38/39


https://doi.org/10.1091/mbc.12.4.957
http://www.ncbi.nlm.nih.gov/pubmed/11294899
https://doi.org/10.1128/MCB.20.20.7654-7661.2000
http://www.ncbi.nlm.nih.gov/pubmed/11003661
https://doi.org/10.1371/journal.pgen.1003099
https://doi.org/10.1371/journal.pgen.1003099
http://www.ncbi.nlm.nih.gov/pubmed/23236290
https://doi.org/10.1016/j.bbamcr.2011.09.002
https://doi.org/10.1016/j.bbamcr.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21945179
https://doi.org/10.1016/j.tibs.2011.06.001
http://www.ncbi.nlm.nih.gov/pubmed/21741246
https://doi.org/10.1016/j.bbamcr.2008.01.015
https://doi.org/10.1128/EC.00343-06
http://www.ncbi.nlm.nih.gov/pubmed/17220467
https://doi.org/10.1126/science.aax1280
http://www.ncbi.nlm.nih.gov/pubmed/31604242
https://doi.org/10.1074/jbc.273.6.3679
https://doi.org/10.1074/jbc.273.6.3679
http://www.ncbi.nlm.nih.gov/pubmed/9452498
https://doi.org/10.1016/j.jmb.2019.05.026
https://doi.org/10.1016/j.jmb.2019.05.026
http://www.ncbi.nlm.nih.gov/pubmed/31125567
https://doi.org/10.1016/j.celrep.2020.108063
http://www.ncbi.nlm.nih.gov/pubmed/32846121
https://doi.org/10.1073/pnas.1216778110
https://doi.org/10.1073/pnas.1216778110
http://www.ncbi.nlm.nih.gov/pubmed/23530227
https://doi.org/10.1091/mbc.e09-09-0779
http://www.ncbi.nlm.nih.gov/pubmed/20237159
https://doi.org/10.1038/s41586-020-2906-4
http://www.ncbi.nlm.nih.gov/pubmed/33177718
https://doi.org/10.1016/j.molcel.2005.09.028
http://www.ncbi.nlm.nih.gov/pubmed/16307916
https://doi.org/10.1007/s00294-005-0580-6
http://www.ncbi.nlm.nih.gov/pubmed/15871019
https://doi.org/10.1016/j.tibs.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29102083
https://doi.org/10.1016/j.bbapap.2018.09.001
https://doi.org/10.1016/j.bbapap.2018.09.001
http://www.ncbi.nlm.nih.gov/pubmed/31964485
https://doi.org/10.1016/0092-8674(87)90712-4
http://www.ncbi.nlm.nih.gov/pubmed/3030557
https://doi.org/10.1371/journal.pgen.1010442

PLOS GENETICS

Regulation of Hsp90 function by Hsp40

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Gupta A, Puri A, Singh P, Sonam S, Pandey R, Sharma D. The yeast stress inducible Ssa Hsp70
reduces a-synuclein toxicity by promoting its degradation through autophagy. PLoS Genet. 2018; 14
(10):e1007751—e. https://doi.org/10.1371/journal.pgen.1007751 PMID: 30376576.

Sharma D, Masison DC. Single methyl group determines prion propagation and protein degradation
activities of yeast heat shock protein (Hsp)-70 chaperones Ssa1p and Ssa2p. Proc Natl Acad Sci U S A.
2011; 108(33):13665—70. Epub 08/01. https://doi.org/10.1073/pnas.1107421108 PMID: 21808014.

Kumar N, Gaur D, Gupta A, Puri A, Sharma D. Hsp90-Associated Immunophilin Homolog Cpr7 Is
Required for the Mitotic Stability of [URES] Prion in Saccharomyces cerevisiae. PLoS Genet. 2015;11
(10):e1005567-e. https://doi.org/10.1371/journal.pgen.1005567 PMID: 26473735.

Sharma D, Martineau CN, Le Dall M-T, Reidy M, Masison DC, Kabani M. Function of SSA subfamily of
Hsp70 within and across species varies widely in complementing Saccharomyces cerevisiae cell
growth and prion propagation. PLoS One. 2009; 4(8):e6644—e. https://doi.org/10.1371/journal.pone.
0006644 PMID: 19680550.

Morano KA, Santoro N, Koch KA, Thiele DJ. A trans-activation domain in yeast heat shock transcription
factor is essential for cell cycle progression during stress. Molecular and cellular biology. 1999; 19
(1):402—11. https://doi.org/10.1128/MCB.19.1.402 PMID: 9858564.

Puri A, Singh P, Kumar N, Kumar R, Sharma D. Tah1, A Key Component of R2TP Complex that Regu-
lates Assembly of snoRNP, is Involved in De Novo Generation and Maintenance of Yeast Prion [URE3].
J Mol Biol. 2021; 433(13):166976. https://doi.org/10.1016/j.jmb.2021.166976 PMID: 33811921

Singh P, Khurana H, Yadav SP, Dhiman K, Singh P, Ashish, et al. Biochemical characterization of ClpB
protein from Mycobacterium tuberculosis and identification of its small-molecule inhibitors. International
Journal of Biological Macromolecules. 2020; 165:375-87. https://doi.org/10.1016/}.ijbiomac.2020.09.
131 PMID: 32987071

Wisniewski JR, Zougman A, Nagaraj N, Mann M. Universal sample preparation method for proteome
analysis. Nature Methods. 2009; 6(5):359-62. https://doi.org/10.1038/nmeth.1322 PMID: 19377485

Perez-Riverol Y, Bai J, Bandla C, Garcia-Seisdedos D, Hewapathirana S, Kamatchinathan S, et al. The
PRIDE database resources in 2022: a hub for mass spectrometry-based proteomics evidences. Nucleic
Acids Research. 2022; 50(D1):D543-D52. https://doi.org/10.1093/nar/gkab1038 PMID: 34723319

Sharma D, Masison DC. Functionally redundant isoforms of a yeast Hsp70 chaperone subfamily have
different antiprion effects. Genetics. 2008; 179(3):1301—-11. Epub 06/18. https://doi.org/10.1534/
genetics.108.089458 PMID: 18562668.

Trott A, West JD, Klai¢ L, Westerheide SD, Silverman RB, Morimoto R, et al. Activation of heat shock
and antioxidant responses by the natural product celastrol: transcriptional signatures of a thiol-targeted
molecule. Mol Biol Cell. 2008; 19(3):1104—12. Epub 01/16. https://doi.org/10.1091/mbc.e07-10-1004
PMID: 18199679.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010442 November 9, 2022 39/39


https://doi.org/10.1371/journal.pgen.1007751
http://www.ncbi.nlm.nih.gov/pubmed/30376576
https://doi.org/10.1073/pnas.1107421108
http://www.ncbi.nlm.nih.gov/pubmed/21808014
https://doi.org/10.1371/journal.pgen.1005567
http://www.ncbi.nlm.nih.gov/pubmed/26473735
https://doi.org/10.1371/journal.pone.0006644
https://doi.org/10.1371/journal.pone.0006644
http://www.ncbi.nlm.nih.gov/pubmed/19680550
https://doi.org/10.1128/MCB.19.1.402
http://www.ncbi.nlm.nih.gov/pubmed/9858564
https://doi.org/10.1016/j.jmb.2021.166976
http://www.ncbi.nlm.nih.gov/pubmed/33811921
https://doi.org/10.1016/j.ijbiomac.2020.09.131
https://doi.org/10.1016/j.ijbiomac.2020.09.131
http://www.ncbi.nlm.nih.gov/pubmed/32987071
https://doi.org/10.1038/nmeth.1322
http://www.ncbi.nlm.nih.gov/pubmed/19377485
https://doi.org/10.1093/nar/gkab1038
http://www.ncbi.nlm.nih.gov/pubmed/34723319
https://doi.org/10.1534/genetics.108.089458
https://doi.org/10.1534/genetics.108.089458
http://www.ncbi.nlm.nih.gov/pubmed/18562668
https://doi.org/10.1091/mbc.e07-10-1004
http://www.ncbi.nlm.nih.gov/pubmed/18199679
https://doi.org/10.1371/journal.pgen.1010442

