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Abstract

Hsp70 is an evolutionarily conserved chaperone involved in maintaining protein
homeostasis during normal growth and upon exposure to stresses. Mutations in the 6/B7
region of the substrate-binding domain (SBD) disrupt the SBD hydrophobic core resulting
in impairment of the heat-shock response and prion propagation in yeast. To elucidate the
mechanisms behind Hsp70 loss of function due to disruption of the SBD, we undertook
targeted mutational analysis of key residues in the B6/B7 region. We demonstrate the
critical functional role of the F475 residue across yeast cytosolic Hsp70-Ssa family. We
identify the size of the hydrophobic side chain at 475 as the key factor in maintaining SBD
stability and functionality. The introduction of amino acid variants to either residue 475,
or close neighbour 483, caused instability and cleavage of the Hsp70 SBD and subsequent
degradation. Interestingly, we found that Hsp70-Ssa cleavage may occur through a
vacuolar carboxypeptidase (Pep4)-dependent mechanism rather than proteasomal.
Mutations at 475 and 483 result in compromised ATPase function, which reduces protein
re-folding activity and contributes to depletion of cytosolic Hsp70 in vivo. The combination
of reduced functionality and stability of Hsp70-Ssa results in yeast cells that are

compromised in their stress response and cannot propagate the [PSI*] prion.

Keywords: Hsp70; substrate-binding domain; prion; heat shock; protein-folding; protein

cleavage; Pep4



Introduction

Heat shock proteins are critical components of in vivo defence mechanisms against
physical and chemical stresses. Hsp70, a universal and highly conserved 70-kDa heat shock
protein, is the central hub of this protein quality control network. Structural studies
demonstrate that Hsp70 is comprised of two domains: a 45kDa N-terminal nucleotide-
binding domain (NBD) and a 25 kDa C-terminal substrate-binding domain (SBD) (1-3).
The NBD consists of two a-helix-rich lobes with a deep ATP-binding cleft between them
and confers ATP hydrolysis activity to Hsp70s (1). The SBD consists of a -sheet-rich
substrate-binding site (SBDp), a flexible a-helical lid domain (SBDa) that restricts access
to the cavity by docking onto SBDP (2, 4), and a C-terminal unstructured tail region
mediating substrate capture (3, 4). NMR studies suggest that after ADP binding the NBD
and SBD connect only through a flexible linker region and without any other intimate
contacts (5). In contrast, ATP binding leads to a rearrangement of the entire structure and
formation of an interface between the NBD and SBD that results in decreased substrate-
binding affinity of the SBD (6, 7). The docking of the SBD onto the NBD not only opens
up the substrate-binding site of the SBD, but also locks the rotation of NBD lobes and
compromises ATP hydrolysis (7). It is thus proposed that there is a bidirectional allosteric

intra-molecular regulation between the NBD and SBD.

Hsp70 is able to interact with hydrophobic stretches of proteins to assist protein
folding and refolding, and thus protects cells from a variety of stresses (7, 8). A recent
study highlighted the versatility of the DnaK (E. coli Hsp70) protein, through the
identification of approximately 700 substrates (9). This versatility depends on: 1) a

tweezers-like functioning of the SBD, which interacts with broad degenerate sequence



motifs; 2) substrate interactions that are mediated by a complex allosteric mechanism that
coordinates ATP hydrolysis of the NBD; 3) J-domain proteins (such as Hsp40, Ydj1) and
NEFs (nucleotide exchange factors) that regulate the allosteric mechanism of Hsp70 (7).
Deciphering the allosteric mechanism behind substrate-binding in the SBD is a key

component in understanding the versatility of Hsp70 chaperone function.

Hsp70 proteins are highly conserved across species. Saccharomyces cerevisiae 1s a
well-established model for studying Hsp70, with the major cytosolic activity provided by
the Hsp70-Ssa family (Ssa- Stress Seventy subfamily A). The Hsp70-Ssa family consists
of four members (Ssal-4) (10). Ssal-2 are constitutively expressed, with Ssal upregulated
on exposure to stress, while Ssa3 and 4 are only expressed under stress conditions (11). In
addition to their role in responding to stress, the Hsp70-Ssa family are important regulators
in the propagation of the yeast [PSI"] prion. [PSI'] is the prion form of the Sup35 protein,
a translation termination factor that has been extensively studied in relation to the influence
of chaperones on its occurrence and propagation (12-15). Since the discovery of prions in
yeast (16) protein chaperones have been identified as key modulators of prion propagation
(17). Hsp104 was the first identified protein shown be essential to maintain propagation of
[PSI'] (18). The Hsp70 chaperone machinery, including Hsp40s, has since been
characterised as working in combination with Hsp104 to maintain prion seed availability
for transmission to daughter cells and also maintaining the size of prion aggregates in vivo
(19). Additional flexibility in prion propagation and in maintaining the heat shock response
is achieved through functional differences within the highly homologous Hsp70-Ssa family
(10, 20, 21). As well as assessing factors that influence prion propagation, yeast is also

well-established as a model organism for studying protein misfolding diseases such as



Huntington’s, Alzheimer’s and Parkinson’s, with genetic screens proving highly valuable

for identifying novel cellular factors influencing these diseases (22).

Genetic and biochemical studies in yeast have identified many mutations of Hsp70
(Ssal) that have the ability to impair propagation of yeast prions and/or influence cell
growth, with the majority being located in the ATPase domain (14, 23). L483W was the
first mutant located within the SBD to be well-characterized that impairs prion propagation
and the heat shock response (13, 24). Recently, residue L484 in the SBD of DnaK
(homologous to L483 in yeast Ssal) has been shown to play a critical role in the regulation
of signal transduction from the SBD to the NBD (25). Similarly, we identified another SBD
variant, F475S, which mediates [PSI*] propagation and the heat-shock response in a similar,
but more dramatic way as L483W (24). F475S and L483W are located in 6 and B7 regions
respectively in the SBD. Considering they are close neighbours within the 3D structure of
the SBD, we proposed that the 6/B7 region of the Hsp70 substrate-binding domain is a

key mediator of the heat-shock response and prion propagation in vivo (24).

Here we further investigate the key role of the f6/B7 region of the SBD domain of Hsp70
in determining functionality. We assess the in vivo structural and molecular characteristics
of the B6/B7 region of SBD through targeted mutational analysis of F475 and L483. We
found that the size of the hydrophobic side chain on residue 475 is the key factor in
determining structural integrity of the P6/B7 region. Interestingly, we identified the
vacuolar carboxypeptidase (Pep4) as the possible route for Hsp70-Ssa protein
cleavage/degradation rather than the proteasome. Our results confirm our previous finding
that mutations at F475 and L483 cause changes to ATPase and protein folding abilities that

ultimately compromise the stress response and prion propagation. Our findings suggest that



109  the B6/B7 region is a key mediator, and perhaps the central hub, for determining structural
110  integrity and functionality of the Hsp70 SBD and identify this region of the protein, either

111 directly or indirectly, as a possible druggable target.



Materials and Methods

Plasmids and yeast strains

The SSA1 gene and desired mutations were constructed in pC210 plasmid (SSA4/ under own
promoter with LEU2 marker) (24, 26, 27). Plasmids were transformed into strain G402
(MATa ade2-1 SUQS5 karl-1 his3 leu2 lys2 trpl ura3 ssal:: KanMX, ssa2::HIS3,
ssa3::TRPI, ssa4::ura3-1f/pRDW10) (28), and cells that had retained the pPRDW10 (SS4 1
under own promoter) URA3 plasmid containing wild-type Ssalwere selected against by re-
streaking transformed cells onto plates containing 5-fluoroorotic acid (5-FOA). The ade2-
1 allele is a nonsense mutation in the ADE2 gene that causes the build-up of red pigment
in yeast colonies. The presence of the yeast prion [PSI'] results in reduced levels of
translation termination at nonsense mutations and there for causes a high level of
readthrough of ade2-1. The result is functional Ade2 protein and no build-up of the red
pigment. Hence, [PSI"] colonies appear white on complete medium with limiting adenine
and can grow on medium lacking adenine, while [psi‘] cells are red and require adenine

supplementation to grow.

Yeast growth assay

Yeast strains were cultured in 5 ml YPD or SC with appropriate selection at 30 °C overnight.
The following morning, the yeast cultures were diluted to an ODsoo of 0.2, and grown until
the ODgoo reached 0.5. A 1/5 serial dilution was performed in a 96-well plate and then
replicated onto appropriate media. Plates were incubated at 30 °C or elevated temperatures

(37 °C or 39 °C) for 2 days as required.

Protein purification



Full-length Ssal (residues 2-642), truncated Ssal (residues 382-554) and corresponding
mutations were purified as previously described (24). Briefly, full-length Ssal and
mutations were firstly purified on a Ni affinity column (GE Healthcare) in 50 mM Tris
buffer (pH 7.5), 300 mM NaCl and 3 mM B-mercaptoethanol. Following Ulpl cleavage to
remove the N-terminal His-Smt3 tag and a second Ni affinity column purification, the flow
through including tag-free protein was further purified by gel filtration chromatography
(Superdex 200, GE Healthcare) in 50 mM Tris buffer (pH 7.5), 100 mM KCl and 5 mM
MgCl. The truncation mutants were similarly purified with some modifications to buffers.
For Ni affinity purification, 50 mM Tris buffer (pH 8.0) and 200 mM NaCl was used. Gel
filtration chromatography was performed in 50 mM Na-phosphate buffer (pH 7.0) with 50

mM NaCl (Superdex 75, GE Healthcare).

Circular dichroism spectroscopy

The CD spectra of full-length Ssal and mutations were obtained in 50 mM Tris buffer (pH
7.5), 100 mM KCl and 5 mM MgCl; at a protein concentration of 3 uM using a Chirascan
Plus CD spectrometer (Applied Photophysics, UK). Spectra were measured from 200 to
260 nm in a 10 mm path-length thermostat-controlled quartz cuvette. The temperature was
controlled using a Peltier device. The truncation mutants, at a protein concentration of 10

uM, were measured in 50 mM Na-phosphate buffer (pH 7.0) with 50 mM NaCl.

Size exclusion chromatography (SEC)

Recombinant proteins were incubated at RT for Oh or 24h The pattern and degradation of
SBD truncation mutants were evaluated by SEC (Superdex 75, 24 ml GE Healthcare) in

50 mM Na-phosphate buffer (pH 7.0) with 50 mM NacCl at RT.



ATPase assay

The ATPase activity was measured based on colorimetric determination of inorganic Na-
phosphate using malachite green as previous described (24, 29). Briefly, 10 ul of 2 uM
Ssal (50 mM Tris pH 7.5, 100 mM KCI, 5 mM MgCl; and 1 mM DTT) was added with
10 pl of 2 mM ATP into each well of a 96-well plate, and then incubated for 5 h at the
indicated temperature. If Ydjl or peptide (ALLLSAPRR) was required, a final

concentration of 8 uM or 400 uM was used, respectively.

Luciferase refolding assay

The luciferase assay was carried out as previously described (24). Briefly, overnight
cultures were diluted to an ODgoo of 0.2 in SC media without uracil (SC-URA) and
incubated at 37 °C with shaking for 30 min to induce expression of heat shock proteins.
After culturing, the cellular luciferase activity of each strain was measured by immediately
adding 10 pl of decanal (Sigma) to 200 pl of culture in a FB12 Luminometer (Berthold
Detection Systems) as a reading for 100% activity. Cells were then transferred into a 45 °C
shaking incubator for 1 h. During this 1 h heat shock, cycloheximide (Sigma) was added
after 50 min at 10 pug/ml. After thermal denaturation at 45 °C, cellular luciferase activity
was measured as the starting point (t = 0). Cultures were shifted to 25 °C at intervals of 15
min for a duration of 1 h. The luciferase recovery ratio was calculated based on the starting

point (t = 0) and ending point after 1 h recovery as a percentage of the 100% activity.

Protein extraction from yeast

Yeast strains were cultured overnight in 5 ml YPD or selective media at 30 °C. The

following morning, cells were diluted in 25 ml fresh same media to an ODgoo of 0.2 and



incubated until an ODgoo of 0.6-0.8 was reached. Washed cell pellets were resuspended in
yeast cell lysis reagent (Sigma C4482) complemented with 10 mM DTT and protease
inhibitor cocktail (Sigma P8215). Glass beads of 0.5 mm were used to aid cell lysis using
a MiniBeadbeater (Biospec products). For inhibitor treatments, the fresh WT/F475S cells
were cultured at 30 °C in SC containing 0.1% (w/v) L-Proline to ODsoo 0.5, then cells were
harvested and resuspended in 20 ml of fresh SC with 0.003% (w/v) SDS containing 75 uM
MGI132 or 1 mM PMSF for another 2 h incubation at 30 °C before harvesting and

homogenization.

Immunoprecipitation

Anti-Flag M2 Magnetic Beads (Sigma) were used to purify Flag-tagged Ssal in yeast cells.
A 300 pg sample of protein was extracted and incubated with 20 pl Magnetic Beads with
gentle rotation at 4 °C overnight. Magnetic Beads were collected using a magnetic
separator and washed with 10 volumes of TBS (50 mM Tris-HCI, 150 mM NacCl, pH 7.5)
four times followed by the addition of three volumes of 3xFlag peptide of 150 ng/ul and
incubation on a rotator for 1 h at 4 °C. Supernatants were transferred to pre-chilled 1.5 ml
microfuge tubes and centrifuged (10 min, 13000 rpm). Then 25 pl was analyzed by

Western blotting.

Cleavage assay

For SBD cleavage assay under heat shock or AZC treatments, G402 strains were cultured
in 6 ml YPD media overnight at 30 °C with shaking. The following morning, part of the
overnight cultures were diluted in 25 ml SC containing 300 pg/ml AZC to an ODgoo of 0.2.

For the heat shock treatment, overnight cultures were diluted in 25 ml YPD media to an



ODgoo of 0.2. When an ODggo of 0.5 was reached, untreated and AZC treated cells were
kept at 30 °C and the other cells were heat shocked at 39 °C (2 h or 3 h). Protein extraction,
immunoprecipitation and Western blot were performed to investigate the cleavage of Ssal

and its mutations.

Molecular dynamics (MD) simulation

MD simulations were performed using the GROMACS 4.5.7 and 4.6 package (32) as
described previously (27). The homologous Hsp70 solution structure of Ssal, DnaK SBD
with peptide NRLLTG (PDB code: 1Q5L) (33) was used as wild type. Appropriate mutants
were constructed using Swiss-Pdb Viewer (34) based on wild type. Simulations were
carried out over a 20 ns period at 300 K, pH 7.0 and 1 bar pressure. The coordinate

trajectories were saved for subsequent data analysis.

Statistical analysis

Student’s t-test was used, where appropriate, for statistical analysis. Sample sizes used
were in line with other similar published studies. Data are presented as mean + SD.
Statistical analysis was performed using the statistical software package GraphPad Prism

v6 or Microsoft EXCEL. P<0.05 was considered statistically significant.



Results

Evolutionarily conserved F475 mediates function in the Hsp70-Ssa family

The F475S variant of Ssal has been characterised as impairing both the heat shock
response and [PSI"] propagation (24). However, whether this is the case for the whole
Hsp70-Ssa family has not been determined. F475 is highly conserved among the Hsp70
family of proteins, not only in yeast, but also in human and E. coli homologues (Fig. 1A).
F475 is found to be the most conserved residue situated in 6 and is proximal to the

hydrophobic core of the SBD (Fig. 1A and 1B).

To further investigate the role of F475 in the Ssa subfamily, the F475S mutation
was introduced into Ssa2-Ssa4, and phenotypically assessed with these mutants providing
the sole source of cytosolic Hsp70 in vivo. Similar to Ssal1t47°5, Ssa2F4755 and Ssa4™7°S are
unable to propagate [PSI'] and are compromised for the heat shock response (Fig. 1C and
1D). Interestingly, Ssa3F47°S is lethal to the cell and further highlights the significance of

F475 in maintaining Hsp70 function.

F475S destabilizes Ssal and results in SBD cleavage and degradation

F475S was proposed to disrupt the hydrophobic core of the SBD and shown to result in
degradation in vitro (24). To further confirm whether SBD break down occurs in full-length
Ssal, N-terminal Flag-tagged wild-type Ssal and its F475S mutant were expressed in G402
cells as the sole source of cytosolic Hsp70, and then enriched by immunoprecipitation.

Figure 2A, shows several bands observed around 40-50 kDa in the Flag-F475S sample,



which are absent in the wild-type sample. Considering the Flag tag was fused to the N-
terminal of Ssal and the size of the NBD is around 45 kDa, the cleavage bands of the Flag-
F475S suggested that the SBD is readily degraded and results in the production of NBD

fragments in vivo or at least in the cell lysate.

Proteins are degraded by two alternative breakdown pathways in S. cerevisiae.
Usually, the degradation of short-lived proteins happens in proteasomes and can be
inhibited by carbobenzoxyl-leucinyl-leucinyl-leucinal (MG132); vacuolar proteases
contribute to degrading long-lived proteins and can be suppressed by phenylmethylsulfonyl
fluoride (PMSF) (35). To distinguish between the cytosolic vs vacuolar proteolytic
pathway contribution to SBD cleavage/degradation, we added each class of inhibitor
separately into cultures to prevent protein degradation. Western blotting showed that the
basal Ssal level of F475S was comparable with DMSO treatment after MG132 inhibitor
incubation but enhanced after treatment with PMSF (Fig. 2B), suggesting SBD
cleavage/degradation mainly occurred by the vacuolar proteinase rather than proteasomal.
To confirm this hypothesis, we assessed the SBD cleavage of the F475S variant in three
knockout strains, APEP4 (vacuolar carboxypeptidase deficient), AUFD2 (ubiquitin fusion
degradation factor deficient) and AUBI4 (ubiquitin precursor deficient) by transforming
the Flag-tagged F475S variant into each of these three backgrounds. Cells were then
cultured in SC-Leu, and Flag-Ssal was enriched using anti-Flag beads. As shown in Figure
2C, the abundance of full-length F475S variant was signifcantly increased in APEP4 with
corresponding reduced levels of cleavage products. Both AUFD2 and AUBI4 do not

significantly reverse the cleavage pattern. This result clearly shows that the major



proteolysis for Hsp70 cleavage due to F475S structural perturbation, may be through a

Pep4 [vacuolar carboxypeptidase]-dependent mechanism.

Size of the hydrophobic amino acid side chain at residue F475 is the predominant

determining factor for impairing Hsp70 function in vivo

To investigate the key molecular factors that determine Hsp70 functional change caused
by perturbation of the f6/B7 region, we created a variety of amino acid substitutions at
F475 and characterized these genetically and biochemically (Table 1). It was found that
hydrophobic residues phenylalanine (F) and tyrosine (Y) maintained Hsp70 cellular
functions relating to [PSI"] propagation and heat-shock response, but hydrophilic serine
(S) resulted in severe [PSI"] impairment and temperature sensitivity (Fig. 3A, 3B and 3D).
The impact of serine at this residue resulted in hydrophobic-core disruption caused by
introducing the hydrophilic side chain (24). Notably, decreasing the size of hydrophobic
side chain of residue 475 to very small alanine (A) resulted in [PST*] impairment but very
limited temperature sensitivity suggesting the hydrophobic alanine (A) may be too small
to fill the hydrophobic cavity around residue 475 (Fig. 3A, 3B and 3D). Moreover, at the
other extreme, the window for increasing the hydrophobic size of the amino acid is also
narrow as replacing phenylalanine (F) or tyrosine (Y) with tryptophan (W) resulted in a
non-functional Hsp70 and cell nonviability (Table 1), which may be due to catastrophic
disruption of the hydrophobic core (Fig. 3A, 3B and 3D). Surprisingly, Cysteine (C)
substitution compared to serine (S) did not display similar phenotypes, but was more

similar to WT (Fig. 3A, 3B and 3D). This could suggest that Cysteine (C) substitution at



F475 influences Ssal function through a complicated mechanism rather than disrupting the
hydrophobic core only. These phenotypic trends are also observed for other cellular
stresses such as cell wall damage (SDS) and oxidative damage (H20>) (Fig. 3C). Also,
exposure to higher concentrations of oxidative damage revealed a phenotypic difference
between F and all other mutations (Fig. 3C), which reflects the importance of this highly

conserved residue in this region (Fig. 1A).

The side chain of residue at position 475 is a key mediator of SBD stability

We previously reported that the F475S mutation in Hsp70 results in unfolding of the SBD
and accelerates protein degradation (24). To evaluate the molecular level changes that
induce SBD unfolding and subsequent degradation, we employed size exclusion
chromatography (SEC) and circular dichroism (CD) to monitor the effects of F475
substitutions on protein conformation and secondary structure. Comparing to standards
(Fig. S3), Figure 4A demonstrates that F475A, F475C and F475Y maintain the monomeric
state similar to WT, but the lethal mutant F475W had an obvious absorbance shift towards
F475S. As F475S had been confirmed to cause unfolding of the SBD rather than
oligomerization (24), it was considered that F475W exhibited similar behaviour but maybe
to a different degree. After a 24 h incubation at room temperature, there was no aggregated
protein observed after centrifugation (13,000 g, 10 min), but we clearly observed a decrease
in absorbance at the elution peak and a continuous increase in absorbance after the peak,
suggesting that both F475S and F475W are less stable and cleaved into smaller fragments
in vitro compared with other F475 substitutions (Fig. 4B). Consistent with these findings,
both F475W and F475S exhibited a disrupted secondary structure in their CD spectra (Fig.

4C). Although F475A did not display significant unfolding at 30 °C, we did observe that



F475A caused SBD unfolding and reduced stability compared to wild type at elevated
temperature (Fig. S1), which reflects the milder impairment phenotypic stress response we
compared to the S mutation (Fig. 3B-3D). CD spectra of the full-length Ssal proteins
shows that F475S and F475W have similar characteristics (Fig. 4D). F475S and F475W
variants do show a decreased absorbance at 215-217 nm, which reflects loss of B-sheet
structure in SBD (Fig. 4D). Additionally, both mutants caused changes at 208 nm and 222
nm compared to WT (Fig. 4D), which reflects some conformational change in the a-helical

regions in the NBD (24).

Substitutions at residue 475 alter critical functions of Hsp70

Of critical importance to maintaining Hsp70 functionality is regulation of its ATPase
activity. We therefore assessed the ATPase hydrolysis activity of each full-length F475
mutant under various conditions. F475S increased the basal ATPase activity, but was
incapable of further stimulation by Ydjl, this trend was seen over three temperature ranges
(Fig. 5A). Notably, heat shock significantly increased the basal ATPase activity of WT,
but not F475S (Fig. 5A). It has been shown that the SBD acts as a “brake” on the NBD's
ATPase activity and that the free NBD with the linker domain attached has a higher ATPase
activity than full-length Hsp70 (37). Thus, one possible reason for enhanced ATPase
activity is that heat shock causes perturbation of the SBD which leads to a reduction in
SBD-mediated repression of ATPase activity of the NBD. To investigate whether SBD
cleavage occurred after heat shock, we enriched flag-tagged Ssal from cell lysate to

minimize protein-level influence caused by heat shock and detected Ssal fragments as Fig.



2A. Interestingly, degraded fragments of Hsp70 of approximately 45 kDa can be observed
from cells exposed to heat shock, suggesting SBD undergoes cleavage under these
conditions in vivo or at least in cell lysis (Fig. 5D, left panel). Additionally, this observation
was confirmed using a heat-shock mimetic compound azacytidine (AZC) (Fig. 5D, right
panel). Similar to F475S (24), F475W significantly increased ATPase activity at 30 °C (Fig.
5B). In contrast, F475A has a small effect on basal ATPase activity and F475C/Y are
similar to WT (Fig. 5B). Notably, the ATPase activity of F475W is also not stimulated by
Ydjl (Fig. 5B). Additionally, F475S/W, but not F475A/C/Y, showed compromised ATP
hydrolysis stimulated by peptide binding (Fig. 5C). The elevated basal ATPase rate by
SBD mutants (especially F475W and F475S) and compromised ATP stimulation by client

binding implies that SBD disruption abolishes the inhibition of ATP hydrolysis of NBD.

The Hsp70/Hsp40/Hsp104 machinery plays an essential role in protein folding and the
heat-shock response. Previously we demonstrated that F475S is deficient in luciferase
refolding (24). Unsurprisingly, the F475A mutation, which also exhibits a [psi'] phenotype,
had reduced ability to refold denatured luciferase, and F475C/Y displayed a comparable
refolding activity with WT (Fig. 6A). Additionally, we assessed the abundance of selected
chaperones and found that Hsp104 and Ydj1 were expressed at similar levels in WT and
all mutants. However, we observed a variant pattern in abundance of Ssal within the
mutants. Surprisingly, F475C, which had no dramatic phenotypic effects, exhibited greatly
reduced levels of Ssal that were similar to F475S (Fig. 6B), while F475A, which exhibits
the most similar phenotypic profile to F475S, in contrast to this mutant, expressed high

levels of Ssal (Fig. 6B).



Substitutions at residue 483 alter critical functions of Ssal

In addition to F475, 1483 also located in the P6/B7 region has been reported and
characterised as impairing [PSI"] propagation (24, 27). Furthermore, using steered
molecular dynamics simulations, it is possible to predict prion propagation phenotypes
when introducing mutations at L483 (27). We find that amino acids with a large side chain
(L483W/H) at this residue not only impaired [PSI"] propagation (27), but also compromise
thermotolerance (Fig. 7A). Similar to F475S, both L483W and L.483H display a deficiency
in luciferase refolding activity (Fig. 7B), each have elevated basal ATPase activity and
compromise stimulation by Ydjl and peptide (Fig. 7C). Additionally, there are no
significant differences in Hsp104 and Ydjl expression, but decreased Ssal abundance is

observed for L483W and particularly for L483H (Fig. 7D).

Substitutions at residue 483 alter stability of the SBD

We evaluated the influence of substitution mutations at residue 483 upon conformation and
stability, by obtaining CD spectra of purified SBD mutants. L483W/H exhibited decreased
absorbance at 215-217 nm compared to WT, which implies a loss of B-sheet structure in
the SBDp (Fig. 8A), although not to the same extent as F475S/W (Fig. 4C). Additionally,
compromised B-sheet content can be observed from full-length proteins for L483W/H and
both mutants have reduced absorbance at 208 nm and 222 nm suggesting a structural
change within the NBD also (Fig. 8B) (24), which may explain the enhanced ATPase of
L483W/H variants. Molecular simulations were employed to assess what may happen once

the large side chain was introduced at residue 483. Simulations predict that the larger side



chain of W and H, compared to L or A, could easily perturb the microenvironment by
infiltrating the hydrophobic core (Fig. 8C and 8D). As a consequence, the SBD of
L483W/H may induce the same mechanism that unfolds the SBD and results in an
instability profile similar to the F475S/W mutants (Fig. S2, 4A, 4B, 4C, and 8A). In
particular L483H, exhibits the most severe thermotolerance phenotype and has the most
extreme effects on abundance and predicted structural perturbation (Fig. 7A, 7D, 8A and

S2).

Discussion

The essential role Hsp70 plays in protein folding and in survival following exposure to a
variety of stresses, has been demonstrated in a number of species (31, 39-41). The key to
Hsp70 functionality is the coordination and communication between the NBD and SBD
(7). Recent studies have identified amino acid residues in the SBD that play critical roles
in signal transduction to the NBD (25) and highlight the f6/B7 region as an important
mediator of peptide binding and structural stability (24). Within the f6/B7 region the two
highly conserved residues are F475 and L1483 (residue numbers from yeast Ssal protein)
(Fig. 1A). The importance of these residues has been isolated in studies using yeast, when
mutants of both residues, namely F475S and L483W, have been isolated from genetic
screens that identified Hsp70 mutants that impaired prion propagation (13, 24). The F475S
mutation has the most extreme effects on in vivo function in that yeast cells expressing this
variant as the sole source of Hsp70-Ssa are unable to propagate the prion state [PSI"] and
are unable to tolerate a variety of stresses (24). The main goals of this study were to assess
the in vivo consequences of F475S across the Hsp70-Ssa family and to identify the

molecular level changes that occur in mutants created at residues 475 and 483, and correlate



molecular changes with phenotypic outcome. To assess if the phenotypic effects of F475S
are replicated in the Hsp70-Ssa family, we created isogenic yeast strains expressing Ssal,
2, 3, or 4 variants of F475S as the sole source of cytosolic Hsp70. Given the high degree
of sequence identity between members of the Ssa family, it is not surprising that the F475S
mutation has major phenotypic effects on all these strains. Ssal, 2 and 4 proteins
harbouring F475S have similar prion propagation and thermotolerance phenotypes (Fig.
1C and 1D), while Ssa37° cannot maintain cell viability. Presumably Ssa3 is more
susceptible than other Ssa proteins to the structural perturbations caused by F475S and
hence is degraded more rapidly. While the Ssa family are highly conserved and do exhibit
redundant functionality at times, there are many studies that highlight functional
differences between family members and in particular Ssa3, a recent example being the
identified link between autophagy and Ssa3 (42). It is clear that similar to L483W, which
has been shown to exhibit prion impairing effects in different Ssa isoforms (23, 43), F475S

causes severe loss of function across the whole Hsp70-Ssa family.

Our previous study identified instability of the SBD and unfolding of the f6/B7 region as
the primary initiating event and the cause of Hsp70-Ssal loss of function due to F475S
(24). To investigate further the molecular level events that occur in the f6/B7 region that
lead to functional change in Hsp70, we created a range of amino acid substitution mutations
at both 475 and 483, and assayed for functional change through a range of genetic,
biochemical and structural techniques. The major finding from this analysis is that the key
factor to maintaining or perturbing the structural integrity of the SBD, is the size of the
hydrophobic amino acid occupying these two key residue sites. The introduction of

hydrophilic Ser or extremely small hydrophobic Ala at 475 causes the greatest phenotypic



changes and results in loss of [PSI'] propagation and reduced stress tolerance (Fig. 3A-
3D). This is because when the extremes of the tolerance boundaries are reached, there is a
dramatic change in function and resulting phenotype. This is seen in the loss of prion
propagation and thermotolerance through replacement of hydrophobic Phe with very small
hydrophobic Ala, and with loss of viability due to replacement of Phe/Tyr with extremely
large Trp (Table 1). Similar to 475, a proper size of hydrophobic side chain is the key factor
for functional change at residue 483. Replacement of hydrophobic Leu with either
hydrophilic His or extremely large Trp, resulted in loss of [PSI*] propagation and reduced
thermotolerance (Fig. 7A), while replacement with small Ala seems enough to fill the

cavity occupied by small Lue in wile-type protein (Fig. 7A).

While Cys and Ser are similar in size, which can result in substitutions displaying similar
phenotypic outcomes (44), Cys is much more hydrophobic than Ser and has resulted in
differing effects through altering protein conformation and thermostability (45, 46). In this
study, F475C displayed a dramatically different prion propagation and thermotolerance
compared with F475S (Fig. 3A, 3B and 3D). Notably, F475C has a very low abundance
like F475S, which suggests a problem with stability (Fig. 6B). However, F475C maintains
the folding of SBD well (Fig. 4A and 4C), and appears stable after a 24 h incubation at RT
in vitro (Fig. 4B). It is possible that F475C causes instability through a mechanism
independent from disruption of the SBD. Moreover, cellular functions of Ssal, such as
intrinsic or stimulated ATPase activity (Fig. 5B and 5C) and refolding activity (Fig. 6A),
are intact in F475C variant, suggesting that F475C may have enhanced chaperone

functions, which could compensate for lower abundance. It is clear the introduction of C



at the 475 residue causes a complex change to the in vitro and in vivo properties of Ssal

that we cannot yet fully appreciate and explain in terms of the phenotypic consequences.

Structural analysis of 475 and 483 mutants suggests that changes in amino acid side chain
size at these sites results in major conformational changes in the SBDf} sub-domain and
some conformational change in key regions of the NBD (Fig. 4A-4D and Fig. 8A-8D). We
propose that the steric structural constraints within this critical region of the SBD are
breached by the introduction of amino acids with hydrophilic or larger hydrophobic side
chains than the evolutionary conserved Phe475 or Leu483. Structural disturbance in the
B6/B7 region causes localised unfolding of this region that spreads into the binding site and
also into the NBD-SBD interface. The consequence of unfolding of the SBD is to instigate

Hsp70 degradation from the C-terminal region (24).

Many ubiquitination sites have been identified on Hsp70 (49, 50). Parkin mediates the
mono-ubiquitination of Hsp70, but fails to alter its steady-state level and promote its
proteasomal degradation (51). However, CHIP (an E3 ubiquitin protein ligase that binds to
the carboxy terminus of Hsp70) is capable of targeting Hsp70/Hsc70 for ubiquitination,
and results in rapid 26S proteasome-dependent degradation in vitro (52). Notably, Hsp70
was much more susceptible to CHIP-mediated proteasome-dependent degradation,
whereas only modest degradation was observed for Hsc70 (52), suggesting other E3 ligases
target constitutive Hsc70 to trigger proteasome-dependent degradation, or that Hsc70
degradation can occur through another pathway. Additionally, it has been shown that wild-
type Ssal is rapidly digested into smaller forms, which represents species lacking the whole
SBD or the C-terminal lid, and studies indicate that the 45 kDa NBD of Hsp70 is protease

resistant whereas the smaller SBD is proteolytically labile (53, 54). Recently we showed



that Ssal denaturation was triggered through unfolding in the f6/7 region of the SBD and
induces protein degradation (24). An interesting finding from this study is that the SBD
cleavage/degradation of Hsp70-Ssal appears to be Pep4-dependent (Fig. 2A-2C). It has
not previously been reported that Ssal is transported into the vacuole or is a substrate of
Pep4. While the possibility exists of complications in protein stabilty during the cleavage
assay, the clear genetic evidence presented in Figure 2C, suggests this hypothesis is worthy

of further investigation.

The proteasome-dependent proteolytic machinery prevents the accumulation of misfolded
proteins during heat shock in eukaryotic cells (55). A previous study demonstrated that
CHIP mediates a competitive relationship between Hsp70 and misfolded proteins
following heat shock by preferentially ubiquitinating chaperone-bound substrates rather
than chaperones themselves (52). Therefore, Hsp70 exists as a stable long lived protein
(half-life of 20.2 h) (56) and the substrate-bound protein is predominantly degraded (52).
However, proteasome-dependent degradation is not conserved within all domains of life,
which highlights the importance of carboxypeptidase-dependent protein degradation.
Intriguingly, there is no CHIP in yeast, so Ssal and its misfolded clients may be degraded
through other pathways. Additionally, we found that elevated growth temperatures induce
instability in the SBD (24), and cleavage of this domain can be observed following a 2 h
heat shock (Fig. 5D). A plausible explanation is that heat shock disrupts the folding of SBD
and exposes the cleavage site to proteinases which leads to further degradation. It is also
possible that Ssal binding with misfolding substrates accumulated from heat shock, and

co-degraded with substrates through a vacuolar-dependent process.



The prion propagation and thermotolerance phenotypes of the assessed Phe475 and Leu483
mutants correlate well with the extent of SBD instability each mutant produces, that is, the
greater structural instability within the SBD, the more severe the loss of function phenotype.
A good correlation is also observed when comparing phenotype with biochemical activity.
A trend observed for all Hsp70 mutants that impair prion propagation is an increase in basal
ATPase activity with a reduced stimulation following addition of either Hsp40 or peptide
(Figs. 5A-5C and 7C) (54). Dysregulation of ATP hydrolysis will result in an
uncoordinated action of the NBD and SBD that will impair Hsp70 function. Genetic
evidence for this hypothesis comes from the fact that Hsp70 mutants predicted to affect
peptide-binding activity can suppress the prion impairment phenotype of L483W (14), and
it is further supported by steered molecular dynamics simulations (27). Additionally, we
found that mutants with deficiency in luciferase refolding, had the most severe prion

propagation (Figs. 6A and 7B).

We find that there is no difference in the abundance of Hsp104 or Ydjl in any of these
mutant strains (Figs. 6B and 7D). However, there is variation in the abundance of Ssal,
with F4758S, F475C, L483W and L483H, having low levels of cytosolic Hsp70 (Figs. 6B
and 7D). Very low levels of Hsp70 in both prion impaired and prion proficient yeast cells
has been observed previously with some F475S suppressor mutations restoring protein
abundance levels, and others not (24). It is not possible to draw any conclusions regarding
the abundance of Hsp70 in yeast and a resulting prion or thermotolerance phenotype. Very
low levels of Hsp70 are required to maintain normal cellular function under unstressed
conditions in yeast as there is no major growth phenotype for any viable 475 or 483 mutant.

It is alteration of specific Hsp70 functions that results in phenotypic change and, as in



previous studies (24), the prion propagation phenotype is much more sensitive to these
changes compared to other important central cellular functions carried out by Hsp70. This
is the case as 475 and 483 mutants that cannot propagate [PSI'], do not exhibit other
phenotypes under non-stressed conditions. While prion propagation, protein folding and
thermotolerance are inherently dependent on the same functional properties of Hsp70, they

are distinguishable due to their differing sensitivity to perturbation of Hsp70 function (20).

In this study we provide further evidence to support the hypothesis that the f6/B7 region of
the Hsp70 SBD plays a major role in maintaining the structural integrity of the entire
domain. We speculate that disruption of the SBD results in an equilibrium shift to the
unbound state, which allows the NBD subdomains to rotate to a degree where the catalytic
residues in the ATPase active centre reach the optimal position for y-phosphate cleavage
(57). As a consequence, in the 475 and 483 mutants that are destabilized, the SBD
inhibition of ATP hydrolysis is abolished. The fact that loss of Hsp70 function causes a
gradation of phenotypic responses, with essential cellular functions being least affected,
supports the notion that Hsp70 is a druggable target and the 6/B7 region is a prime location

for direct or indirect disruption of Hsp70 function.
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Figures

Fig. 1. Evolutionarily conserved residue 475 mediates cellular functions of Hsp70. (A)
Alignment of Hsp70 proteins from yeast, human and E. coli. (B) The residue Phe475 is
adjacent to the substrate-binding pocket on Ssal. Phe475 is shown in red on the Ssal
structure (PDB: 5Z8I). (C) [PSI*] prion propagation in Ssa mutants. A single colony with
sole Ssa source containing homologue F475S variant was streaked onto YPD and -ADE
plates and grown for 2 days at 30 °C. [psi] cells produce red colonies on YPD and do not
grow on -ADE plates. [PSI'] cells produce white colonies on YPD and grow on —ADE
plates. (D) Temperature sensitivity of Ssa mutants. Cells expressing WT Ssa or
corresponding F475S homologues as their sole Ssa protein were spotted in a 1/5 serial

dilution onto YPD and were incubated for 2 days at 30 °C, 37 °C or 39 °C.

Fig. 2. Specific SBD cleavage induced by F475S mutation. (A) G402 cells containing
N-Flag tagged or tag-free vector were homogenized and precipitated by anti-Flag beads.
Anti-Flag was used to probe Flag-tagged Ssal proteins and degraded fragments. (B) Effects
of degradation inhibitors on the abundance of F475S protein. Western blotting was
performed to assess the protein levels of Ssal F475S following treatment with MG132 (75
uM) or PMSF (1 mM). DMSO was used to dissolve MG132 and PMSF, and the same
volume of DMSO was added as a negative control in cell cultures. A stained SDS-PAGE
gel running under the same conditions was used as the loading control. Two independent
experiments were performed. (C) Vacuolar carboxypeptidase (Pep4) is primarily
responsible for degradation of the SBD. The F475S variant was transformed into APEP4,
AUFD2 and AUBI4 cells. After immunoprecipitation, anti-Flag was used to probe Flag-
tagged Ssal proteins and degraded fragments.

Fig. 3. Phenotypes of different Phe475 substitutions. (A) Assessments of [PSI']
propagation; [psi’] cells produce red colonies on YPD and are unable to grow on -ADE

plates; [PST*] cells produce white colonies on YPD and grow on -ADE plates. (B) Growth



assay of Phe475 mutations at elevated temperatures. Cells expressing WT Ssal or
corresponding Phe475 mutations as their sole Ssa protein were spotted in a 1/5 serial
dilution onto YPD, and were incubated for 2 days at 30 °C, 37 °C or 39 °C. (C) Growth
assay of Phe475 mutations under other stresses. YPD or SC medium was supplemented
with cell-wall damage agent SDS or oxidative damage agent H>O: respectively to achieve
the required concentrations. (D) Acquired thermotolerance assay of Phe475 mutations.
Fresh cultures were pre-treated at 39 °C for 1 h, then cells were heat shocked at 47 °C for
the indicated times before spotting onto YPD.

Fig. 4. Amino acid substitutions at residues 475 alter Hsp70 SBDp conformation and
stability. (A) The elution pattern of SBD truncation proteins. Size exclusion
chromatography (SEC) was performed at RT. (B) The stability of SBD truncation proteins.
Recombinant proteins were incubated at 30 °C for 24 h and then size exclusion
chromatography (SEC) was performed at RT. (C) CD spectroscopy of SBD truncation
proteins at 30 °C. (D) Secondary structure monitored by far-UV CD spectra for full-length
Ssal at 30 °C.

Fig. 5. Variants at residue 475 alter ATPase activity of Ssal. (A) The ATPase activity
of the full-length Ssal proteins. ATPase assay was performed at 30 °C, 37 °C or 39 °C. (B)
ATPase activity stimulated by Ydj1. (C) ATPase activity stimulated by addition of peptide.
The unit of the ATP turnover rate is min"!. The values shown are the mean of four or eight
replicates from independent measurements and the error bars represent the standard
deviation. (D) Specific SBD cleavage during heat shock. WT cells were grown at 39 ° C
for times as indicated (left panel) or cultured in SC containing 300 pg/ml AZC for 2 h (right
panel). After Flag-Ssal precipitation, Anti-Flag was used to probe Flag-tagged Ssal

proteins.

Fig. 6. Variants at residue 475 alter functions of Ssal. (A) Luciferase refolding activity
of Phe475 mutations in vivo. Fresh cultures were shifted to 37 °C for 30 min before 45 °C

denaturation for 1 h. Denatured luciferase cultures were recovered at 25 °C for a 1 h period.



Cycloheximide was added to prevent protein synthesis during the recovery period. (B)
Chaperone abundance of the Hsp70 machinery. Western blotting was performed to assess
the abundance of Hsp104, Ssal and Ydjl. GAPDH and a stained SDS-PAGE ran under the
same conditions were used as loading controls. Protein content was normalized to GAPDH

(protein/GAPDH ratio).

Fig. 7. Substitutions of residue 483 alter molecular and cellular functions of Ssal. (A)
Growth assay of Leu483 mutations at elevated temperatures. Cells expressing WT Ssal or
corresponding Leu483 mutations as their sole Ssa protein were spotted in a 1/5 serial
dilution onto YPD and then incubated for 2 days at 30 °C, 37 °C or 39 °C. (B) Luciferase
refolding activity of Leu483 mutant yeast strains. Fresh cultures were shifted to 37 °C for
30 min before 45 °C denaturation for 1 h. Denatured luciferase cultures were allowed to
recover at 25 °C for a 1 h period. Cycloheximide was added to prevent protein synthesis
during the recovery period. (C) The ATPase activity of the full-length Ssal proteins.
ATPase assay was performed at 30 °C, 37 °C or 39 °C with stimulation by Ydj1 or peptide.
The unit of the ATP turnover rate is min'. The values shown are the mean of four replicates
from independent measurements and the error bars represent the standard deviation. (D)
Chaperone abundance of the Hsp70 machinery. Western blotting was performed to assess
the expression levels of Hsp104, Ssal and Ydjl. GAPDH and a stained SDS-PAGE run
under the same conditions were used as loading controls. Protein content was normalized

to GAPDH (protein/GAPDH ratio).

Fig. 8. Amino acid substitutions at residue 483 alter Hsp70 SBDf conformation and
stability. (A) CD spectra of SBD truncation proteins at 30 °C. (B) Secondary structure
monitored by far-UV CD for full-length Ssal at 30 °C. (C) RMSD (root-mean-square
deviation) of the side chain of 483 as a function of simulation. (D) Superposition of residue

483 snapshots of every 1 ns during simulations. The 0 ns point is highlighted in bold black.



Table 1. Amino-Acid Properties of Residue 475

Arnir?o Acid at S.ize of tbe Polar/Nonpolar (PSI)[psi] Ternpe.re.lture
Residue 475 Side Chain (+/-) Sensitive
Phe + - + N
Ser - + - Y
Ala - - - Y
Cys - +/- + N
Trp +++ - NA NA
Tyr ++ - + N
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Fig 6
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Fig 7
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