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Abstract Hsp70 is a highly conserved chaperone that in
addition to providing essential cellular functions and aiding
in cell survival following exposure to a variety of stresses
is also a key modulator of prion propagation. Hsp70 is
composed of a nucleotide-binding domain (NBD) and sub-
strate-binding domain (SBD). The key functions of Hsp70
are tightly regulated through an allosteric communication
network that coordinates ATPase activity with substrate-
binding activity. How Hsp70 conformational changes relate
to functional change that results in heat shock and prion-
related phenotypes is poorly understood. Here, we uti-
lised the yeast [PSIT] system, coupled with SBD-targeted
mutagenesis, to investigate how allosteric changes within
key structural regions of the Hsp70 SBD result in functional
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changes in the protein that translate to phenotypic defects
in prion propagation and ability to grow at elevated tem-
peratures. We find that variants mutated within the 6 and
p7 region of the SBD are defective in prion propagation
and heat-shock phenotypes, due to conformational changes
within the SBD. Structural analysis of the mutants identifies
a potential NBD:SBD interface and key residues that may
play important roles in signal transduction between domains.
As a consequence of disrupting the p6/p7 region and the
SBD overall, Hsp70 exhibits a variety of functional changes
including dysregulation of ATPase activity, reduction in
ability to refold proteins and changes to interaction affinity
with specific co-chaperones and protein substrates. Our find-
ings relate specific structural changes in Hsp70 to specific
changes in functional properties that underpin important
phenotypic changes in vivo. A thorough understanding of
the molecular mechanisms of Hsp70 regulation and how
specific modifications result in phenotypic change is essen-
tial for the development of new drugs targeting Hsp70 for
therapeutic purposes.

Keywords Hsp70 - Substrate-binding domain - Allosteric
regulation - Prion - Heat shock

Introduction

Heat-shock proteins are critical components of in vivo
defence mechanisms against physical and chemical stresses.
Heat shock, for example, can cause the unfolding and mis-
folding of proteins, as well as a loss of membrane integ-
rity. Without efficient intracellular defence mechanisms,
changes in membrane status and disruptions to global
protein function inevitably cause cell death [1, 2]. Under
mild heat shock, heat-shock response elements (HSEs,
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5'-nAGAAnnTTCTn-3’), and stress responsive elements
(STREs) govern the expression of stress-response genes
and heat-shock proteins such as Hsp70, through the binding
and activation of heat-shock factor (HSF) [3, 4]. Hsp70 is a
ubiquitous and highly conserved 70 kDa protein that assists
in protein folding and refolding, and protects cells from a
variety of stresses [5]. A plethora of cytoplasmic chaperones
such as Hsp110, Hsp90, Hsp40, small Hsps, and mitochon-
drial chaperones such as Hsp10 and Hsp60 are also induced
under heat shock [6].

The vast majority of information on the mechanism of
Hsp70 regulation has been acquired through studies of the
Escherichia coli Hsp70 protein DnaK [7-13]. In E. coli,
the abundance and functionality of DnaK and chaperonin
GroEL are enhanced following a heat shift from 37 to 43 °C
[14]. Structurally, Hsp70 is comprised of two domains: a
45 kDa N-terminal nucleotide-binding domain (NBD)
enriched in a-helices with weak ATP hydrolysis activity
and a 25 kDa C-terminal substrate-binding domain (SBD)
consisting of a f-sheet-rich substrate-binding cavity (SBDp),
with a flexible a-helical lid region (SBDa) that regulates
access to the cavity, and a disordered tail region of approxi-
mately 30 residues [10, 15, 16]. There is bidirectional
allosteric intramolecular regulation between the NBD and
SBD. ATP binding and NBD hydrolysis have been shown
to regulate substrate capture by the SBD, and interestingly,
binding of substrate to the SBD increases ATP hydrolysis
[10]. Comparing DnaK-ADP with DnaK-ATP indicates the
ATP state to be more compact. In the ATP-bound state, the
lid region is completely detached from the substrate-bind-
ing pocket and docked onto one side of the NBD with the
linker region buried in the cleft of the NBD to facilitate SBD
docking with another NBD region [8, 17]. Several residues
in DnaK have been identified at this NBD:SBD interface:
R151, R167, D326, D393, K414, and D481 [8, 9]. Impor-
tantly, the integrity of this interface is essential to allosteric
regulation and intramolecular communication in Hsp70. In
particular, residues D481 and K414 act as clamps, fixing the
NBD:SBD interaction in the ATP-bound state and decreas-
ing ATPase activity, without stimulation from substrate or
co-chaperones such as Hsp40 [9]. Recently, residues D481
and L484 in the SBD of DnaK (homologous to D480 and
L483 in yeast Ssal) have been shown to play critical roles
in the regulation of signal transduction from the SBD to the
NBD [9]. However, it is unclear at the molecular and struc-
tural levels, how allosteric heat-shock proteins themselves
respond to elevated temperatures.

Hsp70 is a potential drug target for a variety of neuro-
degenerative diseases that manifest as protein misfolding
disorders, such as Parkinson’s, Alzheimer’s, Huntington’s,
and prion diseases [5, 18-20]. Prions are self-perpetuating
protein aggregates, and a variety of yeast proteins have
been demonstrated to form prions [21-23]. The ability
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to switch from the native to prion form appears to func-
tionally influence and regulate normal biological cellu-
lar processes [24]. The [PSI*] prion state has been at the
forefront of utilising yeast as a model for studying the
cellular factors that regulate prion propagation. [PSI*] is
the prion form of Sup35, a translation termination factor
in Saccharomyces cerevisiae [25]. The formation of self-
templating aggregates by Sup35 causes reduced transla-
tion termination efficiency and increases read-through of
nonsense mutations [26]. Studies in yeast have identified
protein chaperones as the main cellular factors regulat-
ing prion propagation, particularly the Hsp104, Hsp70,
and Hsp40 families [27-30]. Once a prion is established
in vivo, Hsp70s play a central role in modifying and influ-
encing the prion state.

There are two major cytosolic Hsp70 families (Ssa and
Ssb) that influence [PSI*] propagation [31-34]. The Hsp70-
Ssa subfamily has four members (Ssal—4) that play a cru-
cial role in protein folding, translocation and refolding of
denatured proteins, and at least one member is essential to
maintain cell viability [35, 36]. High levels of Ssal or Ssbl
can cure weak [PSI'], as do high levels of the Hsp40s, Sisl,
and Ydj1; however, strong [PSI*] variants are largely unaf-
fected by such treatments [37, 38]. Specific partner Hsp40s
can stimulate ATPase activity and deliver substrates to
Hsp70, while nucleotide exchange factors (NEFs) regulate
the exchange of ADP for ATP and the re-binding of Hsp70
to substrate [39].

A variety of genetic and biochemical studies in yeast
have identified many mutations of Hsp70 (Ssal) that impair
propagation of the yeast prions [PSI'] or influence cell
growth activity, the majority of which are located within
the ATPase domain [28, 40, 41]. The first and most well
characterized mutant—the SSA/-21 variant—possesses an
L483W change located within the SBD [34]. This L483W
mutation impairs [PSIt] propagation by reducing the number
of prion “seeds” [34, 42]. A range of second-site suppressors
of L483W, which restore [PSI*] propagation, were identi-
fied in regions that influence substrate-binding efficiency
[40]. In addition, deletion of Hsp70-Ssa NEFs Fesl or Ssel
in combination with L483W improves [PSI'] propagation
[33]. This suggests that L483W causes an enhanced sub-
strate-binding activity for Hsp70, a hypothesis supported by
steered molecular dynamics simulations [43]. Preliminary
biochemical analysis of L483W suggested that this mutation
weakened substrate-binding activity of a small peptide sub-
strate [44]. Reasons for this apparent discrepancy could be
due to differences in the peptide substrate used in biochemi-
cal and computational studies, or simply due to the difficul-
ties in experimentally defining this precise activity from a
biochemical perspective [43]. Of particular note also is that
many of the second-site suppressor mutations of L483W are
located within the NBD, which suggests that impairment of
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prion propagation in the SSA/-21 mutant may be related to
inter-domain communication [40].

Although several prion-impairing Hsp70-Ssa mutants
have been characterized extensively genetically, structural
and functional analysis is notably lacking. Therefore, it
remains unclear what specific functional changes occur
within the Hsp70 SBD that result in impairment of prion
propagation in yeast. In this study, we identify and character-
ize a new Hsp70-Ssa SBD mutant (F475S) that is severely
impaired in both heat shock and prion propagation, and in
combination with structural analysis of L483W, we iden-
tify a crucial p6—f7 region in the SBD that is important in
substrate-binding and dictating the ability to impair prion
propagation in yeast. In addition, structural and genetic stud-
ies on L483W allow us to identify residues at the potential
interface between the NBD and SBD in yeast Ssal. These
critical SBD residues may play key roles in signal trans-
duction between domains and regulate Hsp70 function in
propagating prions and heat-shock response in vivo.

Results

SBDf mutations alter [PSI*] propagation
and heat-shock response

Yeast is a well-established model to investigate prion propa-
gation, which can be easily monitored utilising colony colour
and growth assays on selective media. [PSI*] cells are white
colonies on YPD and grow well on—ADE, and in contrast,
[psi~] cells are red and do not grow on—ADE. In this study,
a modified random mutagenesis strategy based on colony
colour was utilised to screen for SBD-specific mutants that
alter [PSI'] propagation. The screen identified four novel
SBD mutations, V4391, F475S, M5151, and S545F, and two
previously characterized mutants G481D [28] and L483W
(Fig. 1a) [33, 43, 44]. As previously reported, the L483W
variant is [psi~] when the only Ssa source in cells, but grows
well at 30 and 37 °C [34]. As shown here, F475S exhibits
prion-impairing effects and is also temperature sensitive
(ts) for growth (F475S and L483W are shown in Fig. 1b, c,
respectively). In addition, L483W was ts at 39 °C (Fig. 1c)
which was not previously tested. Given that the significant
phenotypic effects of F475S upon both prion propagation
and growth at elevated temperature, we focused on this
mutant in the first instance for further analysis. Using ran-
dom mutagenesis, we identified three second-site suppres-
sors of F475S (A394V, P433S, and V477I). These mutations
were modelled onto the structure of DnaK (Fig. 1a). None
of the three mutants restored [PSI*] propagation, but res-
cued temperature sensitivity of F475S to varying degrees
(Fig. 1b, ¢).

The prion and ts phenotypes exhibited by F475S and
L483W strains indicated that both are intrinsically linked to
fundamental changes in Hsp70 activity. However, the ability
to obtain partial suppression of the ts phenotype by second-
site suppressors of F475S without any recovery of prion
propagation highlights a significant difference between these
two Hsp70 functional outputs.

Amino acid substitutions at residues 475 or 483 disrupt
conformation of SBDp and cause functional instability

Given the ts phenotypes, we hypothesized that F475S and
L483W significantly alter the structure and function of
the SBD at higher temperatures. To gain initial structural
insight, we resorted to a previously utilised MD simulation
based on DnaK modelling [43]. Following simulations, the
structural stability of mutants was assessed by calculation of
the root-mean-square deviation (RMSD) of the protein Ca
atoms. The RMSD profiles indicated that the F476S (F476S
in DnaK is an equal of F475S in Ssal) altered the structural
stability of the DnaK SBD at 30, 37, and 39 °C, but L484W
(L484W in DnaK equates to L483W in Ssal) only disturbed
the SBD at 39 °C and with a much-reduced effect compared
to F476S (Fig. 2a; Fig. S1), which suggests that they may
cause temperature sensitivity by destabilizing the SBD.

To assess structural effects upon the SBD further, we
purified Ssal truncation proteins (residues 382-554) [51],
harbouring engineered mutations, and assessed them bio-
chemically and biophysically. F475S displayed a decreased
elution volume compared to monomeric WT; while L483W
and A394V/F475S both maintained the monomeric state of
the SBD at RT (Fig. 2b). MALDI-TOF of the F475S trun-
cation protein detected only one peak corresponding to the
monomeric molecular weight (around 18.8 kDa; Fig. 2b,
insert), suggesting that the decreased elution volume may
be caused by unfolding of the F475S truncation protein, not
dimerization or oligomerization. Indeed, F475S displayed a
clearly reduced CD signal at 215-217 nm (f3-sheet), 208 and
222 nm (a-helix), but increased CD signal below 200 nm
(disordered structure), which suggests there were significant
alterations in the secondary structure of the F475S trunca-
tion protein regardless of temperature (Fig. 2¢c, d), which is
in agreement with the MD predictions and SEC observations
(Fig. 2a, b). L483W showed minor changes compared to
WT at 30 °C (Fig. 2c), but with temperature elevation, the
a-helix and p-sheet content gradually decreased (Fig. 2d).
Moreover, P433S/F475S and V4771/F475S displayed a
slight change in CD signal around 200-205 nm, suggesting
that the P433S and V4771 may influence temperature sen-
sitivity of F475S by maintaining the secondary structure of
SBDp to some extent (Fig. 2c). Notably, A394V/F475S had
a CD spectrum much more similar to that of WT (Fig. 2¢)
consistent with the SEC results (Fig. 2b). Indeed, A394V
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Fig. 1 SBDp mutations alter thermotolerance and [PSI*] propaga-
tion. a Locations of SBD mutants on the DnaK structure. Ribbon
schematic representations of the Protein Data Bank structure 1Q5L.
The DnaK amino acid residue numbers are homologous to those
of the Ssal mutations assessed. b Assessment of [PSI*] propaga-
tion. [PSI*] propagation assay at RT. Single colonies were streaked

was consistently the best suppressor of F475S in terms of
both phenotypic and biochemical properties. Considering
Ala394 is located in the linker between the NBD and SBD
domains, we speculate that residue 394 not only influences
the secondary structure of the SBD, but is also involved in
inter-domain communication in full-length Ssal.

The L483W mutation results in chemical shift perturba-
tions of a number of 'H-'°N signals, which can be attrib-
uted to introduction of the bulky aromatic ring of the tryp-
tophan side chain and resultant conformational changes
(Fig. 2e). On the other hand, L483W does not result in
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on YPD and —ADE plates which were then incubated at RT for
5-7 days. [psi~] cells were red colonies on YPD and unable to grow
on—ADE plates; [PSI*] cells were white colonies on YPD and viable
on —ADE plates. ¢ Growth assay of SBD mutants at elevated temper-
atures. Fresh cultures were spotted onto YPD after a 1/5 serial dilu-
tion. Plates were incubated at 30 °C for 2 days

obvious signal intensity change, whereas the F475S muta-
tion dramatically decreases the backbone 'H-!'°>N HSQC
signal intensities of the SBD, and only intensities of sig-
nals of disordered residues (7.8-8.4 ppm in the 'H dimen-
sion) remain clearly visible (Fig. 2f). The impact of the
F475S mutation leading to disordered structure is consist-
ent with the results described above (Fig. 2a—d). Impor-
tantly, A394V, P433S, and V4771 all improved the NMR
signal intensity of F475S at 30 °C (increasing 3.56-, 0.59-,
and 0.89-fold respectively), with A394V again exhibiting
the most dramatic effects (Fig. 2g).
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Fig. 2 Amino acid substitutions at residues 475 and 483 alter Hsp70
SBDf conformation and stability. a RMSDs as a function of the sim-
ulation time. RMSDs were calculated using the g_rms program based
on the Ca atoms of the amino acid backbone of the DnaK protein.
b Pattern of Ssal SBD truncation proteins. Size exclusion chroma-
tography (SEC) was performed at RT; molecular weight of F475S
truncation protein was assessed by MALDI-TOF (insert). ¢ CD spec-
troscopy of SBD truncation proteins at 30 °C. d CD spectroscopy
of SBD truncation proteins at elevated temperatures (37 and 39 °C).

Taken together, the data suggest that F475S signifi-
cantly destabilizes SBDf inducing unfolding, which
cause the temperature sensitivity of cells. Second-site
suppressors partially rescue the conformational changes
to varying degrees. Comparing the heat shock and [PSI*]

460

Residue number

480 500

520 400 420 440 460 480 500 520 540

Residue number

The temperature was precisely controlled using a Peltier device. e 2D
"H-N HSQC spectra of WT (black) and L483W (red) at 30 °C. f
2D 'H-N HSQC spectra of WT (black) and F475S (red) at 30 °C. g
Intensity ratio of second-site suppressors. Spectra of SBD truncation
proteins containing F475S and second-site suppressors were acquired
at 30 °C. Residue arrangement was based on the residue arrangement
of WT. Intensity was calculated under the same concentration and
display levels. The values and dotted line indicate the mean intensity
ratio for each mutant

phenotypes of all the mutants, it is clear that prion propa-
gation is much more sensitive to perturbations in Hsp70
structure that result in altered or reduced function com-
pared to essential roles for this ubiquitous chaperone.
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Structural changes induced in the g5/p7/p8
hydrophobic core

Recently, it has been suggested that binding of the hydropho-
bic residues of peptide substrates requires an expansion of
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the substrate-binding pocket while in the ATP-bound state,
leading to an overall reorganization of the SBDf [9, 10],
which may be trigged by the p5/p7/p8 hydrophobic core
[13]. Based on the location of F475 and L483 (Fig. 1a),
it might be expected that these mutations will destabilize
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«Fig. 3 B5/B7/B8 hydrophobic core triggers the SBDf allosteric
network. a Radius of gyration of three highly conserved residues
(Leud54, Leud84, and Ile501 in DnaK) as a function of simula-
tion time at 30 °C for WT, F475S (F476S in DnaK) and L483W
(L484 in DnaK). b Radius of gyration of three highly conserved
residues (Leu454, Leud84, and Ile501 in DnaK) of WT as a func-
tion of simulation time at different temperatures. ¢ CSPs histogram
of WT between 30 and 39 °C. The solid line shows the average of
CSPs; the dotted line shows the average plus SD. d Mapping chemi-
cal shift perturbations between 30 and 39 °C onto the DnaK struc-
ture (PDB:1BPR). Unassigned residues are showed in grey; CSP of
residues less than average are shown in green; CSPs more than the
average but less than average plus SD are showed in blue; significant
CSPs (more than average plus SD) are shown in red. e Peak displace-
ment pattern of three highly conserved residues in the hydrophobic
core of WT at elevated temperatures; 30, 37, and 39 °C are repre-
sented black, blue, and red, respectively. f Residue perturbations of
F475S compared to that of WT at 30, 37, and 39 °C on DnaK model.
Grey residues that cannot be assigned in NMR spectra. Green: CSP is
less than 0.5 peak width. Blue: CSP is between 0.5 and 1.0. Red: CSP
is more than 1.0 peak width

SBDJ or alter the conformation of SBD by disrupting
the hydrophobic core. As indicated from the results above,
the SBDp of F475S is indeed substantially disrupted. To
investigate this further for the SBDf of WT and L483W, we
calculated the radius of gyration of three highly conserved
residues (Leu454, Leud84, and I1e501 in DnaK) within the
hydrophobic core using MDs. Figure 3a shows that L484W
(L483W in Ssal) and F476S (F475S in Ssal) both have a
loosened hydrophobic core at 30 °C. The loosening of the
hydrophobic core also occurred in WT but only at 39 °C
during simulations (Fig. 3b). Based on NMR chemical shift
perturbation (CSP) of WT protein comparing 30 to 39 °C
(Fig. 3c), we mapped shifted residues onto WT SBD trun-
cation protein (Fig. 3d). The three hydrophobic core resi-
dues, Leu453, Leu483, and I1e500, displayed obvious CSPs
(Fig. 3c, e), indicating that a variety of conformational
changes are caused by elevated temperature. Indeed, the
other residues next to those three hydrophobic core residues
also induced significant CSPs (Leu452, [1e482, Thr499, and
Thr501; Fig. 3c), which further supports the idea of a loos-
ened hydrophobic core at elevated temperatures.

Due to dramatic signal attenuation, a complete backbone
resonance assignment (> 90%) for the F475S mutant can-
not be achieved. However, according to comparison of 2D
"H-1N HSQC spectra of F475S and WT, we can assign
a substantial proportion of F475S signals, and calculated
the CSPs for the F475S mutant (Fig. 3f), which clearly
suggests perturbation of the hydrophobic core of the SBD
at 30 °C, which is exacerbated with elevated temperature
(Fig. 3f). It, therefore, appears that high temperature can
induce an expansion of the hydrophobic core, and F475S
and L483W substitutions accelerate this perturbation. Con-
sequently, once triggered in the 5/p7/p8 hydrophobic core,

the instability radiates to the whole SBD and perhaps then
extends to the NBD.

Disruption of SBDf abolishes the SBD-dependent
inhibition of ATP hydrolysis by the NBD and alters
interactions with co-chaperones

The data presented thus far indicate substantial structural
changes of SBDJ in mutants, even at permissive tempera-
tures. The Ssal mutants may become less stable and could,
therefore, alter ATPase regulation and affect the equilibrium
between closed and open conformations. Such functional
changes could be responsible for the in vivo temperature
sensitivity and impairment of prion propagation pheno-
types. To investigate this hypothesis, we assessed a series
of biochemical characteristics of the full-length Ssal mutant
proteins.

CD spectra revealed that there were several differences in
the secondary structure of full-length Ssal harbouring the
F475S substitution, compared to wild-type protein. Briefly,
CD signal differences are focused on 208, 222 (a-helix),
and 215-217 nm (B-sheets) (Fig. 4a). F475S clearly showed
decreased CD signals at 215-217 nm, which suggests that
a decreased level of f-sheet formation occurs in the SBD of
full-length protein (Fig. 4a), as well as the truncated protein
(Fig. 2c). Moreover, F475S variant displayed modified CD
signals at 208 and 222 nm compared to WT, which implies
that significant conformational changes also occurred in
a-helical regions. Considering there are two a-helical rich
regions in full-length Ssal, namely, the NBD and SBDa,
we speculate that the conformational changes happened
in both or at least one of those regions. To investigate the
functional consequences of conformational changes in the
a-helix structure of the NBD and the possible functional
changes in these mutants, we assessed basal ATPase activ-
ity (Fig. 4b). L483W increased ATPase activity at 30 °C
(roughly onefold). However, F475S and second-site sup-
pressors all increased intrinsic ATPase activity more sig-
nificantly (roughly F475S: fivefold; A394V/F475S: three-
fold; P433S/F475S: fivefold; and V4771/F475S: fivefold).
Regarding increased levels of basal ATPase activity by SBD
mutants, it has been shown that the SBD acts as a brake
on the ATPase activity of the NBD and that the free NBD
with the linker domain attached has a higher ATPase activity
than full-length Hsp70 [45]. It is thought that the ATPase
inhibition from the SBD requires docking of NBD with
SBD [9]. Therefore, the elevated basal ATPase rate by SBD
mutants suggests that SBD integrity and/or important con-
tacts between NBD and SBD are lost or reduced and prevent
inhibition and normal regulation of ATP hydrolysis.

The Hsp70/Hsp40/Hsp104 machinery plays an essential
role in prion propagation and thermotolerance. A major
function of Hsp70 machinery is refolding proteins that have
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Fig. 4 Disruption of SBD alters functions of Ssal. a Secondary
structure monitored by far-UV CD spectra for full-length Ssal at
30 °C. b ATPase activity of the full-length Ssal proteins. 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. ¢ Luciferase refolding activ-
ity of F475S and L483W mutation yeast strains. Fresh cultures were
shifted to 37 °C for 30 min before 45 °C denaturation for 1 h. Dena-
tured luciferase cultures were recovered at 25 °C for a 1 h period.

become denatured due to heat stress. Because SBD disrup-
tion induced by substitution, it was predicted that the F475S
would be unable to refold a model denatured protein such
as luciferase. To assess this, we assayed luciferase refold-
ing activity for F475S and L483W variants. Unsurprisingly,
F475S and L483W displayed a deficiency in luciferase
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Cycloheximide was added to prevent protein synthesis during the
recovery period. d Chaperone abundance of the Hsp70 machin-
ery. Western blotting was performed to assess the expression levels
of Hspl04, Ssal, and Ydjl. GAPDH and a stained SDS-PAGE ran
under the same conditions were used as loading controls. e F475S
and L483W substitutions alter the Ssal interactions with clients.
FLAG-tagged Ssal was pulled down from G402 cells and probed for
Hspl04, Ydjl, Hsp26, and Sup35. FLAG-Ssal was used as loading
control

refolding (Fig. 4c) in vivo, which correlates with reduced
abundance of Ssal and indications of reduced levels of sub-
strate-binding affinity (Fig. 4d, e). A reduction of in vivo
protein refolding capacity will contribute significantly to the
heat shock and prion-impairing phenotypes of these mutants.



The p6/p7 region of the Hsp70 substrate-binding domain mediates heat-shock response and prion...

In addition, the previous reports showed that Hsp26
impaired [PSIT] prion propagation by inhibiting self-tem-
plating and preventing conformational rearrangements
of molten oligomers in yeast [46] and overexpression of
Hsp104 cured [PSI*] prion [27, 47]. Therefore, the impair-
ment of [PSI*] prion propagation by F475S and L483W may
be influenced by the increased affinity of Ssal with Hsp26
and/or increased expression these co-chaperones (Fig. 4d, e).

The NBD-SBD interface regulates prion propagation
and the heat-shock response

To further investigate the SBDf conformational changes
induced by mutations and heat shock, we utilised NMR for
analysis of L483W. We chose this strategy as WT is not
sensitive enough to elevated temperature to assess, while
conversely, F475S is too disordered to assign residue signals.
Figure 5a shows a CSP histogram of L483W compared to
WT at 30 °C. There are five regions that are readily identi-
fied with significant CSPs: (I) V393 in the linker; (II) 1417 in
loop 23; (III) D476, V477, D478, S479, N480, 1482, 483,
and N484 in p6, loop 67 and p7; (IV) N502, D503, and
K504 in $8; and (V) 1512, 1533, K547, and 1548 in SBDa.
Intriguingly, many residues in those regions have been previ-
ously reported as playing critical roles in the SBDp allosteric
transition and inter-domain communication.

Notably, a clear surface is formed by those residues in
regions (I), (IT), (IIT), and (IV) (Fig. 5b). Considering the
location of this surface, it is located at the interface between
SBD and NBD (Fig. 5b). This suggests that the tempera-
ture sensitivity and [PSI*] phenotypes of L483W strains are
related to defects in inter-domain communication in Ssal.
Moreover, region (V) may be involved directly with the reg-
ulation of opening and closing the a-helical lid (Fig. 5b).
Interestingly, residues of region (V) are far away from 1.483
and their significant CSPs directly indicate a long-range
allosteric effect caused by introduction of the L483W muta-
tion. To further confirm the significant CSPs around resi-
due, 483 are induced by conformational changes, and are
not due to the Trp side chain itself, and we performed ala-
nine-scanning mutagenesis on specific residues to decipher
the contribution of side-chain hydrogen bonds, hydropho-
bic interactions, and salt bridges. Importantly, this process
resulted in an array of prion and heat-shock phenotypes for
individual mutations (Fig. 5c, d; Table 1). V393A is weak
[PSIT] and heat resistant; [417A, N484A, D503A, K504A,
and I533A are [PSI*] and heat resistant; I512A is [PSIT]
but temperature sensitive; D478A, N480A, and [482A are
[psi~] and temperature sensitive. We also identified D476A
as a lethal mutation. In addition, we observed phenotypic
differences in response to cell-wall damaging agents (SDS)
and oxidative stress (H,0,) (Fig. Se; Table 1). Cells express-
ing these mutations as the only Ssa source has differing

abilities in responding to different stresses, suggesting that
cells share overlapping pathways to regulate heat shock and
other stresses [48], and also highlights the crucial role of
these residues in the NBD-SBD interface. Taken together,
we show that residues in the linker, L23, p6, L67, f7, and
B8 regions of Hsp70, which form the interface between SBD
and NBD, play a common and critical role in prion propaga-
tion, thermotolerance and general stress responses.

Discussion

In this study, we show that a newly identified and highly con-
served residue F475, and also the previously reported and
partially characterized residue L483, play crucial roles in the
structural and functional regulation of cytosolic Hsp70. The
substitution mutations F475S and L.483W have major impact
on Hsp70 function and phenotypes. Structurally, F475 and
L483 are located within the B6—p7 region of Hsp70 SBD,
which is highly conserved in the Ssa family, and across spe-
cies also, ranging from E. coli DnaK to human Hsp70 and
Hsc70 proteins. The F475S variant, which was isolated from
a SBD-targeted random mutagenesis strategy, displays defi-
ciencies in [PSI*] prion propagation and ability to grow at
elevated temperatures. These phenotypes are similar to those
exhibited by L483W, but are more pronounced in F475S.
From a structural biology point of view, both F475S and
L483W cause perturbation of the hydrophobic core, causing
destabilisation and accelerating denaturation of this local-
ised region of the SBD in response to elevated temperature.
Destabilisation of the f6—f7 region of the SBD ultimately
results in altered inter-domain communication between the
NBD and SBD through structural changes at the interface of
the domains, formed by residues in the linker, and the L23,
6, L67, f7, and B8 regions. The major functional changes
in Hsp70 induced by these mutations are ultimately the
dysregulation of ATP hydrolysis of the NBD, which results
in broad effects such as reduced protein refolding activity,
enhanced interactions with co-chaperones such as Hsp104
and Hsp26 but a decreased interaction with substrates such
as Sup35.

While F475S and L483W display phenotypic changes
in both stress-related growth and prion propagation, it is
clear that there is not a linear relationship between these two
phenotypes. The previous studies have identified seemingly
prion-specific phenotypes in a variety of Hsp70 mutants [34,
40] and it is clear from the array of phenotypes exhibited
across the NBD:SBD interface mutants (Fig. Sa—e; Table 1)
that a complex relationship exists between Hsp70 functional
activity and the phenotypic outcome in stress-related growth
and prion propagation. Comparison of temperature sensitiv-
ity and prion propagation phenotypes also shows a com-
plex relationship. While L483W and F475S show a similar
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Fig. 5 Interface regulates prion propagation and heat-shock
response. a CSP histogram of L483W compared to WT at 30 °C. The
solid line shows the average of the CSPs; the dotted line shows the
average plus SD of CSPs. b Interface between SBD and NBD. Resi-
dues with significant CSPs were mapped onto the full-length DnaK
structure (PDB:2KHO); overlay of SBDf with residues in the SBD
model of DnaK (PDB:1BPR) that have significant CSPs. Aspect
was rotated by 90° as arrow indicates. The residues with significant
CSPs over the average plus SD are in red; the residues with CSPs
between the average plus SD and the average are in blue; the residues
with CSPs below the average are in green; non-assigned residues are

QO ~@
@

sC SC + 1 mM H202

SC +2 mM H:02 SC +3 mM H.02

in grey. ¢ Growth assay of predicted mutations at elevated tempera-
tures. d Assessment of the predicted mutations on [PSI*] propaga-
tion. [psi~] cells were red colonies on YPD and unable to grow on
—ADE plates; [PSI*] cells were white colonies on YPD and survived
on —ADE plates. e Growth assay of predicted mutations under other
stresses. YPD and SC medium were supplemented with cell-wall
damage reagent SDS and oxidative damage reagent H,O, respec-
tively, to achieve required concentrations. Fresh cultures were spotted
on those plates after a 1/5 serial dilution and incubated for 2 days at
30°C

Table 1 Phenotypes of the
interface mutations

V393A 1417A D476A D478A N480A I482A N484A D503A K504A I512A 1533A

ts N N N/A
Prion Weak + N/A
H,0, Y N N/A
SDS Y N N/A

Y Y N N N Y N
- - + + + + +
N Y N N N N N
Y Y N N Y N N

ts temperature sensitive
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inability to propagate [PSI™], the difference in temperature
sensitivity of these mutants highlights an important differ-
ence underpinning these two phenotypes. Considering the
structural changes occurring in these mutants, of which
F475S is the most perturbed, and the phenotypic conse-
quences, it seems reasonable to conclude that prion propaga-
tion is more susceptible to fluctuations in Hsp70 functional
activity compared to phenotypic changes in temperature
sensitivity. The fact that both F475S and L483W are unable
to propagate [PSI*], but F475S is much more temperature
sensitive supports this conclusion.

Insights into the long-range residue interactions and regu-
latory changes induced by F475S and L483W, in addition to
disruption of the hydrophobic core and NBD:SBD interface,
can be gleaned from assessment of the second-site suppres-
sors. From a structural aspect, A394V/F475S and V4771/
F475S would be predicted to be involved in the allosteric
pathway transmitting information from the hydrophobic
core to the domain interface, while P433S/F475S would be
predicted to exert influence directly in the region of the sub-
strate-binding (Fig. 1a). Interestingly, residue 434 (homolo-
gous to 433 in Ssal) and residue 478 (homologous to 477 in
Ssal) are Ser and Ile in DnaK (Fig. 1a), consistent with the
higher optimal growth temperature of E. coli cells. It was
also found that the side chain of V477 in Ssal is located in
the hydrophobic core, as is F475 (Fig. 1a), implying that
V4771 possibly compensates for the disruption caused by
the F475S substitution by increasing hydrophobic content
in the core.

Both L483W and F475S clearly have a significantly
reduced interaction with Sup35 compared to wild-type
protein (Fig. 4e), which appears contradictory to the previ-
ous genetics and MD results for L483W [40, 43]. However,
the most likely explanation is the complexity in identify-
ing appropriate substrate-binding states and possible dif-
ferences generated through in vitro, in silico, and in vivo
studies. While the assay used in this study will assess inter-
action between Hsp70 and monomeric Sup35, in strains
carrying prions, there may well be differential affinities for
aggregated and amyloid states of Sup35. Assessing this for
L483W in vivo is not possible as strains harbouring this
mutant as the sole source of Ssa protein in the cell are [psi~].

It is the intricate mechanism of the Hsp70 machine
itself that makes it such a versatile protein [10]. We have
demonstrated that denaturation of the SBD is one of the
causes of cell growth impairment at high temperatures.
Previous studies have also reported that Ssal mutants
(P417L/S) with a temperature sensitivity phenotype were
digested more rapidly by proteases in vitro, suggesting
structural impairment [41]. Therefore, it is possible that
F475S and L483W accelerate the degradation of Ssal,
especially the SBD, which decreases Ssal abundance and
this in conjunction with additional functional changes

results in the phenotypes observed. Considering that
F475S causes a much-reduced level of essential Ssal in
the cell (Fig. 4d), it is surprising that such cells do not
exhibit a major growth defect at normal temperatures. This
suggests that in unstressed conditions, yeast cells require
minimal amounts of cytosolic Hsp70 to carry out its essen-
tial functions and/or its functions are compensated for by
other chaperones.

Our finding that f6—f7 can act as a location for induc-
ing structural changes and signals within the SBD is in
agreement with recent data highlighting the importance
of this region [49]. Meanwhile, our data further highlight
specific residues in the f6—p7 region of the Hsp70 SBD
that play key roles in inter-domain communication. In
addition, structural and genetic analysis of these mutants
has allowed the characterisation of a potential interface
between the NBD and SBD and identification of key
residues that influence prion propagation and the stress
response, and may play important roles in signal trans-
duction between the domains (Fig. 5). The linker is very
important for inter-domain communication and is buried
in the NBD cleft after docking [10]. Residues V389, L391,
and D393 in DnaK are known to be involved in the inter-
face between NBD and SBD and to regulate inter-domain
communication directly [10], suggesting that V393 may
have the same effect. P418 in Ssal has been reported to
alter ATP cycling and inter-domain communication [41].
Residues 414 and 417-420 in DnaK have been identified
as an important hinge region in direct contact with the
linker [8, 9, 13]. 1417 found in the current study may have
the same effect as other residues in the loop 2, 3. In region
(IIT) mentioned above, F475S, V4771, and L483W have
been shown to have critical structural roles and L484 and
D481 in DnaK (homologous to L483 and N480 in Ssal)
regulate signal transduction from the SBD to the NBD [9].
In vivo, neither DnaK-D481A nor DnaK-D481K was able
to complement the temperature-sensitive growth defect of
the DdnaK52::Cm strain BB1553 [9]. I501 is the lynchpin
residue of the hydrophobic core and 1501 and S505 are
both involved in the SBDp allosteric network in DnaK
[13]. M5151 and S545F (close to K547 and 1548) have
been identified in this study as impairing [PSI*] propaga-
tion to some degree. I512 found in this study is near to
DS511E variant (residue number in DnaK), which is located
at the interface between SBDf and the SBDa lid and iden-
tified as involved in SBD{ allosteric regulation [13].

The yeast Hsp70 model system provides the ideal envi-
ronment for dissecting the intricacies of Hsp70 regulation
and how changes in function relate to phenotypic changes
in the heat-shock response and prion propagation. The crit-
ical f6—B7 region and the potential NBD:SBD interface we
have identified are therapeutic targets which can be used to
design specific inhibitors or modifiers of Hsp70 function.
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Materials and methods
Plasmids and yeast strains

The SSAI gene and required mutations were constructed in
pC210 plasmid [30] using a site-directed mutagenesis kit
(Agilent) and primers used are shown in Table S1. Plasmids
were transformed into strain G402 (MATa ade2-1 SUQS5
karl-1his3 leu2 lys2 trpl ura3 ssal::KanMX, ssa2::HIS3,
ssa3::TRPI, ssa4::URA3-1f/pRDWI0) [50], and colonies re-
streaked onto plates containing 5-fluoroorotic acid (5-FOA)
to select against cells harbouring the URA3 plasmid contain-
ing wide-type Ssal.

Random mutagenesis

Using random mutagenesis to isolate Ssal mutations that
alter prion propagation has been described before [40]. In
this study, we specifically targeted the SBD to generate new
mutations impairing prion propagation. The pJ120 vector
[34] was incubated in hydroxylamine for 1 h at 70 °C. The
SBD was PCR amplified from this plasmid library targeted
primers containing appropriate restriction sites at the ends.
The PCR products were sub-cloned into a SexAl and Sphl
digested pJ120. This process results in Ssal-containing
plasmids with potentially mutated regions solely within the
SBD. This pJ120 ligated library was transformed and ampli-
fied in E. coli. The plasmid library was isolated from E. coli
and transformed into G402 and replica-plated onto 5-FOA
medium. Any red or clearly pink colonies had plasmids iso-
lated and re-transformed back into G402 to confirm their
inability to propagate [PSI™]. This process identified F475S
as the most extreme Ssal mutant in terms of impairing prion
propagation in yeast. We identified second-site suppressors
of F475S by randomly mutagenizing F475S containing plas-
mid and selecting for reversal of phenotypes.

Yeast growth assay

Yeast strains were cultured in 5 ml YPD or SC with appro-
priate selection at 30 °C overnight. The following morning,
the yeast cultures were diluted into 6 ml fresh media at an
ODg of 0.2 and grown until the ODg, 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 or 39 °C) for 2 days as
required.

Protein purification
Full-length Ssal (residues 2—642), truncated Ssal (residues

382-554) [51] and corresponding mutations were con-
structed in the pET28a-Smt3 vector containing 6x His and
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Smt3 tags [52]. The plasmid was transformed into BL.21-
CodonPlus (DE3)-RIL competent cells and induced by IPTG
in 2YT medium. For NMR, M9 minimal medium contain-
ing ’N-NH,Cl or ’N-NH,Cl/**C—glucose was used. Full-
length Ssal and mutations were first purified on an Ni affin-
ity column (GE Healthcare) in 50 mM Tris buffer (pH 7.5),
300 mM NaCl, and 3 mM p-mercaptoethanol. Protein prod-
uct was then incubated with Ulp1 followed by a second Ni
affinity column purification step to remove the 6x His-Smt3
tag, Ulpl, and un-cleaved protein. The flow through was
collected and further purified by gel filtration chromatogra-
phy (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 were used. Gel filtration chromatog-
raphy 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 Mg(l, at a protein concentration of 3 pM using a Chi-
rascan 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 tem-
perature was controlled using a Peltier device. The trun-
cation mutants, at a protein concentration of 10 pM, were
measured in 50 mM Na-phosphate buffer (pH 7.0) with
50 mM NaCl.

Size exclusion chromatography (SEC)
and MALDI-TOF

The pattern of SBD truncation mutants was investigated
by SEC (Superdex 75, 24 ml GE Healthcare) in 50 mM
Na-phosphate buffer (pH 7.0) with 50 mM NaCl at room
temperature. To detect the molecular weight of the F475S
truncation mutant, the protein was passed through a C18
ziptip to remove salt and then mixed with SA (Sinapic acid)
matrix. MALDI-TOF was performed on a MALDI-TOF
AXIMA-CFR Plus (KRATOS Analytical, Shimadzu Cor-
poration, Japan).

ATPase assay

The ATPase activity was measured based on colorimetric
determination of inorganic Na-phosphate using malachite
green as previous described [53] with minor modifications.
Briefly, stock solutions of malachite green (0.081% w/v),
polyvinyl alcohol (1.15% w/v), and ammonium heptamo-
lybdate tetrahydrate (2.85% w/v in 3 M HCl) were prepared,
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and mixed in the ratio of 1:1:1 to prepare the malachite green
reagent. Before assay, 10 pl of 2 pM Ssal (50 mM Tris buffer
pH 7.5, 100 mM KCI, 5 mM MgCl, and 1 mM DTT), and
10 pl of 2 mM ATP were mixed into each well of a 96-well
plate, and then incubated at 30 °C for 5 h. After incubation,
80 pl of malachite green reagent was added to each well.
Immediately following the malachite green reagent, 10 pl
34% sodium citrate was added to stop the non-enzymatic
hydrolysis of ATP. The samples were mixed thoroughly and
incubated at 30 °C for 30 min before measuring the ODy,,
on a SpectraMax M3e (Molecular Devices, USA). Intrinsic
ATP hydrolysis was accounted for by subtracting the signal
measure for ATP incubated in the absence of Ssal.

Nuclear magnetic resonance (NMR) spectroscopy

Nuclear magnetic resonance spectroscopy was employed
in this study to investigate conformational changes of the
SBD induced by mutants and heat shock. For acquisition
of 2D 'H-'>N HSQC spectra, NMR samples were prepared
in 50 mM Na-phosphate buffer (pH 7.0), 50 mM NacCl,
0.02% NaN;, 5 mM EDTA, 10 mM DTT, and 10% D,0.
NMR experiments were performed at 30, 37, and 39 °C on
a Varian INOVA 600 MHz spectrometer equipped with a
triple-resonance cryo probe. To increase the signals in the
3D '"H-""N HSQC spectra of the L483W truncation mutant,
NMR samples were prepared in 20 mM Na-phosphate buffer
(pH 7.0) containing 0.02% NaN,, 5 mM EDTA, 10 mM DTT
and 10% D,0. Spectra were collected at 35 °C. After collec-
tion, the sample was titrated back to 50 mM Na-phosphate
buffer (pH 7.0) and 50 mM NaCl to allow direct comparison
with the buffer used as WT sample. In addition, during titra-
tions, 2D spectra were collected at 35 and 30 °C to collate
chemical shifts caused by changes in temperature. Other
details were as previously described [51].

Luciferase refolding assay

The luciferase assay was carried out as previously described
[50]. Briefly, the G402 yeast strains containing pDCM90
were cultured in 5 ml selective medium without uracil at
30 °C overnight. Then, cultures were diluted to ODg, of 0.2
into same the medium and incubated at 37 °C 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 an FB12 Luminometer (Berthold Detec-
tion 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, cyclohexamide (Sigma) was added after
50 min at a concentration of 10 pg/ml. After thermal dena-
turation at 45 °C, cellular luciferase activity was measured
as the starting point (¢ = 0). Cultures were shifted to 25 °C

at intervals of 15 min for a duration of 1 h. Luciferase recov-
ery ratio was calculated basing on staring point (z = 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 selec-
tive media at 30 °C. The following morning, cells were
diluted in 25 ml fresh same media to an ODg, of 0.2 and
incubated until an ODg, of 0.6-0.8 was reached. Cells
were harvested by centrifugation at 4 °C (5 min, 2500 rpm)
and pellets were washed with distilled water. Pellets were
resuspended in yeast cell lysis reagent (Sigma C4482) com-
plemented with 10 mM DTT (without DTT for pull down)
and protease inhibitor cocktail (Sigma P8215). Glass beads
of 0.5 mm were used to aid cell lysis using mini-beater
(Biospec products). Supernatants were transferred to pre-
chilled 1.5 ml microfuge tubes and centrifuged (10 min,
13,000 rpm) to remove any cell fragments.

Pull-down assay

Anti-Flag M2 Magnetic Beads (Sigma M8823) was used to
purify Flag-tagged Ssal in yeast cells. Protein extraction of
300 pg was incubated with 50 pl magnetic beads gently on
a rotator at 4 °C overnight. Magnetic beads were collected
by magnetic separator and washed with ten volumes of
TBS (50 mM Tris—HCI buffer, 150 mM NaCl, pH 7.5) four
times. Three volumes of 3x Flag peptide of 150 ng/pul were
added and the samples were incubated on a rotator for 1 h
at 4 °C. Supernatants were transferred to pre-chilled 1.5 ml
microfuge tubes and centrifuged (10 min, 13,000 rpm).
Then, 25 pl was analysed by western blotting.

Molecular dynamics (MD) simulation

Molecular dynamics simulations were performed using the
GROMACS 4.5.7 and 4.6 package [54] as described pre-
viously [43]. The homologous Hsp70 solution structure of
Ssal, DnaK SBD with peptide NRLLTG (PDB code: 1Q5L)
[55] was used as wild type. Appropriate mutations were con-
structed using Swiss-Pdb Viewer [56] based on wild type.
Simulations were carried out over a 20 ns period at 300,
310 and 312 K, pH 7.0 and 1 bar pressure. The coordinate
trajectories were saved for subsequent data analysis.
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