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Abstract

Maintenance of protein homeostasis in eukaryotes during normal growth and stress
conditions requires the functions of Hsp70 chaperones and associated co-chaperones.
Here we investigate an evolutionarily-conserved serine phosphorylation that occurs at
the site of communication between the nucleotide-binding and substrate-binding
domains of Hsp70. Ser151 phosphorylation in yeast Hsp70 (Ssa1) is promoted by cyclin-
dependent kinase (Cdk1) during normal growth and dramatically affects heat shock
responses, a function conserved with Hsc70 S153 phosphorylation in human cells.
Phospho-mimic forms of Ssa1 (S151D) also fail to relocalize in response to starvation
conditions, do not associate in vivo with Hsp40 co-chaperones, Ydj1 and Sis1, and do
not catalyze refolding of denatured proteins in vitro in cooperation with Ydj1 and Hsp104.
S151 phosphorylation strongly promotes survival of heavy metal exposure and reduces
Sup35-dependent [PSI'] prion activity, however, consistent with proposed roles for Ssa1
and Hsp104 in generating self-nucleating seeds of misfolded proteins. Taken together,
these results suggest that Cdk1 downregulates Hsp70 function during periods of active
growth, reducing propagation of aggregated proteins despite potential costs to overall

chaperone efficiency.
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Protein homeostasis encompasses a network of processes which maintain the
functionality of proteins in the cellular environment (Kim et al, 2013). Nascent
polypeptides fold into stable, tertiary structures during and after translation; however,
mammalian protein biosynthesis often leads to incorrectly folded proteins. It is estimated
that 30 — 50% of mammalian proteins are in misfolded or metastable states with partially
ordered structures (Balchin et al, 2016; Saibil, 2013). These forms of proteins may lead
to the accumulation of aggregates, including amorphous, oligomeric, and fibrillar
structures, which are toxic to cells (Balchin et al, 2016). In order to maintain efficient
protein folding and prevent protein aggregation, cells have evolved a network of
chaperone proteins as a surveillance system for proteome integrity. Disruption of these
networks can cause a number of human disorders, including Alzheimer's, Parkinson's,
and prion-related diseases (Soto, 2003). While the activities of many members of the
chaperone family are well studied, the regulation of these critical enzymes during
specific stress conditions is not completely understood.

Chaperones have been classified into Hsp70, Hsp90, Hsp100, Hsp110, Hsp40,
and small HSP families (Genest et al, 2019). The canonical function of Hsp70s and
Hsp90 chaperones are to recognize unfolded protein clients, promote correct folding,
and release them after the protein folding is completed. Protein folding requires an
ATP/ADP exchange cycle and the assistance of co-chaperones (Saibil, 2013). Two
major co-chaperones, Hsp110 (nucleotide exchange factors, NEFs) and Hsp40 (DNAJ-
related proteins), cooperate with Hsp70s and regulate the exchange between ATP-
bound and ADP-bound states (Kampinga & Craig, 2010). Hsp70 proteins also work as a
hub connecting with other chaperones to facilitate translocation between cellular
compartments, regulation of newly synthesized proteins, and sequestration and

degradation of protein aggregates (Chen et al, 2011).
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Hsp70 proteins are highly conserved in all species (Daugaard et al, 2007). In
Saccharomyces cerevisiae, there are four functionally and structurally redundant Hsp70
proteins: Ssa1-4. While Ssa1 and Ssa2 are constitutively expressed similar to human
Hsc70, Ssa3 and Ssa4 are induced by heat shock and other forms of stress similar to
human Hsp70 (Verghese et al, 2012). Removal of Ssa1-4 is lethal in yeast, but
constitutive expression of any single gene can rescue this lethality (Werner-Washburne
et al, 1987; Hasin et al, 2014) . Hsp70 orthologs in eukaryotes are targets of many post-
translational modifications, including numerous phosphorylation events (Cloutier &
Coulombe, 2013). Yeast Ssa1 has two phosphorylation hotspots: one in the N-terminal
nucleotide binding domain (NBD) and C-terminal substrate binding domain (SBD). Some
of these phosphorylation events have been characterized and shown to regulate
HSP70/SSA-dependent functions including heat shock responses, polysome
association, protein refolding, and protein disaggregation (Beltrao et al, 2012). There
have also been numerous other post-translational modifications observed in HSP70
proteins in eukaryotes (Cloutier & Coulombe, 2013), but most of these are
uncharacterized.

Here we investigated a conserved phosphorylation site in the ATPase domain of
HSP70 enzymes and found that growth-dependent modification of this site controls
HSP70 function in budding yeast and in mammalian cells. Phosphorylation of S151
(S151) on yeast Ssa1 regulates its association with co-chaperone and chaperone
partners and modulates ATP hydrolysis and protein disaggregation. During heat stress
or nutrition deficiency, phosphorylation of S151 plays an important role in regulating the
Hsp104 disaggregation machinery and stress granule formation, respectively. In
addition, we find that the phosphorylation status of S151 dictates the efficiency of Sup35
prion maintenance as well as survival of heavy metal exposure. Based on this evidence,

we propose that Ssa1 S151 phosphorylation is critical for the dynamic association of the
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protein with co-chaperones and clients during stress responses and may play a role in

the regulation of misfolded proteins in coordination with nutritional states.

Results
Ssa1 S151 phosphorylation affects cell growth and thermal stability
Multiple phosphorylated serine/threonine residues have been identified on HSP70
proteins (Cloutier & Coulombe, 2013; Albuquerque et al, 2008; Holt et al, 2009);
however, the potential functions and regulatory roles of these modifications on Hsp70
are not fully understood. To identify and characterize these sites, we analyzed Ssa1
phosphorylation in budding yeast and Hsc70 phosphorylation in human cells by
quantitative mass spectrometry. In our analysis of post-translational modifications, we
detected and confirmed Ssa1 and Hsc70 phosphorylation at S151 and S153 in yeast
and humans, respectively, among many other modifications (Table S1 and S2). The
S151 residue is highly conserved among several Hsp70 family members in S. cerevisiae
and higher eukaryotes (Fig. 1A). The four abundant cytosolic HSP70 proteins (Ssa1-4)
and yeast mitochondrial HSP70 proteins (Ssc1 and Ssq1) all have a serine at a.a.151 in
the nucleotide-binding domain (NBD) whereas most bacterial and archaeabacterial
HSP70 proteins have an alanine at this position.

In Hsc70/Hsp70 proteins, the substrate-binding domain (SBD) docks with the
NBD in the ATP-bound state where the complex has low affinity for its clients (Kityk et al,
2012; Saibil, 2013) (example of the ATP-bound form of DnaK (E. coli homologue of
mammalian Hsp70) shown in Fig. 1B (Kityk et al, 2012). With ATP hydrolysis, the SBD
releases from this conformation while connected to the NBD via a flexible linker in the
ADP-bound state, consistent with predictions of dynamic motion of Hsp70 between
different states (Flaherty et al, 1990; Zhu et al, 1996). Interestingly, the Alanine 149

(A149) residue of DnaK (corresponding to the S151 residue of yeast Ssa1 or S153
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residue of human Hsc70/Hsp70) is located close to the interface between the NBD and
SBD (Fig. 1B). Based on structures of DnaK and yeast Sse1 (Kityk et al, 2012; Liu &
Hendrickson, 2007), S151/153 would only be ~3A away from Lysine 452 (K452) of the
SBD in the ATP-bound state, indicating a possible role for this modification in regulating
associations between the NBD and the SBD.

Interestingly, S153 in vertebrate Hsc70 orthologs is part of an (S/T)Q motif,
matching the consensus for PI-3 Kinase-like Kinases (PIKK) that are targets of the ATM
and ATR protein kinases in the DNA damage response (Kim et al, 1999; O’Neill et al,
2000). Hsc70 S153 was also found to be phosphorylated in a global study of DNA
damage-induced phosphorylation (Matsuoka et al, 2007). In yeast, S151 in SSA1 also
resides in an (S/T)Q PIKK motif; however, the role of SSA1 S151 phosphorylation in
DNA damage responses is not clear. Our observation of SSA1 S151 phosphorylation as
well as previous documentation of this modification by global phosphorylation studies
(Beltrao et al, 2012; Albuquerque et al, 2008) suggested that one of the PIKK kinases
might use Hsp70 modification to regulate downstream DNA damage repair pathways or
canonical Hsp70 functions. To investigate this possibility, we generated a custom
antibody directed against phospho-S151 and monitored phosphorylation of recombinant
GFP-Flag-Ssa1 expressed in budding yeast and isolated by immunoprecipitation
followed by western blot of the tagged protein from normally growing cells. The result
shows that the antibody recognizes wild-type Ssa1 but not Ssa1 S151A (Fig. 1C),
indicating that the antibody is specific for the S151 residue and that the modification
occurs during normal growth conditions. We did not observe any increase in
phosphorylation with DNA damaging agents, however (data not shown), which would be
expected if this modification was involved in DNA damage responses.

In order to investigate the role of HSP70 phosphorylation at S151, we expressed

Flag-tagged wild-type Ssa1, a non-phosphorylatable mutant Ssa1 (S151A) or a
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phospho-mimetic mutant Ssa1 (S151D) under the control of the Ssa1 natural promoter
on a 2 micron plasmid in a yeast strain lacking all four Ssa proteins (Fig. 1D)(Jaiswal et
al, 2011). Growth of wild-type and mutant strains were evaluated using a serial spot
dilution assay on solid media (Fig. 1E) or a growth curve in liquid culture (Fig. 1F, G).
Both assays indicate that the wild-type, S151A, and S151D cells grow similarly at 30°C
but the S151D cells are hypersensitive to high temperature (39°C). Therefore, the
phospho-mimetic S151D mutant can be considered a temperature-sensitive mutant.
Interestingly, we observed that the cells expressing the S151A mutant exhibit a delay in
growth as cells approach stationary phase, whereas the cells expressing S151D grow to
higher density than wild-type during this period (Fig. 1F).

It is possible that S151D cells exhibit sensitivity to heat shock because of
alterations in heat shock factor 1 (Hsf1) regulation (Trotter et al, 2001). In wild-type S.
cerevisiae cells, the transcription factor Hsf1 is repressed by Ssa1/2, which binds to
Hsf1, preventing its association with heat shock elements (HSEs) (Sorger & Pelham,
1988). Heat shock generates misfolded proteins that compete with Hsf1 for the binding
of Ssa1/2, which releases Hsf1 to transcribe HSE-driven genes that generate higher
levels of chaperones and repress ribosomal proteins (Trotter et al, 2001; Rowley et al,
1993; Zheng et al, 2016). To test whether Ssa1 S151 phosphorylation regulates HSF1
activation, we integrated a yellow fluorescence protein (YFP) reporter regulated by HSEs
(Zheng et al, 2016) into the genome of our strains and used flow cytometry analysis to
monitor HSF1 activity. In the wild-type and S151A strains, exposure to heat (37°C and
42°C) increased the yield of YFP relative to 25°C (Fig. 1H) as previously reported
(Zheng et al, 2016). Cells expressing S151D Ssa1 exhibited higher HSF1 activation at
high temperatures but were also elevated at 25°C compared to wild-type and S151A

cells. Consistent with this finding of basal de-repression of Hsf1, cells expressing S151D
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Ssa1 under normal growth conditions show higher levels of expression of several other

heat shock proteins (Fig. S1) and also slight repression of ribosomal proteins (Fig. S2).

Ssa1 S151D cells accumulate more heat-induced protein aggregates
The impaired heat shock survival of yeast cells expressing Ssa1 S151D protein (Fig. 1D-
F) might be related to the accumulation of heat-induced protein aggregates, as Hsp70
proteins have been shown to be critical for dispersal of these toxic products (Mogk et al,
2018). To test this, we collected protein aggregates by separating detergent-insoluble
proteins from detergent-soluble proteins using a previously described method (Koplin et
al, 2010). We then compared overall levels of detergent-insoluble proteins from wild-
type, S151A, and S151D cells at 30°C or 42°C by coomassie staining of the aggregates
on SDS-PAGE gels (Fig. 2A). Interestingly, cells expressing Ssa1 S151D tended to form
a higher basal level of total endogenous aggregates than wild-type and Ssa1 S151A
cells at 30°C ("C"). Similarly, Ssa1 S151D cells produced more heat-induced total
aggregates compared to wild-type and S151A cells at 42°C ("Hs", Fig. 2A). The results
are consistent with the growth data above in that S151D cells accumulate more
detergent-insoluble proteins than wild-type and S151A cells during heat exposure. In
contrast, the S151A-expressing cells showed lower levels of protein aggregates
compared to wild-type Ssa1-expressing cells, with or without heat treatment, suggesting
a higher efficiency of aggregate removal compared to wild-type cells. Arsenite treatment,
used here as a general form of oxidative stress, yielded similar levels of aggregates in all
strains.

We also used the well-established aggregate reporter Ubc9 Y68L, a
temperature-sensitive allele of the SUMO-conjugating enzyme Ubc9 (Ubc9"), to
measure protein aggregates in vivo (Kaganovich et al, 2008; Betting & Seufert, 1996).

Our results showed that cells expressing Ssa1 S151D form more endogenous GFP-
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Ubc9 aggregates (GFP foci) at 30°C and also show nearly 2-fold higher levels of heat-
induced GFP foci compared to the wild-type and S151A cells (Fig. 2B). Taken together,
these data suggest that Ssa1 S151 phosphorylation affects the cellular responses to

heat and protein homeostasis stress.

Ssa1 S151 is phosphorylated by cyclin-dependent kinase Cdk1
Although we initiated our study of S151 modification with the idea that PIKK enzymes
might regulate HSP70 function, analysis of S151 phosphorylation in strains deficient in
the yeast PIKK enzymes (mec1 tel1 strains) did not support this hypothesis (data not
shown). A recent study of other Ssa1 modifications showed that T36 phosphorylation on
Ssa1 by yeast Cdk1 and Pho85 is important for G4/S cell cycle control and suggested
that Ssa1 is physically associated with Cdk1 and Pho85 (Truman et al, 2012).
Considering this precedent, we hypothesized that cyclin-dependent kinase might
phosphorylate Ssa1 S151. To determine if Cdk1 catalyzes Ssa1 S151 phosphorylation,
we expressed galactose-inducible Cdk1(Cdc28) in GFP-Flag-SSA1-expressing cells and
analyzed the phosphorylation status of S151 in Ssa1 immunoprecipitated with anti-Flag
antibody. The result shows that Cdk1 overexpression increases Ssa1 S151
phosphorylation signal 3-fold, with Ssa1 S151A as a negative control (Fig. 3A).

We also utilized yeast cells expressing Cdk1-as1, an analog-sensitive version of
Cdk1 (Bishop et al, 2000), to evaluate Ssa1 S151 phosphorylation. In this strain, Cdk1
activity can be downregulated by the addition of 1-NM-PP1 analogs that uniquely block
the analog-sensitive Cdk1. We overexpressed GFP-Flag-SSA1 in the Cdk1-as1 strain
and immunoprecipitated Ssa1 after 1-NM-PP1 treatment, finding that Ssa1
phosphorylation at S151 was partially decreased under these conditions (Fig. 3B).
Lastly, to confirm the phosphorylation in vitro, we purified galacotose-inducible His-HA-

tagged Cdk1 enzyme and evaluated its ability to phosphorylate recombinant wild-type
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Ssa1 purified from E. coli. In comparison to the purified Cdk1 from raffinose cultures,
immunoprecipitated material from galactose-induced cultures produced 1.5 to 2--fold
higher levels of Ssa1 S151 phosphorylation (Fig. 3C). In addition, the S151 site was
found in a global survey of Cdk1 targets in yeast, although the change in
phosphorylation induced by cell cycle synchronization in this study was modest (Holt et
al, 2009). Taken together, these data suggest that Cdk1 phosphorylates Ssa1 at S151 in
vivo, although we cannot exclude the possibility of other kinases modifying the site in

addition to Cdk1.

Starvation conditions reduce S151 phosphorylation

The TOR pathway participates in protein homeostasis through the connection between
TOR-mediated nutrient signaling and chaperone-mediated stress responses (Conn &
Qian, 2011). Here we tested the effects of stationary phase, TORin (a TOR1 and TOR2
inhibitor)(Huang et al, 2017), as well as rapamycin and found that all of these treatments
substantially reduce Ssa1 phosphorylation at S151 (Fig. 3D, E). These results are
consistent with our observation of Cdk1 control of this phosphorylation since TOR
inhibition blocks cell cycle progression and Cdk1 activity is low in stationary phase
(Barbet et al, 1996; Hartwell et al, 1974; Mendenhall et al, 1987). We also tested the
growth of wild-type and mutant strains under TOR inhibition conditions using a growth
curve in liquid culture (Fig. 3F) or a serial spot dilution assay on solid media (Fig. 3G).
Both assays indicated that S151D cells exhibit delayed growth in a TOR-inhibited
environment, particularly in high-density cultures as cells approach stationary phase.
Interestingly, S151A cells grew to higher densities than wild-type and S151D cells during
long-term rapamycin treatment (Fig. 3F, G). Thus, reduction of S151 phosphorylation is

necessary for growth and survival under conditions of TOR inhibition.
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Translation inhibition is a common response to many types of environmental
stress (Cherkasov et al, 2013). Cellular RNA-containing granules form during nutrient
deprivation and during stationary phase and serve to protect mRNAs as well as to
promote translation re-initiation and elongation after stress conditions are resolved. In
budding yeast, Ssa proteins and Hsp40 co-chaperones are important for the formation of
cytoplasmic RNA-protein (RNP) granules (stress granule and P-bodies)(Walters et al,
2015). Here we investigated the efficiency of RNP granule formation by examining GFP-
SSA1 foci formation during glucose deprivation and stationary phase. The results
showed that cells expressing Ssa1 S151D completely failed to form RNP granules
during glucose deprivation (Fig. 4A). We also examined the behavior of GFP-Ssa1 in
stationary phase during which the chaperone also is known to form discrete foci
(Narayanaswamy et al, 2009). We observed a lower density of RNP granules in both
S151A and S151D cells compared to wild-type cells, although S151D expression
reduced foci to a greater extent than S151A (Fig. 4B). Thus, reorganization of Ssa1 into

stress granules is sensitive to the phosphorylation status of S151.

S151 phosphorylation regulates the interactome of Ssa1

Hsp70 orthologs participate in a wide range of cellular processes through their ATP-
dependent cycles of client recognition and protein folding (Clerico et al, 2015). In order
to investigate the impact of Ssa1 S151 phosphorylation on the global interactome of
Ssa1, we purified GFP-Flag-tagged Ssa1 wild-type, Ssa1 (S151A), and Ssa1 (S151D)
proteins from yeast cells during exponential growth and compared their binding partners
by quantitative liquid chromatography-tandem mass spectrometry (LC-MS/MS). We
detected 2006 proteins in lysates and immunoprecipitates and used untagged Ssa1 for
immunoprecipitation as a negative control. The bound proteins included known co-

chaperones and chaperone-associated factors as well as other proteins that may be
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clients. We identified 46 proteins significantly altered in their binding to S151A compared
to wild-type chaperone, while 57 proteins are altered in cells expressing S151D,
comparing 3 biological replicates from each strain (Fig. 5A-C, Table S3). These results
suggested that the Ssa1 S151 phosphorylation broadly influences the binding between
Ssa1 and cellular factors.

J-domain containing proteins (Hsp40s) and nucleotide-exchange factors (NEFs)
are the major regulators of Hsp70 in its catalytic cycle (Saibil, 2013). Both co-
chaperones dynamically interact with Hsp70 and carry out diverse functions. Hsp40
proteins transfer substrates to Hsp70 and promote ATP hydrolysis by Hsp70, which
transforms Hsp70 into an ADP-bound closed conformation in which the substrate is
tightly bound (Mayer, 2013). To complete the Hsp70 conformational cycle, NEFs
promote the exchange of ADP for ATP and transform Hsp70 back to an ATP-bound
open conformation which releases the folded client (Sharma et al, 2010). Two of the
primary Hsp40 enzymes in S. cerevisiae are Ydj1 (Type |) and Sis1 (Type Il), each of
which independently direct Hsp70 to execute different cellular functions (Walters et al,
2015; Fan et al, 2004; Rudiger et al, 2001). In our co-immunoprecipitation analysis, both
Ydj1 and Sis1 are detected with wild-type Ssa1 and the S151A mutant, but show
significantly lower association with Ssa1 S151D (Fig. 5D and 5E). In addition, we found
that several known Hsp70 binding partners including endoplasmic reticulum (ER)-
specific co-chaperone (HLJ1), mitochondria-specific ATPase (MCX1), and prion-
associated factors (SUP35 and RNQ1) exhibited higher association with Ssa1 S151A
compared to Ssa1 S151D (Fig. 5C, and Fig. S3). In contrast, several ribosomal proteins
(both small and large subunit) exhibited higher association with Ssa1 S151D compared
to Ssa1 S151A (Fig. 5C, Fig. S2, Table S3).

The binding defect between Ssa1 S151D and the Hsp40 factors could underlie

the growth and heat survival deficits observed with this mutant. One possibility we
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considered was that the S151D phenotype might be suppressed by overexpression of
the Hsp40 factors that exhibit lower levels of binding. To test this, we overexpressed
Ydj1 and Sis1 with an inducible GAL promoter in cells expressing wild-type, S151A, or
S151D Ssa1 genes at 30°C (Fig. 5F). Instead of rescuing the S151D growth defect, we
found that the S151D-expressing cells were nearly inviable with galactose induction of
Ydj1 and Sis1. Thus the reduction in Ydj1 and Sis1 binding cannot be functionally
overcome by overexpression.

In addition to facilitating client binding by Hsp70 proteins, Ydj1 also promotes
association between Ssa1 and Hsp104 as well as with small chaperones such as
Hsp12, Hsp26, and Hsp31 to promote disaggregation and refolding of aggregated
proteins (Fan et al, 2003; Cashikar et al, 2005; Duennwald et al, 2012). Perhaps relevant
to this function, we observed that Hsp104 and small chaperones have higher protein
expression in cells expressing Ssa1 S151D (Fig. S1). HSP82 (yeast HSP90), known to
bind directly to Ssa1, is also present at higher levels in S151D-expressing cells (Fig. S1)
(Kravats et al, 2018). Combined with the observation that HSF1 is hyperactive in cells
expressing Ssa1 S151D, these observations suggest that Ssa1 phosphorylation may

have broad effects on many clients through altered co-chaperone binding properties.

Ssa1 S151 phosphorylation regulates disaggregation by Ssa1, Ydj1, and Hsp104
Previous studies have demonstrated that Ssa1 together with the Hsp40 co-chaperone
Ydj1 are able to refold misfolded proteins and to prevent the formation of large
aggregates from misfolded proteins (Balchin et al, 2016; Becker et al, 1996). Budding
yeast also have the Hsp104 chaperone, which cooperates with Hsp70 and Hsp40
proteins to generate an efficient protein disaggregation assembly (Glover & Lindquist,

1998, 104). Hsp104 is a critical protein disaggregase for yeast cell survival of severe
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stress conditions, and has been shown to be responsible for extracting polypeptides
from protein aggregates in cooperation with Ssa1 and Ydj1 (Lee et al, 2013).

To directly measure the effects of Ssa1 on protein folding, we established an in
vitro luciferase-refolding assay with purified recombinant components (Fig. S4). We
tested purified wild-type Ssa1, Ssa1l S151A, and Ssa1 S151D proteins in vitro with urea-
denatured luciferase and found that purified Ssa1 S151D has poor luciferase
reactivation efficiency compared to wild-type Ssa1 whereas the S151A mutant is more
active than wild-type protein (Fig. 6A). In this case the Ssa1 proteins were produced in
insect cells and the wild-type protein does have S151 phosphorylation (Fig. S4D) so it is
expected that the wild-type would show an intermediate level of activity compared to the
S151A and S151D mutants.

Based on our co-immunoprecipitation observations, Ssa1 S151A and Ssa1
S151D mutants associate with Ydj1 differently, so Ydj1 might play a critical role in
controlling refolding or disaggregation functions of Ssa1 in a manner that is controlled by
S151 phosphorylation. We found that the combination of purified wild-type Ssa1 and
Ydj1 was more efficient in reactivation of urea-denatured luciferase than reactions
containing purified wild-type Ssa1 or purified Ydj1 only (Fig. 6A), consistent with
previous reports (Glover & Lindquist, 1998, 104). Both wild-type and S151A proteins
were significantly more efficient in luciferase reactivation with Ydj1 present while the
activity of the S151D protein did not improve at all with Ydj1 addition (Fig. 6A),
consistent with our binding results in Fig. 5 showing Ssa1 S151D has extremely reduced
binding affinity for Ydj1.

Although Ssa1 and Ydj1 are able to perform a modest level of refolding, previous
work has shown that Hsp104 can increase the level of luciferase reactivation by Ssa1
and Ydj1 (Glover & Lindquist, 1998). With purified Ssa1 and Ydj1 in the reaction, we

thus compared the efficiency of the reaction with recombinant Hsp104 present (Fig. 6B).
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Consistent with previous results, we also observed that the addition of Hsp104 to wild-
type Ssa1 and Ydj1 generated significantly higher levels of reactivated luciferase
compared to reactions without Hsp104 (Fig. 6B). This cooperative effect was also
observed with Ssa1 S151A and Ydj1, but Ssa1 S151D and Ydj1 fail to cooperate with
Hsp104 in reactivation of aggregated luciferase (Fig. 6B). Without purified Ydj1, we
observed that Ssa1 and Hsp104 failed to increase the level of luciferase reactivation
although wild-type Ssa1 and Ssa1 S151A still showed more efficient luciferase
reactivation than Ssa1 S151D (Fig. 6C). The results indicate that purified Ssa1 S151D
fails to form an efficient and functional disaggregase complex with Hsp104 in vitro, at
least in part due to lack of productive binding to Ydj1. This deficiency is not due to a lack
of ATPase activity, as measurements of ATP hydrolysis with purified S151D protein
show approximately 2-fold higher rates of hydrolysis compared with wild-type or S151A
protein in vitro (Fig. 6D).

To determine if the effects of Ssa1 S151 phosphorylation are dependent on
HSP104-dependent activities in vivo, we deleted the HSP104 gene in our Assa1/2/3/4
yeast strain complemented by wild-type, S151A, or S151D SSA1. The cells were
analyzed by serial dilutions on solid media and also exposed to heat shock at 39°C. The
results show that Ssa1 S151D cells exhibit slow growth at elevated temperature
compared to wild-type Ssa1-expressing cells while the Ssa1 S151A-expressing cells are
even more resistant than wild-type cells (Fig. 6E). Thus, the phosphorylation of S151 (as
it occurs in the wild-type strain) yields greater functional deficiencies in the absence of
HSP104 than in its presence.

To test whether additional Hsp104 can recover the heat sensitivity of the S151D
mutant strain, we introduced galactose-inducible Hsp104 into the Assa1/2/3/4 strain. Our
results showed that additional Hsp104 expression did not affect growth of wild-type,

Ssal S151A, or Ssa1 S151D cells at 30°C (Fig 6F). Interestingly, Ssa1 S151D cells with
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endogenous levels of Hsp104 (glucose) were sensitive to heat shock at 37°C with a
short-term incubation (3 days), although recovered similar to wild-type cells after a long-
term incubation (6 days). However, Ssa1 S151D cells with additional Hsp104 expression
in the presence of galactose lost the ability to recover (Fig. 6F). The result indicates that
additional Hsp104 might create incomplete or dominant negative disaggregase
complexes in the presence of Ssa1 S151D that not only are non-functional but can block

protein refolding.

S151 phosphorylation requlates Sup35 prion function

In our co-immunoprecipitation analysis, we observed that Ssa1 is associated with two
prion-associated proteins, Rng1 and Sup35, and that the S151D form of Ssa1 exhibits
significantly lower binding to these proteins (Fig. 5, S3). The S. cerevisiae [PSI'] prion is
an inheritable, amyloid form of the Sup35 translation termination factor that is deficient in
termination function (Liebman & Chernoff, 2012). Formation of the amyloid form occurs
spontaneously but is promoted by Hsp70 function, specifically Ssa1, as well by the
Hsp104 disaggregation machinery, which is required to convert large prion assemblies
into smaller units that "seed" new fibers (Needham & Masison, 2008; Hung & Masison,
2006; Chernoff et al, 1995; Sharma & Masison, 2009; Shorter & Lindquist, 2004). Rng1
has a prion-like domain that can functionally substitute for Sup35 and is required for the
de novo appearance of [PS/*](Sondheimer & Lindquist, 2000; Derkatch et al, 2001). To
test whether Ssa1 phosphorylation plays a role in prion propagation, we monitored [PS/']
using Assa1/2/3/4 yeast strain containing an ade2-1 mutation as a color-based reporter
for nonsense codon read-through (Fig. 7A)(Jung et al, 2000). In short, [PSI'] propagation
leads to the generation of functional ADE2 protein (white) due to partial loss of Sup35
termination activity, whereas [psi] cells have normal Sup35 activity and have a red

pigment due to lack of ADE2 function. Expression of wild-type, S151A, and S151D
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versions of SSA1 in a [PSI'] strain showed that [PSI] propagation is maximal (white
colonies) with S151A, while it is slightly less efficient in wild-type SSA1-expressing cells
(slightly pink colonies) after long-term incubation (5 days)(Fig. 7B). In contrast, cells
expressing Ssa1 S151D show no apparent [PSI'] activity (red colonies)(Fig. 7B). These
results are consistent with our finding that Ssa1 S151A exhibits higher disaggregation
efficiency in vitro whereas Ssa1 S151D fails to promote disaggregation under these

conditions.

S151 phosphorylation regulates survival of heavy metal exposure

An early report of Ahsp104 phenotypes by Lindquist and colleagues showed that cells
lacking this chaperone are dramatically resistant to heavy metal exposure (cadmium and
copper) compared to wild-type cells (Sanchez et al, 1992). More recent work suggests
that cadmium and copper compounds directly generate misfolding of nascent proteins in
budding yeast and higher organisms, and that these and other heavy metals generate
metal-protein aggregates that seed the formation of new aggregates (Jacobson et al,
2017; Tamas et al, 2014; Hane & Leonenko, 2014). In this sense, metal-induced
misfolding intermediates are analogous to prion intermediates in their ability to
communicate protein misfolding states (Fig. 7C). To test if Ssa1 S153 phosphorylation
may have a similar effect as Ahsp104, we exposed yeast cells expressing wild-type,
S151A, or S151D Ssa1 to copper (ll) chloride and measured viability. It is clear that the
phospho-mimic S151D allele promotes survival of copper exposure under these
conditions at a level significantly higher than either S151A or wild-type Ssa1 expression

(Fig. 7D), similar to the report for Ahsp104 (Sanchez et al, 1992).

S151 phosphorylation regulates chaperone function in mammalian cells
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As discussed above, Ssa1 S151 is highly conserved in eukaryotes including humans,
where S153 is the corresponding residue in the constitutive Hsc70 as well as heat-
induced HSP70 (Fig. 1A). Hsc70/Hsp70 phosphorylation at S153 was observed
previously in a study of global SQ/TQ phosphorylation sites in human cells (Matsuoka et
al, 2007), and we found this phosphorylation site in human U20S osteosarcoma cells as
well (Table S2). To confirm that phosphorylation occurs during normal growth, we
expressed V5-tagged wild-type HSC70 and a S153A mutant in U20S cells, isolated the
protein by immunoprecipitation, followed by western blotting with the phospho-specific
antibody. The results confirm that S153 phosphorylation does occur in these cells,
although residual signal is still present with the S153A mutant, perhaps due to cross-
reacting phosphorylation elsewhere in the protein (Fig. 8A).

To investigate the role of Hsc70 phosphorylation at S153 we depleted
endogenous Hsc70 using siRNA; however, in human cells, depletion of Hsc70 generates
a dramatic induction of Hsp70 (HSPA1A/B) expression (Fig. S5) (Powers et al, 2008). To
alleviate this overexpression we also depleted Hsp70, as previously described (Powers
et al, 2008), resulting in 4-fold lower levels of Hsc70 with approximately 3-fold higher
levels of Hsp70 relative to untreated cells. In these double-depleted cells we expressed
V5-tagged wild-type Hsc70, the non-phosphorylatable mutant Hsc70 (S153A) or the
phospho-mimetic mutant Hsc70 (S151D) from a stably-integrated doxycyline-inducible
promoter (Fig. S5).

We tested for the effect of S153 phosphorylation status on survival of 39°C heat
exposure and observed that cells expressing the phospho-mimetic S153D mutant were
hypersensitive to heat shock (Fig. 8B), consistent with the results we observed in yeast
cells (Fig. 1). Therefore, Hsc70 S153 phosphorylation also acts in a dominant negative

way during heat shock in human cells.
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Hsc70/Hsp70 proteins are critical in the nucleolus for ribosome biogenesis,
stress responses, and cell signaling (Banski et al, 2010). In mammalian cells during heat
shock, Hsc70 rapidly accumulates in nucleoli, a response which is important for
counteracting damage and protein misfolding during heat stress (Kose et al, 2012;
Frottin et al, 2019). We tested nucleoli accumulation of GFP-tagged wild-type, S153A, or
S153D Hsc70 in U20S cells during heat shock and found that Hsc70 S153D completely
failed to accumulate in nucleoli compared to wild-type and Hsc70 S153A cells (Fig. 8C,
D). Thus, S153 phosphorylation regulates Hsc70 relocalization in response to heat in a

similar manner in humans as it does in budding yeast.

Discussion

Here we investigated the role of Ssa1/HSC70 phosphorylation at S151(S153) during
normal growth as well as stress conditions. We found that Ssa1 S151 phosphorylation is
promoted by Cdk1 activity during logarithmic growth, and that this modification
negatively regulates survival of heat exposure as well as starvation conditions. Ssa1
phosphorylation at S151 alters the interaction with Hsp40 co-chaperones that further
impact the formation and function of Hsp104-dependent disaggregase complexes.
Localization patterns of Ssa1 and Hsc70 in response to heat stress are also very
sensitive to S151(S153) modification, as is survival of heavy metals and the
maintenance of the [PS/+] prion in budding yeast. Thus Cdk1 appears to control many
aspects of Ssa1/HSC70 function, and may regulate the ability of prions to affect gene

expression.

The effect of chaperone phosphorylation on Ssa1 function
Hsp70 includes 3 major domains: the N-terminal nucleotide binding domain (NBD), a

linker region, and the C-terminal substrate binding domain (SBD)(Mayer, 2013). The
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ATPase activity of Hsp70 is mainly dependent on the NBD, a globular structure
composed of four coordinated subdomains, each of which is responsible for specific
interactions with ATP. However, previous studies of bacterial DnaK and DnaJ show that
NBD ATPase activity is also tightly coupled to SBD interactions as well as to the binding
of co-chaperone and peptide clients (Flynn et al, 1989; Buchberger et al, 1995; Bukau &
Horwich, 1998). Based on DnaK strutures as well as the Hsp70 ortholog Sse1, serine
151 of Ssa1 is predicted to be in a surface-exposed loop of the NBD, juxtaposed against
the SBD (Kityk et al, 2012; Liu & Hendrickson, 2007). Taken together, this data suggests
that S151 phosphorylation may not only play a regulatory role in domain interaction
between NBD and SBD, but also in co-chaperone interactions.

Consistent with this prediction, we found that the phospho-mimetic version of
S151, Ssa1 S151D, exhibits very low levels of binding to Ydj1 and Sis1: co-chaperones
in the Hsp40 family responsible for escorting clients to Hsp70 and accelerating HSP70
ATP hydrolysis (Cheetham & Caplan, 1998; Greene et al, 1998; Jiang et al, 2007).
Results with recombinant Ssa1 and Ydj1 in an in vitro luciferase refolding assay showed
that non-phosphorylated Ssa1 (the S151A phospho-blocking mutant) exhibits even
higher refolding efficiency than the wild-type Ssa1 protein and that addition of Ydj1
cooperatively increases this activity, as reported previously for Ssa1/Ydj1 (Glover &
Lindquist, 1998). In contrast, the S151D mutant failed to promote any co-chaperone-
mediated refolding, and expression of the Ssa1 S151D phospho-mimic allele in vivo
results in accumulation of higher levels of more protein aggregates in vivo (Fig. 2).

The Hsp104 chaperone is an important disaggregase in budding yeast,
functioning cooperatively with Hsp70 and Hsp40 proteins to recognize aggregated
proteins and extract individual polypeptides (Glover & Lindquist, 1998; Lee et al, 2013).
Here we found that the S151D phospho-mimic Ssa1 failed to cooperate with Hsp104 in

luciferase refolding assays in vitro and also exhibited more severe heat shock sensitivity
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in a Ahsp104 background in vivo. Under these conditions, the S151A form of Ssa1 was
remarkably more efficient than wild-type Ssa1 in promoting heat shock survival,
suggesting that the unphosphorylated form of Ssa1 can partially compensate for
chaperone function normally provided by Hsp104. Expressing higher levels of Hsp104,
Ydj1, and Sis1 in Ssa1 S151D strains failed to improve heat shock survival, thus the
functional defect with S151D Ssa1 is not simply a lower affinity of Ssa1 for the co-
chaperones but more likely involves a conformational change that is incompatible with
co-chaperone function. A similar combination of attributes was reported with Cdk1
phosphorylation of Ssa1 on T36, also in the NBD (Truman et al, 2012). In this case, the
phospho-mimic version of Ssa1 (T36E) exhibited higher levels of nucleotide binding in
vitro, low survival of heat shock, reduced binding to Ydj1 (although in this case no effect
on Sis1 binding), and altered cell cycle progression (Truman et al, 2012). The T36
residue is adjacent to the ATP-binding pocket in Ssa1, unlike S151, probably explaining
the change in nucleotide binding affinity, but similarly illustrates dominant negative

effects of Cdk1 phosphorylation on Ssa1 functional interactions.

Ssa1 S151 phosphorylation occurs under conditions of rapid growth

Although Ssa1 S151 does not conform to the S/T-P consensus phosphorylation motif
that is normally found for Cdk1 substrates, our data from in vitro as well as in vivo
assays indicates that Cdk1 participates in Ssa1 phosphorylation at S151 (Fig. 3). Non-
S/T-P sites for Cdk kinases have been reported in other biological contexts (Suzuki et al,
2015; Kusubata et al, 1993; Satterwhite, 1992; Harvey et al, 2005; Isoda et al, 2011;
McCusker et al, 2007). Ssa1 S151 was also identified in a phosphorylation screen for
Cdk1 targets, although the extent of cell cycle dependence was not very high compared
to other targets, suggesting that there could also be other kinases responsible for this

modification (Holt et al, 2009). Our results are not inconsistent with this conclusion as we
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do not see an absolute dependence on Cdk1 in vivo. We do observe a strong reduction
in S151 phosphorylation with Tor inhibition and in stationary phase (Fig. 3), suggesting
that if there are other kinases involved they are likely also subject to growth regulation.
Consistent with the idea that S151 is generally unphosphorylated during
conditions of growth inhibition, we found that cells expressing Ssa1 S151A exhibit
significantly better growth in the presence of the Tor inhibitor rapamycin compared to
cells expressing either wild-type or S151D Ssa1 (Fig. 3). Previous proteomic analysis of
yeast cells grown in the presence of rapamycin indicated that cells with activated Hsf1
are hypersensitive to rapamycin (Bandhakavi et al, 2008). Our finding that Ssa1 S151D-
expressing cells show high levels of Hsf1 activation (Fig. 1) is consistent with this, and
suggests that regulation of S151 modifications contribute to survival during nutrient
limitation. Ssa1 S151D also exhibits lower levels of binding to ribosomal subunits (Fig.
S2), a deficit that appears not to be growth-limiting under normal conditions but may be

important for viability during starvation.

Negative functional effects of S151 phosphorylation
The S151D phospho-mimic allele of Ssa1, as well as the S153D form of human HSC70,
have mostly negative-acting functional effects on survival of stress conditions and
growth. The S151A allele, on the other hand, exhibits either similar or higher activity than
the wild-type S151 in these assays, with higher activity associated with Tor inhibition or
Hsp104 deficiency. Most prokaryotes have an alanine at this position, so it is puzzling
that eukaryotes have stably inherited and maintained a version of the chaperone that
can be inactivated by a kinase that is active during normal growth.

One possibility is that the multiplication of Hsp70 orthologs in eukaryotes has
selected for a diversification of functions and binding partners (Albanése et al, 2006). In

S. cerevisiae, the SSA subfamily (Ssa1, Ssa2, Ssa3, Ssa4) is important for protein
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folding, membrane translocation, nuclear import, and transcriptional responses to a
variety of stress conditions, while the SSB subfamily (Ssb1 and Ssb2) are key
components of the ribosome-associated complex (RAC) that assists the de novo folding
of newly synthesized polypeptides (Boorstein et al, 1994; Kim et al, 1998; Oka et al,
1998; Shulga et al, 1996; Mayer & Bukau, 1998; Stone & Craig, 1990; Jaiswal et al,
2011). Ssb1 and Ssb2 have an alanine at the 151 position, while all 4 of the Ssa proteins
have a serine. It could be that the ability to phosphorylate Ssa proteins, which is
predicted to block Ydj1 and Sis1 binding, could promote associations that are beneficial
in other environmental conditions. These alterations are likely tolerated because of the
presence of the ubiquitiously expressed, non-phosphorylatable Ssb proteins. Although
most prokaryotes have an alanine at the equivalent position and most eukaryotes have a
serine, the NCBI database shows approximately 120 bacterial and ascomycete species
with an aspartate. How the Hsp70 proteins with this sequence function in concert with

their respective DnaJ(Hsp40) co-chaperones is unknown.

Prions and metal-induced misfolded proteins as targets of Hsp70 activity

We show in this work that the [PSI’] prion can be regulated by modification of S151 of
Ssa1l. Hsp70 is well-known for its role in prion dynamics, as many laboratories have
documented the necessity of Hsp70, Hsp40, and Hsp104 protein families for
propagation of the amyloid structures that constitute the infectious and heritable species
(Liebman & Chernoff, 2012; Chernoff et al, 1995; Jung et al, 2000; Shorter & Lindquist,
2005). Previous studies of Hsp70 mutants showed that an L483W change in Ssa1
generates higher rates of ATP hydrolysis, reduced co-chaperone binding, and reduced
protein refolding efficiency in comparison to wild-type Ssa1, as well as dramatically

reduced ability of the protein to promote Sup35-dependent prion propagation (Needham
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& Masison, 2008; Jones & Masison, 2003), all very similar to the Ssa1 S151D mutant
described here.

The idea that misfolded proteins can form seeds that spread misfolding to other,
non aggregated protein species is common to both prions as well as to nascent proteins
exposed to heavy metals (Jacobson et al, 2017; Tamas et al, 2014; Hane & Leonenko,
2014). In this sense, optimal chaperone function could be non-productive as it can
generate new seeds from aggregated species and produce misfolded protein complexes
at much higher rates compared to rates in the absence of chaperones. The higher
viability conferred by S151D Ssa1 in the presence of copper shown here suggests that
there could be selection for phosphorylation due to pervasive heavy metals in the
environment (Tchounwou et al, 2012) that directly induce protein misfolding.

Our finding that Cdk1 is involved in phosphorylation of S151 suggests that [PSI']
prion as well as metal-induced misfolded protein species would tend to be repressed by
phospho(S151)-Ssa1 in actively growing cultures. [PSI'] and other related prions in
yeast affect translation read-through - a phenomenon proposed to increase the diversity
of expressed proteins by translation of 3' UTR regions and other normally untranslated
sequences (Shorter & Lindquist, 2005). It is attractive to consider the possibility that
serine 151 phosphorylation is a mechanism by which this evolutionary diversification
could be controlled, in effect a switch regulating the appearance of novel polypeptides
that is dependent on stress conditions and growth rate. The evolutionary maintenance of
S151 in eukaryotic Hsp70 orthologs, perhaps driven by metal exposure, could ultimately
regulate diversification advantages through prion regulation of gene expression in a

fluctuating environment.
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Materials and Methods

Yeast strains and plasmids

Yeast strains and plasmids used in this study are listed in Table S4. S. cerevisiae yeast
cultures were grown in synthetic minimal defined media (0.67% yeast nitrogen base
without amino acids, ammonium sulfate, and appropriate amino acids) with 2% glucose
or YPAD media (1% yeast extract, 2% Becto peptone, 0.004% Adenine Hemisulfate)
with 2% glucose. pESC-URA-GFP-Ubc9ts was a gift from Judith Frydman (Addgene
plasmid # 20369 ; http://n2t.net/addgene:20369 ; RRID:Addgene_20369) (Kaganovich et
al, 2008). HSP104-b/Leu(WT) was a gift from Susan Lindquist (Addgene plasmid # 1156
; http://n2t.net/addgene: 1156 ; RRID:Addgene_1156) (Schirmer et al, 2004). 5787
pET28aSX104B/ pES42 was a gift from Susan Lindquist (Addgene plasmid # 1229 ;
http://n2t.net/addgene: 1229 ; RRID:Addgene_1229) (Shorter & Lindquist, 2004).
pRS315-SSA1 and pDP122 were gifts from Daniel Masison and David Pincus,

respectively.

Yeast protein extraction and western blotting

Yeast cells were grown in 2 mL culture media for 2 days to stationary phase and
inoculated into larger volume cultures at 0.15 O.D. go0 per ml. Cells were incubated at
30°C until log phase (0.3 — 1 O.D. g00) and collected at 4000 rpm for 5 min. Protein was
extracted by bead beating in 0.3 ml lysis buffer [25 mM Tris-HCI buffer pH 7.4, 150 mM
NaCl, 1 mM EDTA, 10% Glycerol, 0.5% NP40, 1 mM DTT, EDTA-free protease inhibitor
mini tablets (Pierce), EDTA-free phosphatase inhibitor mini tablets (Pierce)] and 0.1ml
acid-washed glass beads for 1 min at room temperature. Protein lysates were collected
after 3500 rpm for 5 min at 4°C. 400 ug of protein lysates incubated with 50 ul anti-Flag-
magnetic beads (MBL) for 1 hour at 4°C. Beads were collected and washed 3 times with

500 pl lysis buffer. After the third wash, the lysis buffer was removed completely and the
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beads were mixed with 20 yl 2.5x SDS sample buffer. The mixture was boiled at 95°C
for 5 min. Boiled samples were loaded into 8% SDS-PAGE or NUPAGE 4% - 12% Bis-
Tris protein gels (ThermoFisher). Specific protein targets were analyzed by immunoblot
assay with specific antibodies listed in Table. S1. The S151 phospho-specific antibody

was produced by PhosphoSolutions using a peptide containing the phosphorylated site.

Galactose induction

Yeast cells were grown in 2 ml culture media with 2% glucose overnight and then
inoculated into 25 ml of synthetic minimal defined media containing 2% raffinose
overnight. This culture was used to inoculate cultures at 0.15 O.D. go0 2% raffinose and
incubated at 30°C until log phase (0.3 — 1 O.D. gg0). 3X YP media (3% Yeast extract, 6%
Peptone with 6% Galactose) was used to induce GAL expression (or glucose-containing

media as a control).

Copper sensitivity

Assa1-4 yeast cells expressing wild-type, S151A, or S151D Ssa1 mutants were grown to
log phase in synthetic minimal defined media (~0.4 to 0.5 O.D. gg0); 11 mM CuCl, was
added for 6 hrs; cells were washed with YPAD media, and plated in dilutions on YPAD
plates. Colony survival was measured with 3 biological replicate experiments comparing

copper exposure to control cultures.

Protein aggregate isolation and analysis

The assay was performed as described previously (Koplin et al, 2010). To prepare cell
lysates, the pellets were resuspended in lysis buffer [20 mM Na-phosphate (pH 6.8), 10
mM DTT, 1 mM EDTA, 0.1% Tween 20, 1 mM PMSF, and EDTA-free protease inhibitor

mini tablets (Pierce)]. Cells were lysed in a 4°C water bath—based sonicator (Bioruptor;
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eight times at level 4.5 and 50% duty cycle) and centrifuged for 20 min at 200xg at 4°C.
Supernatants were adjusted to the same concentration, and protein aggregates were
pelleted at 16,000x g for 20 min at 4°C. After removing supernatants, protein aggregates
were washed twice with 2% NP-40 [20 mM Na-phosphate (pH 6.8), 1 mM PMSF, and
EDTA-free protease inhibitor mini tablets (Pierce)], sonicated (six times at level 4.5 and
50% duty cycle), and centrifuged at 16,000 xg for 20 min at 4°C. Aggregated proteins
were washed in buffer without NP-40 (sonication; four times at level 3 and 50% duty
cycle), boiled in 2.5x SDS sample buffer, separated in NUPAGE 4% - 12% Bis-Tris
protein gels (ThermoFisher), and analyzed by coomassie blue staining. Levels of

aggregates were quantified using Image Studio.

Filter aided sample preparation and trypsin digestion for mass spectrometry
Detergent-resistant aggregates or immunoprecipitated samples were resuspended in 15
pl of 10% SDS sample buffer and 50 mM beta-mercaptoethanol and boiled in 100°C for
5 minutes. The samples were diluted with 200 pl of UA buffer (8 M Urea, 0.1 M Tris-HCI
pH 8.8) at room temperature. Microcon®-30 centrifugal filter units (Millipore,
MRCFORO030) were equilibrated with 20% ACN, 2% formic acid solution (14,000 xg for
10 min) prior to use. Diluted samples were loaded on the filters then washed with UA
buffer (8 M Urea, 0.1 M Tris-HCI pH 8.8) 3 times. After washing, samples were reduced
with 50 mM DTT in UA buffer (8 M Urea, 0.1 M Tris-HCI pH 8.8) which was added to
filters, incubated 5 minutes at room temperature and spun off. Then samples were
alkylated with 50 mM iodoacetamide in UA buffer (8 M Urea, 0.1 M Tris-HCI pH 8.8),
incubated 5 minutes at room temperature and spun off. Samples were de-salted with 40
mM ammonium bicarbonate (ABC) 3 times. 100 ul 40 mM ABC with 0.5 pl of trypsin gold
(Promega, V528A) in PBS was added to samples and were incubated overnight (37°C).

Trypsinized peptides were eluted by centrifugation; filters were washed with 20% ACN,
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2% formic acid solution and filtrate was combined with trypsinized peptides eluted in
ABC. Peptide samples were dried by lyophilization, de-salted with C18 tips (Pierce,
QK224796) according to manufacturer’s instructions, and resuspended in 80% ACN 2%
formic acid for LC-MS-MS analysis at the Proteomics Core Facility (University of Texas

at Austin). All centrifugations were done at 14,000 xg for 20 min unless otherwise noted.

Recombinant protein expression

Wild-type Ssa1, Ssa1 S151A, and Ssa1 S151D proteins were expressed using the Bac-
to-Bac baculovirus system (ThermoFisher). SSA1 wild-type, SSA1 (S151A), and SSA1
(S151D) genes were cloned into pFastBac1, Flag-tagged at the N-terminus (generating
pTP4416, pTP4417, and pTP4418, respectively). Recombinant bacmid DNA derived
from these transfer vectors was transfected into Sf21 insect cells for recombinant
baculovirus production according to manufacturer instructions. Ssa1 proteins were
expressed in Sf21 insect cells after baculovirus infection. Cell pellets were lysed by
homogenization and sonicated three times for 40 seconds in A buffer (25 mM Tris pH
7.4, 100 mM NacCl, 10% glycerol, and 2 mM dithiothreitol (DTT)) containing 0.5% tween-
20, 1mM phenylmethylsulfonyl fluoride (PMSF), and 0.001 % 2-Mercaptoethanol. The
lysate was centrifuged for 1 hr at 35000 rpm at 4°C. The supernatant was incubated with
~1mL M2 anti-Flag antibody-conjugated agarose resin (Sigma) with rotation at 4°C for
1hr. After incubation the lysate with resin was centrifuged for 3 min at 1000Xg. After
removing the supernatant, the remaining resin was washed with 20 mL of A buffer twice
and was eluted with 5mL of A buffer containing 0.8 mg/mL 3X Flag peptide (Sigma). The
peptide was incubated with the resin for 20 min before elution. The Flag elution was then
loaded onto 1mL HiTrap Q column (G.E.) and washed with buffer A then eluted with
buffer A containing 500 mM NaCl. The eluted protein fractions were dialyzed in A buffer

and the dialyzed fractions were aliquoted frozen in liquid nitrogen, and stored at -80°C.
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Protein concentration was quantified by SDS-PAGE and coomassie blue staining using

a Licor Odyssey Imager.

V5-tagged Ydj1 proteins were purified as GST fusion proteins in BL21 E. coli. Starter
cultures were prepared at 37°C for 16 hr. Overnight cultures were diluted 1:20 for
additional 2 hr incubation at 37°C. 100 uM Isopropyl b-D-1-thiogalactopyranoside (IPTG)
was used to induce protein expression for 3 hr at 37°C. Cells pellets were collected
using 3400 rpm for 10 min, resuspened in phosphate buffer saline (PBS) with 1% Triton,
and sonicated for 30 seconds. Cell supernatants were collected using 10000 rpm for 10
min and incubated with Glutathione sepharose 4B resin (GE Healthcare) for 2 hr at 4°C.
Beads were collected and washed three times with PBS 1% Triton and three times with
50mM Tris-HCI pH8.0, 150mM NaCl, 0.01% Triton, and 2.5mM EDTA. GST fusion V5-
Ydj1 was subjected to site-specific cleavage with PreScission Protease (GE Healthcare)
to remove the GST tag. V5-Ydj1 was purified from beads and its protein concentration

was quantified by SDS-PAGE using a Licor Odyssey Imager.

Flag-Hsp104 was purified from BL21 E. coli. Starter cultures were prepared at 37°C for
16 hr. Overnight cultures were diluted 1:20 for additional 2 hr incubation at 37°C. 100 uM
Isopropyl b-D-1-thiogalactopyranoside (IPTG) was used to induce protein expression for
3 hr at 37°C. Cells pellets were collected using 3400 rpm for 10 min. The protein

purification protocol step follows as previously described in Ssa1 protein purification.

Luciferase refolding assay
Firefly luciferase (Sigma L9420) was diluted in refolding buffer (20 mM Tris-HCI pH 7.4,
50 mM KCI, and 5 mM MgCl,) 5-fold and denatured with 6 M Urea for 30 min at room

temperature. Denatured luciferase was then diluted 100 fold with refolding buffer and
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incubated with indicated chaperones, indicated co-chaperones, 10 mM ATP, and 10 mM
DTT for a final volume of 25 pl. The reaction was incubated at 30°C for 30 min. 5 pl
reaction were mixed with 50 ul luciferase assay substrate (Promega). A Tecan SPARK

10M plate reader was used to measure luciferase activity.

ATP hydrolysis measurements

Recombinant proteins were prepared in Buffer A (25mM Tris-HCI pH 8.0, 100mM NacCl,
10% Glycerol, 1mM DTT). Reactions were started by adding [a-*?P] ATP mixtures (25
mM Mops pH7.0, 5mM MgCl,, 0.2 mM DTT, 0.1 mg/mL BSA, 50uM ATP, 50nM [a-*%P]
ATP) to protein solutions, followed by incubation at 37°C for 1 hr. 1ul of Stop solution
(2% SDS and 100 mM EDTA) was added to stop the reaction. 1 pl of each reaction was
spotted onto a Plastic Backed TLC Cellulose PEI plate (Scientific Adsorbents
Incorporated, #78601). The plate was dried and run in 0.75 mM KH,PO, (monobasic)
buffer. Percentage of hydrolyzed [a-*?P] ATP and ADP were quantified by Typhoon FLA
7000 biomolecular image and normalized by the reaction without proteins. Normalized
percentage of hydrolyzed ATP was divided by the amount of Ssa1 proteins and further

divided by the incubation time of the assay.

GFP-Ubc9"® protein aggregate analysis

Galactose-controlled GFP-Ubc9"® was used as an indicator of the level of protein
aggregation. Cells were grown overnight and re-inoculated into 2 ml of synthetic minimal
defined media with 2% raffinose overnight. Cells were inculated at 0.15 O.D. go0 per ml in
2% raffinose and incubated at 30°C until log phase (0.3 — 1 O.D. g00). Synthetic minimal
defined media with 3xYP(2% Galactose) was added to induce expression of GFP-Ubc9'"
(or 3xYP with 2% Glucose as a control). 54°C culture media was prepared ahead and

used to perform 42°C heat shock in a 1:1 ratio of culture media. Heated-cells were

30


https://doi.org/10.1101/759241
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/759241; this version posted September 5, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

incubated at 42°C for 30min and then prepared for imaging. Cells with at least one focus
was counted as positive and compared to the total number of cells containing GFP

fluorescence.

GFP-Ssa1 cellular foci analysis

For the starvation experiment, GPF-tagged wild-type Ssa1, S151A, and S151D cells
were grown overnight and re-inoculated into 2 ml of synthetic minimal defined media
with 2% glucose in a concentration of 0.15 O.D. 600 per ml. Cells were grown to log
phase, collected by centrifugation, and then resuspended in media lacking glucose for
10 min before imaging. Cells with at least one focus was counted as positive and
compared to the total number of cells containing GFP fluorescence. For the saturation
phase experiment, GPF-tagged wild-type Ssa1, S151A, and S151D cells were grown for
2 days to saturation phase. Cells with at least one focus was counted as positive and

compared to the total number of cells containing GFP fluorescence.

HSE-YFP reporter heat shock assays

The HSE-YFP reporter, pNH605-4xHSEpr-YFP (pDP122, a gift from David Pincus), was
integrated into the genome of the ssa7-4A yeast cells (a gift from Sabine Rospert). This
strain was complemented with Flag-tagged Ssa1 (wild-type, S151A mutant, or S151D
mutant). The assay was performed essentially as described (Zheng et al, 2016). Briefly,
cells were prepared at a density of 0.2 O.D. 600 per ml and incubated at the indicated
temperature on a thermal mixer. After 30 or 60 min, 50 ul were collected and treated with
cycloheximide (Final concentration: 50 ug / mL) to stop translation. Additional 2 hr
incubation at 30°C is required to mature YFP fluorophores. The Mean Fluorescence
Intensity (MFI) of each cell was measured using a BD LSRFortesa™ flow cytometer and

analyzed by FlowJo.
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Double siRNA knockdown in human cells

siRNA sequences were designed based on a previous study (Powers et al, 2008) and
are listed in Table S4. The transfection of siRNA into U20S cells was performd with
Oligofectamine transfection reagent (ThermoFisher) according to manufacturer

instructions. Double knockdowns were performed with 20 uM of each siRNA.

Heat shock and nucleolin staining of human cells

U20S cells expressing mCherry-Hsc70 (WT, S153A, S153D) and Halo-Fibrillarin were
plated into WillCo-dish® Glass Bottom dishes (cat. 14023-200) with cell culture media
containing 1ug/ml doxycycline a day before the experiment. Cells were heat shocked for
45 minutes in a 43°C tissue culture incubator (5% CO,). 1 pM JF502 halotag ligand (a
gift from Luke Lavis) was added to cell media for 15 minutes. Finally cells were washed
with sterile PBS in room temperature then analyzed using a Zeiss Axiovert Fluorescent
Light Microscope with a 64x oil immersion objective. Images were analyzed with FlJI
software (Imaged v1.52c). For quantification, at least 70 cells from several fields of view
were scored for GFP-HSC70 foci in the nucleolus (overlapping with Halo-Fibrillarin)

under normal growth conditions (37° C) and heat shock (43° C).

Isolation of tagged Hsc70 from human cells

Biotinylated, V5-tagged Hsc70 was expressed in human U20S cells and isolated with
streptavidin-coated beads under denaturing conditions. Briefly, cells were lysed with
urea solution (8M Urea, 50mM Tris pH8, 5mM CaCl,, 30mM NacCl, 0.1% SDS and
1:1000 PMSF/Protease Inhibitor). Lysates were sonicated for 30 sec. 3 mg of lysates

were diluted to 1M Urea. 120 uL of streptavidin magnetic beads were added to each
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samples and rotated overnight at RT. The next day, beads were washed twice for 30
minutes each with 1M Urea solution (1M Urea, 50mM Tris pH8, 5mM CaCl,, 30mM
NaCl, 0.1% SDS) at RT. Then beads were washed with LiCl (500mM) for 30 minutes at
RT, then washed 3 times with 0.1%SDS, 0.2%SDS and 0.5%SDS for 30 minutes at RT
respectively. Finally, samples were eluted with 1% SDS with 2- mercaptoethanol at
100°C. Samples were frozen in -20°C until analyzed by filter-assisted sample

preparation and trypsinization (see above).
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Figure Legends

Figure 1. Ssa1 S151 occurs in budding yeast and affects survival of heat shock.
(A) Alignment of Hsp70 protein sequences in the region surrounding S151 in the NBD in
prokaryotic and eukaryotic cells as indicated. (B) The S151 residue of Ssa1 in the NBD
is located close to the interaction site with the SBD in the ATP-bound state. Left panel:
ATP hydrolysis and nucleotide exchange is postulated to regulate structural
conformation changes in Hsp70 proteins. In the ADP-bound state, the NBD (green) is in
an open configuration, connected to the SBD (red: alpha-helical lid; blue: beta-sheet
pocket) via a flexible linker. In the ATP-bound state, NBD and SBD undergo a
conformational change to interact in a closed configuration. Right panel: In DnaK, A149
and D148 of the NBD are in close contact with K452 and E442 of the SBD (PDB: 4B9Q)
(Kityk et al, 2012). (C) GFP-Flag-Ssa1 (WT) or GFP-Flag-Ssa1 S151A (S151A) were
expressed in a ssaf ssa2 ssa3 ssa4 deletion (Assa1-4) strain. GFP-Flag-Ssa1 was
isolated by immunoprecipitation and analyzed by quantitative Western blotting with anti-
phospho-Ssa1 S151 and anti-Flag antibodies. (D) Total lysates from Assa -4 yeast cells
expressing Flag-Ssa1 (WT), Flag-Ssa1 S151A (S151A), or Flag-Ssa1 S151D (S151D)
were analyzed by wester blotting for Flag or ADH1 as a loading control. (E) Assa1-4
yeast cells expressing Flag-Ssa1 (WT), Flag-Ssa1 S151A (S151A), or Flag-Ssa1 S151D
(S151D) were spotted in fivefold serial dilutions and exposed to 30 or 39°C for 48 or 72
hr. (F and G) Growth of Assa7-4 yeast cells expressing Flag-Ssa1 (WT), Flag-Ssa1
S151A (S151A), or Flag-Ssa1 S151D (S151D) was monitored at 30°C or 39°C as
indicated. Growth curve is measured in log phase (F) and stationary (G) phase by
OD600. 3 biological replicates were performed and error bars represent standard
deviation. (H) Assa1-4 yeast cells with an integrated HSE-YFP reporter and expressing
Flag-Ssa1 (WT), Flag-Ssa1 S151A (S151A), or Flag-Ssa1 S151D (S151D) were

exposed to varying temperatures as indicated for 30 min. YFP signal was measured by
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flow cytometer. 3 biological replicates were performed with at least 10,000 cells per

measurement; error bars represent standard deviation.

Figure 2. Ssa1 $151 phosphorylation promotes heat-induced protein aggregation.
(A) Left and middle panels: Assa1-4 yeast cells expressing Flag-Ssa1 (WT), Flag-Ssa1
S151A (S151A), or Flag-Ssa1 S151D (S151D) were treated with heat shock (42°C,
"Hs"), or Sodium Arsenite (100 yM, "Ar") for 60 min. Protein aggregates were isolated
(see Materials and Methods) and separated by SDS-PAGE with total lysates. Right
panel: Quantification of the levels of aggregated proteins divided by the total protein
levels. 3 biological replicates were performed and error bars represent standard
deviation. * indicates p < 0.05 by student's 2-tailed T test. (B) Left panel: Assa7-4 yeast
cells expressing GFP-Ubc9ts as well as Flag-Ssa1 (WT), Flag-Ssa1 S151A (S151A), or
Flag-Ssa1 S151D (S151D) were treated with 30°C or 42°C for 30 min and analyzed by
immunofluorescence microscope for Ubc9 foci. Right panel: Quantification of Ubc9 foci
was performed by counting the number of GFP-positive cells containing at least one
GFP focus per cell divided by the total number of GFP-positive cells. 3 biological
replicates were performed and error bars represent standard deviation. * indicates p <

0.05 by student 2-tailed T test.

Figure 3. Ssa1 $151 phosphorylation is mediated by Cdk1 and regulated by the
TOR pathway. (A) Assa1-4 yeast cells expressing GFP-Flag-Ssa1 (WT), or GFP-Flag-
Ssal S151A (S151A) as well as galactose-inducible HA-His-tagged Cdk1 (Gal-yCDC28-
HA-His) were grown in glucose (Glu) or galactose (Gal). Ssa1 was isolated by
immunoprecipitation and analyzed by Western blotting with anti-phospho-Ssa1 S151,
anti-His and anti-Flag antibodies. (B) Cdk1-as1 cells expressing GFP-Flag-Ssa1 (WT),

or GFP-Flag-Ssa1 S151A (S151A) were treated with NM-PP1 (10 uM) for 3 hr. Ssa1
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was isolated by immunoprecipitation and analyzed by Western blotting with anti-
phospho-Ssa1 S151 and anti-Flag antibodies. (C) Recombinant Flag-tagged Ssa1 (WT)
or Ssal S151A (S151A) was incubated with HA-His-tagged Cdk1 isolated from ssa7-4A
yeast cells expressing galactose inducible HA-His-tagged Cdk1 (Gal-yCDC28-HA-His)
treated with raffinose (Raf) or galactose (Gal). Phosphorylation was analyzed by
Western blotting with anti-phospho-Ssa1 S151 and Flag antibodies. Arrow indicates
phosphorylated species. (D) Assa1-4 yeast cells expressing GFP-Flag-Ssa1 (WT), or
GFP-Flag-Ssa1 S151A (S151A) were treated with TORin (2 yM or 0.5 yM) for 30 min.
Ssa1 was isolated by immunoprecipitation and analyzed by Western blotting with anti-
phospho-Ssa1 S151 and anti-Flag antibodies.

(E) Assa1-4 yeast cells expressing GFP-Flag-Ssa1 (WT), or GFP-Flag-Ssa1 S151A
(S151A) were treated with rapamycin (200 ng/mL) for 30 min. Ssa1 was isolated by
immunoprecipitation and analyzed by quantitative Western blotting with anti-phospho-
Ssa1 S151 and anti-Flag antibodies. (F) Assa7-4 yeast cells expressing Flag-Ssa1 (WT),
Flag-Ssa1 S151A (S151A), or Flag-Ssa1 S151D (S151D) were monitored for growth
over time in the absence or presence of rapamycin (100 ng/mL). (G) Assa7-4 yeast cells
expressing Flag-Ssa1 (WT), Flag-Ssa1 S151A (S151A), or Flag-Ssa1 S151D (S151D)
were spotted in fivefold serial dilution on control or rapamycin plates (100 ng/mL) as

indicated.

Figure 4. Ssa1 $151 phosphorylation regulates chaperone localization in response
to stress. (A) Top panel: Assa7-4 yeast cells expressing GFP-Flag-Ssa1 (WT), GFP-
Flag-Ssa1 S151A (S151A), or GFP-Flag-Ssa1 S151D (S151D) were incubated with or
without 2% glucose for 10 min and analyzed by fluorescence microscopy. Bottom panel:

Quantification of GFP foci was performed by counting the number of cells containing at

43


https://doi.org/10.1101/759241
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/759241; this version posted September 5, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

least 1 GFP focus divided by the total number of GFP-positive cells. 3 biological
replicates were performed with at least 50 cells counted per measurement; error bars
represent standard deviation. * indicates p < 0.05 by student's 2-tailed T test.

(B) Top panel: Assa1-4 yeast cells expressing GFP-Flag-Ssa1 (WT), GFP-Flag-Ssa1
S151A (S151A), or GFP-Flag-Ssa1 S151D (S151D) were incubated at 30°C for 3 days
to reach saturation and analyzed by fluorescence microscopy for GFP foci. Bottom
panel: Quantification of GFP foci was performed by counting the number of cells
containing at least 1 GFP focus divided by the total number of GFP-positive cells. 3
biological replicates were performed with at least 50 cells counted per measurement;

error bars represent standard deviation. ** indicates p < 0.05 by student 2-tailed T test.

Figure 5. S151 phosphorylation regulates the interactome of Ssa1. Assa7-4 yeast
cells expressing GFP-Flag-Ssa1 (WT), GFP-Flag-Ssa1 S151A (S151A), or GFP-Flag-
Ssa1 S151D (S151D) were grown to exponential phase. Ssa1 was isolated by
immunoprecipitation and binding partners were analyzed by label-free quantitative LC-
MS/MS from 3 biological replicates. (A-C) Volcano plot comparison of Ssa1 binding
partners between WT and SA (A), WT and SD (B), and SA and SD (C) summarizing
results of t tests by showing log2 ratios of the fold change between comparisons (X axis)
and the -log10 of p values (Y axis) for each binding partner identified. Values were
normalized by levels of Ssa1 recovered from each immunoprecipitation. Error bars
represent standard deviation. * indicates p < 0.05 by student 2-tailed T test. (D)
Quantification of Ydj1 binding to WT, SA, or SD forms of Ssa1 in immunoprecipitations
normalized by total lysates ("IP/Lysate") compared to the levels in total lysates
("Lysate"). (E) Quantification of Sis1 binding to WT, SA, or SD forms of Ssa1 in
immunoprecipitations normalized by total lysates ("IP/Lysate") compared to the levels in

total lysates ("Lysate"). Error bars represent standard deviation. * and ** indicate p <
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0.05 and p<0.01, respectively, by student 2-tailed T test. (F) Assa7-4 yeast cells
expressing Flag-Ssa1 (WT), Flag-Ssa1 S151A (S151A), or Flag-Ssa1 S151D (S151D)
as well as galactose-inducible Ydj1 (Gal-Ydj1) or Sis1 (Gal-Sis1) were spotted on

glucose or galactose-containing plates in fivefold serial dilution and grown for 3 days.

Figure 6. Ssa1 $151 phosphorylation regulates disaggregation by Ssa1, Ydj1, and
Hsp104 in vitro. (A) Recombinant wild-type Ssa1, Ssa1 S151A, and Ssa1 S151D
proteins (2.5 uM) were incubated with denatured luciferase (3.3 x 10* units) in the
presence or absence of Ydj1 (0.4 uM) and steady-state luciferase activity was
measured. 3 biological replicates were performed and error bars represent standard
deviation. * indicates p < 0.05 by student's 2-tailed T test. (B) Recombinant wild-type
Ssa1l, Ssa1 S151A, Ssa1 S151D, and Ydj1 were tested for luciferase reactivation as in
(A) but also in the presence of Hsp104 (1 uM) as indicated. (C) Comparative summary of
luciferase assay results from (A) and (B). (D) Steady-state levels of ATP hydrolysis
activity of recombinant wild-type Ssa1 (WT), Ssa1 S151A (S151A), and Ssa1 S151D
(S151D). 3 technical replicates were performed and error bars represent standard
deviation. * indicates p < 0.05 by student's 2-tailed T test. (E) Assa7-4 Hsp104A yeast
cells expressing Flag-Ssa1 (WT), Flag-Ssa1 S151A (S151A), or Flag-Ssa1 S151D
(S151D) were spotted in fivefold serial dilutions and exposed to 30 or 39°C for 120 hr.
(F) Assa1-4 yeast cells expressing Flag-Ssa1 (WT), Flag-Ssa1 S151A (S151A), or Flag-
Ssa1 S151D (S151D) as well as galactose-inducible Hsp104 (Gal-Hsp104) were spotted
in fivefold serial dilutions and grown on glucose (Glu) or galactose (Gal) containing

plates which were incubated at 30°C or 37°C for 3 days or 6 days as indicated.

Figure 7. Prion propagation and heavy metal sensitivity are regulated by S151

Ssa1 phosphorylation. (A) Schematic diagram of [PS/+] Sup35 prion formation and
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propagation through Ssa1/Hsp104-dependent generation of seeds that form new
aggregates. Red or white colonies are formed depending on the level of Sup35 function,
as indicated. (B) [PS/+] Assa1-4 yeast cells expressing full-length Ssa1 WT, S151A, or
S151D from a CEN plasmid were streaked on YPD plates for 5 days to show the level of
ade2-1 nonsense read-through. (C) Schematic diagram of heavy metal-induced protein
aggregation and propagation through Ssa1/Hsp104-dependent generation of seeds that
form new aggregates. (D) Assa1-4 yeast cells expressing full-length Ssa1 WT, S151A,
or S151D from a CEN plasmid were exposed to CuCl, (11 mM) for 6 hrs, followed by
washing out of copper and plating on non-selective plates to determine viability. Survival

relative to controls are shown for each strain. ** indicates t test p value < 0.01.

Figure 8. S151 phosphorylation occurs in mammalian cells and regulates heat-
induces relocalization of HSC70. (A) V5-Hsc70 (WT) or V5-Hsc70 S153A (SA) were
expressed in U20S cells with concurrent Hsc70/Hsp70 depletion. Hsc70 was isolated by
immunoprecipitation and analyzed by Western blotting with anti-phospho-Ssa1 S151
and anti-V5 antibodies. (B) U20S cells expressing V5-Hsc70 (WT), V5-Hsc70 S153A
(S153A), or V5-Hsc70 S153D (S153D) were transfected with control siRNA (siCON) or
siRNAs directed against HSPA8(HSC70) and HSPA1A(HSP70)(siBoth) and seeded in
96-wells plates. Cells were treated with doxycylin to induce recombinant Hsc70
expression and incubated at 39°C for 24 hr. Cell viability was measured by MTT assay
(Thermo Fisher Scientific). 3 biological replicates were performed and error bars
represent standard deviation. * indicates p < 0.05 by student's 2-tailed T test. (C)
mCherry-tagged WT, S153A, or S153D Hsc70 was expressed in U20S cells expressing
Halo-Fibrillarin and also treated with the JF502 halotag ligand. Cells were exposed to
heat shock (43°C) for 60 min and analyzed by fluorescence microscopy. White arrows

indicate nucleolar Hsc70. (D) Quantification of results from (C) showing percentage of
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cells with overlap between mCherry-Hsc70 and Halo-Fibrillarin. *** indicates t test p

value < 0.0001 comparing S153D to either wild-type or S153A.
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