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Heat shock protein 104 (Hsp104) protein disaggregases are powerful molec-
ular machines that harness the energy derived from ATP binding and
hydrolysis to disaggregate a wide range of protein aggregates and amy-
loids, as well as to assist in yeast prion propagation. Little is known, how-
ever, about how Hspl04 chaperones recognize such a diversity of
substrates, or indeed the contribution of the substrate-binding N-terminal
domain (NTD) to Hspl104 function. Herein, we present a NMR spectros-
copy study, which structurally characterizes the Hspl104 NTD-substrate
interaction. We show that the NTD includes a substrate-binding groove
that specifically recognizes exposed hydrophobic stretches in unfolded, mis-
folded, amyloid and prion substrates of Hspl04. In addition, we find that
the NTD itself has chaperoning activities which help to protect the exposed
hydrophobic regions of its substrates from further misfolding and aggrega-
tion, thereby priming them for threading through the Hsp104 central chan-
nel. We further demonstrate that mutations to this substrate-binding
groove abolish Hsp104 activation by client proteins and keep the chaper-
one in a partially inhibited state. The Hsp104 variant with these mutations
also exhibited significantly reduced disaggregation activity and cell survival
at extreme temperatures. Together, our findings provide both a detailed
characterization of the NTD-substrate complex and insight into the func-
tional regulatory role of the NTD in protein disaggregation and yeast
thermotolerance.

Introduction

The process of folding is a seminal event in the life of
a protein, as it is essential for its proper function.
Incorrect folding, or misfolding, will not just lead to a
near certain loss of function, but often also to the
accumulation of protein aggregates that can harm cel-
lular homeostasis [1-6]. Indeed, aggregates are a hall-
mark of stressed, aged and disease-state cells, posing
danger not only upon their accumulation, but also
mainly during the process of their formation [7,8]. To
protect cells from this type of damage, a specialized
group of proteins termed molecular chaperones helps
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to ensure the proper folding of other proteins, acting
as the first line of defence against protein misfolding
and aggregation [9-12]. The majority of stress-
inducible molecular chaperones, though, are unable to
recognize or remodel protein aggregates once they
have formed. Cells have therefore evolved powerful
ATP-driven protein disaggregases with the remarkable
ability to rescue stress-damaged proteins even from an
aggregated state [13-17].

The heat shock protein 104 (Hspl04) is the main
protein disaggregase in yeast, plants and the
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mitochondria of all eukaryotic cells, and thus is essen-
tial for cell survival during severe stress [14,18-20]. It
belongs to the AAA+ (ATPases Associated with vari-
ous cellular Activities) family of molecular machines,
which utilize ATP hydrolysis to facilitate diverse cellu-
lar functions [21-23]. In the case of Hspl104 disaggre-
gases, the energy derived from ATP binding and
hydrolysis drives protein unfolding and disaggregation,
enabling the chaperones to solubilize both amorphous
and ordered protein aggregates.

Hsp104, however, cannot generally solubilize aggre-
gates on its own and requires the synergistic interac-
tion with the heat shock protein Hsp70 (Hsp70)
chaperone system [18,24,25]. There, Hsp70 chaperones,
aided by J-domain protein co-chaperones, first perform
initial remodelling of the aggregated substrates before
presenting them to Hspl04. The Hsp70-bound,
partially-unfolded polypeptides are then recognized by
the Hsp104 hexamers, initiating the translocation pro-
cess into the Hspl04 channel [25,26]. In parallel, the
binding of Hsp70 enhances Hspl04 ATP hydrolysis
rates, thereby activating the disaggregase [27-29]. The
activated Hsp104 then threads the polypeptide chains,
one at a time, through the central pore of its hexame-
ric ring [25,30], thus unravelling the target aggregates.

In addition to its function as a disaggregase, the
yeast Hspl04 is also essential for the propagation of
prions [PSI*] [31], [URE3] [32] and [RNQI1*] [33],
which are self-replicating, amyloid-like aggregates of
the normal functional proteins. Hspl04 helps yeast
prions to replicate mainly by fragmenting the amyloid-
like proteins into smaller pieces, thereby breeding new
propagons, or seeds [34,35]. Interestingly, the Hsp104
prion propagation function might not require collabo-
ration with the Hsp70 chaperone system [36,37].

Overexpression of Hspl04 in yeast, however, dis-
solves these seeds completely and, accordingly, cures
the [PSI+] prion state [38], suggesting that Hspl04
could potentially serve as a therapeutic approach
against amyloidogenic neurodegenerative diseases in
humans, such as Alzheimer’s, Parkinson’s and Hun-
tington’s disease [39-42]. Indeed HsplO4-bearing
potentiating mutations were shown to disassemble (in
an Hsp70 independent manner) amyloid conformers of
several proteins associated with neurodegenerative dis-
ease, including a-synuclein, TDP-43, FUS, polygluta-
mine, amyloid-beta and tau [37,43-52].

Structurally, Hsp104 and its bacterial homolog ClpB,
form hexameric spiral assemblies [53-58], with each pro-
tomer comprising an N-terminal domain (NTD); and
two nucleotide-binding domains (NBD1 and NBD?2),
separated by a unique regulatory coil-coil domain [59]
(Fig. 1), which serves as the Hsp70-binding site and is
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thus essential for Hspl04 activation [28,60,61]. NBD1
and NBD2 both contain conserved Walker A and B
motifs and an arginine finger residue, all of which are
critical for ATP hydrolysis, as well as flexible tyrosine
‘pore loops’ that bind substrates and are required for
their translocation into the Hsp104 hexameric chamber
[62-64] (Fig. 1C).

In recent years, several detailed Hsp104 and ClpB
cryo-EM structures [53-58,65] have greatly advanced
our understanding of not just the hexameric structure
of Hspl04, but also of the mechanism of substrate
translocation during the disaggregation reaction.
Despite these recent advances, though, a key part of
this mechanism has remained poorly understood ~how
Hsp104 initially recognizes and binds its diverse set of
client proteins.

Several studies have pointed to the Hspl104/ClpB
NTD as the initial client recognition site [66—68]. The
NTD is a globular, 150-residue a-helical domain con-
nected by a long unstructured linker to NBDI1 [69]
(Fig. 1). It was proposed to form a substrate entrance
channel that both stabilizes the unfolded state of the
polypeptide and helps to position it above NBDI
[58,66], thus facilitating substrate translocation into
the Hspl104/ClpB central pore. The flexibility of the
NTD, however, has precluded it from high-resolution
structural characterization by cryo-EM, leaving its ori-
entation and location relative to the hexameric cham-
ber largely unknown.

In addition, it is still not fully clear how the NTD
recognizes the many Hspl04 clients, or whether this
interaction is important for Hsp104 cellular functions.
While many of the early reports show that this domain
is entirely dispensable for disaggregation [67,70,71],
others found that without it, the disaggregation activ-
ity is affected [61,68,72,73]. Similarly, while the NTD
is dispensable for prion propagation [71,74,75], some
studies found it to be required for prion curing (disso-
lution) [38,70], adding to the controversy regarding the
function and importance of this domain.

Here, we have used NMR to structurally character-
ize the interaction of the Hspl104 NTD with multiple
types of client proteins, and designed specific muta-
tions abolishing these interactions. Moreover, by
studying the activity of these mutants, we have been
able to elucidate the functional role of the NTD in
protein disaggregation and prion propagation. Our
results demonstrate that the NTD contains a
substrate-binding groove that specifically recognizes
hydrophobic residues exposed in unfolded or aggre-
gated clients, as well as in amyloid- and prion-forming
proteins. Mutations to this NTD substrate-binding
groove have a dramatic effect on the activation of
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(A)

Fig. 1. Structure and domain organization of
Hsp104. (A, B) Domain organization (A) and
protomeric structure (B) of Hsp104 (PDB
6N8T [65]). The Hsp104 protomer consists
of an NTD (salmon), two NBDs (NBD1,
NBD2 - dark and light yellow, respectively),
and a CCD insertion (blue). (C) The
monomers assemble into asymmetric
hexamers (PDB 5VY8 [54]) consisting of
three layers - the NTDs (top layer- absent
from the presented structures), NBD1-CCD
(light yellow-blue), and NBD2 (dark yellow),
all enclosing the central pore. All structures
were visualized using UCSF ChimeraX
(https://www.cgl.ucsf.edu/chimerax).

Hspl04 ATP hydrolysis, resulting from its interaction
with client proteins, as well as on the overall disaggre-
gation activity of the chaperone. Furthermore, we
show that interaction with clients is essential for acti-
vating Hsp104 disaggregation and thermotolerance.

Together, our findings provide molecular insight
into the NTD-substrate complex as well as into the
functional role of the NTD in both protein disaggrega-
tion, prion propagation and thermotolerance.

Results

Substrate interactions with the Hsp104 N-
terminal domain

Previous studies have shown that the NTD of Hspl104
bacterial homolog, ClpB, contains a hydrophobic
groove that interacts with the exposed hydrophobic
residues in unfolded proteins and polypeptides [66—68].
Hspl04, however, does not interact solely with
unfolded proteins, but also with thermally and chemi-
cally induced protein aggregates, as well as prion pro-
teins [35,36,76,77]. It therefore remained unclear
whether the Hspl04 NTD contains a distinct binding
site for each of these diverse client types, and whether
the hydrophobic groove also plays a role in these
interactions.

To address this, we performed a series of NMR-
binding experiments studying the interaction of
Hspl04 NTD with its diverse clients. First,
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intrinsically disordered a-casein and fragments of
reduced alkaline phosphatase (PhoA) were used as
unfolded polypeptide clients, and their binding to uni-
formly '’N-labelled NTD was tested by recording
"H-">N heteronuclear single quantum coherence spec-
troscopy (HSQC) spectra (Fig. 2). All three clients
bound to Hspl04 NTD and caused chemical shift per-
turbations (CSPs), on a fast exchange time scale, to a
distinct, yet similar subset of NTD residues.

In order to map this site on the NTD, though, we
first had to assign the domain’s spectrum. To this end,
we recorded a set of HNCACB, CBCA(CO)NH,
HNCA, HN(CA)CO and HNCO 3D NMR experi-
ments. Combined, these allowed us to unambiguously
assign 70% of the non-proline residues, with the rela-
tively low degree of assignment coverage being due, in
part, to severe peak overlap in our spectra. To over-
come this, we used a ‘reverse isotope’ labelling
approach [78], where '*N, '>C, 'H-labelled lysine, argi-
nine, isoleucine or leucine amino acids were incorpo-
rated into '°N-labelled proteins (Fig. 3). The
incorporation of "N amino acids reduced spectral
overlap, as well as allowed for unambiguous assign-
ment of amino acid types. Using this strategy, we
obtained 95% coverage of the non-proline residues in
the Hsp104 NTD.

With the assignments in hand, we could now map
the binding site for unfolded proteins on the NTD.
The largest CSPs observed were for NTD residues
D3-S23 (Helix1), T87-N105 (Helix4) and I111-L115
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Fig. 2. Interaction of Hsp104 NTD with client proteins. (A) "H-"®N HSQC spectra of 200 um NTD alone (black), and in complex with 400 um
unfolded PhoA protein fragment, resides 349-471 (blue). (B) Cartoon representation of Hsp104 NTD X-ray structure (PDB 5U2U [69]), with
the residues found in our NMR experiments to bind to client proteins highlighted in yellow. The largest CSPs were observed for residues
D3-S23 (Helix1), T87-N105 (Helix4) and 1111-L115 (Helix5). The figure was generated with UCSF ChimeraX. (C, D) "H-">N HSQC spectra of
200 pm of NTD alone (black), and in complex with 400 um of heat-denatured o-lactalbumin (C, green), and 450 um of Sup35 NM prion protein
(D, light red). The NTD residues that are broadened significantly upon interaction with each client are indicated. All three substrates bind to

the same regions of the NTD.

(Helix5). Mapping these CSPs onto the crystal struc-
ture of the Hspl04 NTD [69] revealed that unfolded
proteins bind to the hydrophobic groove (Figs 2A-B
and 4A-C), similarly to the interaction of the same
substrates with ClpB [66]. Thus, the interaction of
hydrophobic residues in the unfolded client proteins
with the hydrophobic groove of the NTD is conserved
between eukaryotic and prokaryotic disaggregases.
Next, we repeated the binding experiment using mis-
folded/aggregated clients. Addition of two-molar

5362

equivalent of heat-denatured o-lactalbumin (Figs 2C
and 4F) and MBP (Fig. 4G) to '"N-labelled NTD also
caused CSPs to the residues in the hydrophobic pocket
(Fig. 2B), showing that this site in the NTD can recog-
nize both misfolded and unfolded substrates.

In addition to recognizing misfolded or aggregated
client proteins, Hspl104 is also an important factor in
prion curing (dissolution), a process known to be
dependent on a functional NTD [70,73,79]. We there-
fore tested whether the NTD can recognize and
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1 gL™" of N arginine (B, blue), 0.4 g-.L™" of "N leucine (C, yellow) or 0.2 g-L.™" of "N isoleucine (D, green) overlaid on a uniformly
"®N-labelled NTD spectrum (black). The unlabelled residues are indicated. In the case of leucine reverse labelling, the intensity of peaks
arising from valine were also greatly reduced. Similarly, isoleucine reverse labelling also affected threonine residues.

interact with the prion-forming protein, Sup35. This
translation-termination factor is a prion-forming pro-
tein that can change its conformation from a fully
active soluble state, [psi”], to an inactive amyloidogenic
state, [PSI*]. Sup35 protein consists of three domains:
the aggregation-prone NTD (N), rich in asparagines
and glutamines (also termed as the ‘prion domain’); the
highly charged middle domain (M), that modulates the
prion state and the C-terminal GTPase domain (C).
Using NMR, we probed for an interaction between the
prion-forming NM domains (M domain presence was
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required to increase the solubility of the protein) and the
Hspl104 NTD. Addition of two-fold excess of Sup35 NM
to 'N-labelled Hspl04 caused significant chemical shift
changes to residues in helices 1, 4 and 5, that correspond
to the substrate-binding hydrophobic groove of the NTD
(Fig. 2B,D and Fig. 4H). Similar CSP patterns were also
observed upon addition of the amyloid-forming proteins
tau and o-synuclein (Fig. 41,J). Thus, prion proteins do
not have a unique binding site on the Hsp104 NTD, but
rather are recognized by a similar site as unfolded and
misfolded client proteins.
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Fig. 4. A diverse set of Hsp104 clients bind to the same hydrophobic groove in the NTD. (A-J) CSPs induced by casein (A), PhoA'?2-243 (B),
PhoA34°=71 (C), BSA (D), GFP (E), heat-denatured aggregated a-lactalbumin (F), heat-denatured aggregated MBP (G), Sup35 prion protein
NM domains (H), tau (I) or a-synuclein (J) binding to '®N-labelled Hsp104 NTD. Unfolded/unstructured client proteins are coloured blue,
natively folded proteins yellow, aggregated protein green and prion/amyloid-forming proteins light red. The unfolded, misfolded and
aggregated clients, as well as prion proteins all bind to the same region of the NTD, which corresponds to the hydrophobic groove (Fig. 2D).
Natively folded proteins, however, are not recognized by this domain.

As a control, we decided to verify that folded spectra of the NTD, and only minimal CSPs were
globular proteins do not interact with Hsp104 NTD. observed, thereby demonstrating that the Hspl04
As expected, addition of 4-fold excess of BSA or NTD indeed does not recognize properly folded pro-
GFP did not result in changes to the "H-'>"N HSQC teins (Fig. 4D,E).
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Combined, our NMR experiments show that the
NTD contains a conserved hydrophobic binding
groove capable of recognizing and binding to
unfolded, misfolded and prion proteins, but not to
properly folded, native ones.

Mutations to the NTD

To investigate the functional importance of the inter-
action between the NTD hydrophobic groove and var-
ious client proteins, we generated Hspl04 NTD
mutants that abolish its ability to interact with
substrates.

Several studies have reported that the replacement
of hydrophobic residues in the NTD-binding pocket
reduces the disaggregation activity of Hspl104 [66-68].
However, such mutations also greatly decreased the
stability of the NTD, which may have contributed to
this impairment of Hsp104 activity. Under our experi-
mental conditions, mutations to helix 1 residues (F7A
and L15A) significantly destabilized the NTD, with its
melting temperature (7,,) decreasing from 84 °C (WT
NTD) to 71 °C in the NTD"’A M54 mutant. Muta-
tions to helix 4 (L96A) likewise decreased the T, value
by 10 degrees, and mutations to helix 5 (L111A and
L116A) by 12 degrees. Combined mutants, such as
NTDF7ALISALIGATIIA - NTDFALISALIGATIGA
NTDLZALISALOGAITIAIIGA oo hiohly unstable
(T, ~ 45 °C) and displayed NMR spectra characteris-
tic of partially unfolded and/or aggregated proteins.

To disrupt the hydrophobic NTD-binding pocket
without significantly affecting the stability of the pro-
tein, we instead designed two point-mutations replacing
the hydrophobic residues in NTD helices I and IV with
charged residues (Fig. 5A). The resulting Hsp104 NTD
L15D, L96R mutant (NTDP®R) had similar stability to
that of the wild type protein, with a melting temperature
of 80 °C (Fig. 5B). Moreover, the "H-'>N HSQC spec-
trum of NTDP® was well dispersed and of high quality,
indicating that the protein was properly folded and that
its overall conformation remained unchanged (Fig. 5C).

We next tested whether the NTDPR mutant was
impaired in substrate binding. Addition of 6-fold
excess of either PhoA fragment, heat denatured o-
lactalbumin or Sup35 NM prion-forming domain to
>N-labelled NTDPR mutant did not result in any
changes to the NMR spectra (Fig. 5SD-F), indicating
that this mutant indeed has a significantly reduced
affinity towards client proteins. Having generated a
stable NTDPR mutant, yet with highly reduced
substrate-binding capabilities, we could then test the
effects of the NTD-substrate interaction on Hspl04
functions.

NTD substrate binding regulates Hsp104 activity

Chaperoning functions of the NTD are impaired
by the mutations

The NTD binds to its client proteins through exposed
hydrophobic regions, stabilizing the substrate’s
unfolded state [66]. Thus, the NTD itself could poten-
tially function as a ‘holdase’ chaperone, preventing the
aggregation of certain client proteins. We therefore
monitored the changes to the aggregation of misfolded
a-lactalbumin upon addition of this Hsp104 domain.

The formation of insoluble amorphous aggregates of
a-lactalbumin (300 um) was induced by addition of
DTT (2 mm), and monitored by light scattering. Under
these conditions, a-lactalbumin aggregation occurred
following a lag period of ~ 30 min and reached a pla-
teau, indicative of amorphous aggregate formation,
after ~ 150 min (Fig. 6A, grey). Addition of Hspl04
NTD greatly increased the lag phase, inhibiting aggre-
gation entirely over the course of 15 h (Fig. 6A, cyan).
Addition of the same concentration of Hspl04
NTDPR (100 pm), however, had no effect on the
aggregation (Fig. 6A, red), demonstrating that the
NTD suppression of a-lactalbumin aggregation is
dependent on substrate interaction with its hydropho-
bic groove.

After identifying that the NTD can prevent aggrega-
tion of amorphous aggregates, we next asked if it is
also capable of preventing the formation of prion pro-
teins and amyloid fibres. For this, Sup35 prion forma-
tion was initiated by addition of prion seeds, and then
monitored by Thioflavin-T (ThT) fluorescence [80],
which is sensitive to the formation of cross-f amyloid
folds (Fig. 6B). Upon incubation at 37 °C, Sup35
aggregation occurred following a lag period of ~ 1.6 h.
Addition of Hspl04 NTD greatly suppressed Sup35
aggregation for the course of ~ 19 h, while addition of
NTDPR® showed no such suppression, and even slightly
accelerated Sup35 aggregation, potentially due to co-
aggregation with the prion fibres (Fig. 6B). In order to
test if the NTD inhibits prion formation by interaction
not only with Sup35 monomers but also with the NM
fibrils, we performed co-sedimentation assays. Pre-
formed Sup35 NM fibres were incubated with NTD or
NTDPR, and the insoluble fraction of these reactions,
following ultracentrifugation, was blotted with Hsp104
antibody. Indeed, a large portion of NTD, but not of
the mutant NTDPR, was detected in the insoluble frac-
tion together with Sup35 (Fig. 6D), indicating a strong
interaction between the NM prion fibrils and the wild-
type chaperone.

We next tested if the NTD can also suppress the
aggregation of the amyloid-forming protein, tau.
Aggregation of tau 2N4R protein was initiated by
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Fig. 5. Mutations to the NTD hydrophobic groove impair substrate binding. (A) Structure of wild-type NTD (left) and NTD L15D L96R (NTD
DR) variant (right), coloured based on residue hydrophobicity using UCSF ChimeraX. Surface representation of wild-type NTD shows the
hydrophobic substrate-binding groove that is eliminated by the introduction of L15D and L96R charge mutations. (B) Thermal unfolding
curves of wild-type NTD and NTD DR. The calculated melting temperatures (T..) are indicated. (C) Overlaid "H-"®N HSQC spectra of wild-
type NTD (black) and NTD DR mutant (dark red). (D-F) Overlaid "H-">N HSQC spectra of 200 um of NTD DR alone (dark red), and when
incubated with either 4-fold excess of PhoA fragment (D, blue), 2-fold excess of heat-denatured a-lactalbumin (E, green), or 4-fold excess of
Sup35 NM prion protein (F, light red). No changes were observed in any of these binding spectra, indicating that NTD DR does not interact

with these client proteins.
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Fig. 6. Hsp104 NTD can function as a bona fide chaperone. (A) Aggregation of a-lactalbumin (300 pm) monitored by light scattering (OD
360 nm), either alone (grey) or when NTD WT (cyan) or NTD DR mutant (red) were added at the beginning of the aggregation reaction. NTD
WT (100 pum) suppressed o-lactalbumin aggregation for the entire course of the experiment, while the addition of NTD DR (100 pum) had no
effect on the aggregation profiles. (B, C) ThT fluorescence assay of Sup35 NM (B) or tau 2N4R (C) aggregation reaction profiles, either alone
(grey), or in the presence of NTD WT (cyan) or NTD DR (red). NTD WT can suppress the aggregation of Sup35 NM for ~ 20 h and of tau
2N4R for over 16 h, while NTD DR mutant is completely inactive in aggregation suppression. Data points represent the means of 3-5
independent measurements. (D, E) Co-sedimentation of preformed Sup35 NM prions (15 pm, D) or tau amyloid fibrils (10 pum, E) in the
presence of 20 pm Hsp104 NTD or Hsp104 NTDPR mutant. Pellet fractions after ultracentrifugation were analysed by SDS/PAGE and blotted
with Hsp104 antibody.

addition of heparin polyanion (1:4 tau:heparin Functional NTD is required for Hsp104-substrate
ratio), and monitored by ThT fluorescence [80]. As activation

in the case of Sup35, addition of Hspl04 NTD
completely inhibited the formation of tau fibrils for
over 16 h (Fig. 6C), with no observable ThT signal
being detected over this length of time. In contrast,
aggregation in the presence of NTDPR was similar
to that of tau alone (Fig. 6C). Also, as in the case
of Sup35 fibres, co-sedimentation experiments indi-
cated a strong interaction between mature tau amy-
loid fibres and wild type, but not mutant NTD
(Fig. 6E).

Thus, the ability of the NTD to prevent the forma-
tion of amorphous aggregates, prions and amyloid
fibres is entirely dependent on the presence of a func-
tional hydrophobic substrate-binding groove.

After successfully generating an Hspl04 mutant in
which we disrupted the binding and chaperoning func-
tions of the NTD, we tested the impact of this muta-
tion in the context of the full-length Hsp104 hexameric
disaggregase (Hsp104°R).

Hsp104 is an AAA™ ATPase whose activity is tightly
regulated by association with client proteins and with
Hsp70 chaperones. The basal ATPase activity of wild-
type Hspl04 can be stimulated 4-fold following the
addition of a-casein as a substrate (Fig. 7A, cyan), and
3-fold upon addition of Hsp70 activator (Fig. 7B, cyan),
in agreement with previously published data [27,66,81].

Interestingly, an Hspl04 variant in which the entire
NTD was removed (residues 1-156; Hspl1042NTP)
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Fig. 7. Mutations in NTD affect Hsp104 disaggregation activity. (A) Steady state ATPase activity of Hsp104"T (cyan), Hsp1042N (yellow) and
Hsp104PR (red) variants measured alone, and in the presence of o-casein substrate. Substrate activation of Hsp104 is shown to be highly
dependent on the presence of a functional NTD. Data are means + SEM (n = 3). (B) ATPase activity of all Hsp104 variants is enhanced
through interaction with Hsp70. Rates of Hsp104™WT (cyan), Hsp1042N (yellow) and Hsp104°F (red) ATP hydrolysis were measured in the
absence and presence of Hsp70™%A. Hsp104°%%Y which does not bind Hsp70, was not stimulated in the presence of Hsp70 beyond its
higher basal ATPase activity [37] (purple). Data are means + SEM (n = 3). (C) Disaggregation kinetics of chemically-induced aggregates of
FFL by Hsp104 WT (cyan), Hsp1042N (yellow) or Hsp104PR (red) in the presence of Ssal and Ydj1. Data are means + SEM (n =5). (D)
Yields of FFL disaggregation at various time points across the FFL disaggregation reactions for Hsp104 WT (cyan), Hsp1042N (yellow) or
Hsp1O4DR (red) variants. One-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001 (n = 5).

exhibited two-fold higher basal ATP hydrolysis rates
(Fig. 7A,B, yellow) than the WT, in agreement with
recent findings that in the Hspl04 bacterial homo-
logue, ClpB, the NTD suppresses activity by restricting
coiled-coil domain (CCD) motions [82]. Furthermore,
the higher basal activity of Hspl104*NP was only
moderately increased upon the addition of casein (1.5-
fold; Fig. 7A, yellow), demonstrating that it is indeed
the direct interaction of the NTD with substrates that
releases its inhibition of Hspl04 ATPase activity. In
contrast, in the presence of Hsp70 chaperones, similar
hydrolysis rates were reached by Hspl04 and
Hspl104*NTP (272 +23s™" and 3194 1957,
respectively, Fig. 7B). Combined, these results suggest
that the activity of the NTD-truncated Hsp104 variant
is regulated by Hsp70 chaperones, but less so by its
interaction with client proteins.

We next measured the ATPase activity of the
mutant Hspl04 impaired in NTD-substrate binding
(Hspl104PR). Hspl104P®  hexamers displayed basal
ATPase activity very similar to that of the wild-type
protein, and a similar degree of activation by Hsp70

5368

(Fig. 7B, red). These variants, however, showed no
increase in ATPase hydrolysis rates upon addition of
casein (Fig. 7A, red). This, then, indicates that the
ATPase activity enhancement observed for the wild-
type Hspl104 in the presence of casein indeed relies on
the direct interaction of the substrate with the Hsp104
NTD.

Thus, the NTD serves both as an initial substrate-
binding site and as a steric repressor of Hsp104 activity.
Interaction of NTD with substrates restricts the mobil-
ity of the NTD [66], with this potentially driving the
release of the inhibition and the subsequent activation
of the Hspl104 disaggregase. In the absence of such an
interaction, as in the Hspl104®® mutant that does not
bind to client proteins through their NTD, the chaper-
ones are retained in a partially inhibited state.

The substrate-binding groove in the NTD plays a
role in Hsp104 disaggregation activity

The role of the NTD in Hspl104-dependent protein dis-
aggregation has been the subject of many conflicting
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reports. While some claim it is entirely dispensable for
disaggregation [67,70,71], others found that without it,
the disaggregation activity is affected [68,73]. Identify-
ing that the NTD, in fact, performs two roles — one
involving directly interacting with substrates, and the
other, suppressing Hsp104 ATPase activity, we wanted
to understand if these contradictory findings perhaps
stem from the inability to separate the two NTD func-
tions. Having designed an Hsp104 mutant that is only
deficient in substrate binding, but is still capable of
repressing Hsp104 activity, we had a tool to directly
test the role of NTD-substrate binding in protein
disaggregation.

To this end, we monitored the disaggregation activ-
ity of wild-type Hspl104, Hsp104*NTP and Hsp104PR
variants, aided by the Hsp70 chaperone system (Ssal/
Ydjl) and using chemically denatured firefly luciferase
(FFL) as a substrate. Neither Ssal/Ydjl nor Hspl04
alone, as expected, were able to disaggregate FFL.
Addition of Hsp70/Ydjl chaperones to wild-type
Hsp104, however, resulted in refolding of nearly 100%
of the aggregated luciferase to an enzymatically func-
tional state (Fig. 7C). Interestingly, Hspl104*NTP,
which lacks the NTD, showed slower initial disaggre-
gation rates compared to those obtained with the wild-
type Hsp104 (Fig. 7C). It is thus possible that, despite
having high ATP hydrolysis rates due to the removal
of the inhibition element, the lack of the initial binding
site for substrates, located in the NTD, results in a less
efficient and therefore slower disaggregation of amor-
phous aggregates. The final yield of luciferase reactiva-
tion after 120 min, is however very similar between the
two Hspl104 variants (Fig. 7D). Thus, the lack of the
NTD initial binding site merely slows down the rate of
disaggregation, without significantly affecting its final
efficiency.

We then tested the disaggregation rates of Ssal/
Ydjl in conjunction with the Hspl04®® variant,
which lacks the ability to interact with client proteins
via its NTD. This mutant displayed significantly
reduced disaggregation rates, even compared to
Hspl104*NTP that lacks the NTD entirely (Fig. 7C).
Furthermore, even after 120 min only 67% of lucifer-
ase was reactivated (Fig. 7D). The higher decrease in
both the rate and yield of disaggregation by
Hspl104PR suggest that it is both the initial interac-
tion of the NTD with client proteins, and the release
of the NTD-dependent inhibition of Hspl104 that are
required to achieve efficient disaggregation. Moreover,
these results indicate that client binding to the NTD
enhances the initial rates of the disaggregation, while
the release of the NTD inhibition affects both the
rate and the final yield.

NTD substrate binding regulates Hsp104 activity

Functional Hsp104 NTD is required for
thermotolerance

Upon exposure to environmental stress, Hspl04
expression is upregulated to broadly counter protein
aggregation and promote cell survival, thereby confer-
ring thermotolerance [19,83]. Following extreme heat
shock, at temperatures 50 °C and above, cells expres-
sing Hspl04 are significantly more viable than cells
that do not express Hsp104 [19]. This thermotolerance
activity is completely dependent on the ability of
Hspl04 to prevent the accumulation of protein aggre-
gates within cells by promoting disaggregation.

As we identified that mutations in NTD, that are
deficient in substrate binding, lead to impaired Hsp104
disaggregation  activity, we  hypothesized that
Hspl104P® may also display reduced thermotolerance
activity in cells.

To test this, we utilized CRISPR to generate Sac-
charomyces cerevisiae strains endogenously expressing
Hspl04°R  (with L15D and L96R mutations) or
Hspl1042NTP (with a deletion of the entire NTD, resi-
dues 1-150), and measured their survival compared to
strains with wild-type Hspl04 or Hspl04 deletion
(Ahsp104). All variants were generated in a S288C [84]
background and under the expression of HSP104
native promoter, fused to mNeonGreen (mNG) [85] at
the C-terminus [86].

The HSP104*NTP and HSP104PR strains displayed
similar Hspl04 expression patterns to the wild-type
HSP104, with a 4-6-fold induced expression upon
exposure to a 30-min heat shock at 37 °C (Fig. 8A), as
measured by flow cytometry following the fluorescence
intensity of mNG fusion. No fluorescence was
observed for the Ahspl04 strain that does not express
Hsp104.

Microscopy images of the four strains showed that,
like the wild-type Hsp104, Hsp104*NTP and Hsp104PR
are well distributed in the cytosol (Fig. 8B). As before,
no fluorescence was observed in Ahspl04 cells that do
not express Hspl104-mNG.

We then compared the survival of the two mutant
strains (HSP104*NTP and HSP104PR) to cells expres-
sing wild-type Hsp104. Following a brief pre-treatment
at 37 °C to induce the heat shock response and
enhance Hspl04 expression, we exposed the cells to a
severe heat shock at 50 °C for 30 min. Following this
severe heat shock, the expression levels of Hspl04,
Hsp104*NTP and Hspl104PR were elevated by ~ 5%,
compared to 37 °C (Fig. 8A). The cells growth kinetics
was monitored using light scattering for 48 h at 27 °C
(Fig. 8C,D). Following outgrowth, the strain expres-
sing Hspl04 lacking the NTD  displayed
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Fig. 8. A Functional Hsp104 NTD is required for yeast thermotolerance in vivo. (A) Quantification of Hsp104 protein expression in WT
HSP104-mNG (cyan), HSP1042N-mNG (yellow) and HSP104PR-mNG (red) yeast strains. Expression was quantified by flow cytometry,
measuring mean fluorescence intensity of mNG for untreated cells (kept at 30 °C), cells exposed to a 30 min heat shock at 37 °C, or cells
first exposed to 30 min at 37 °C and then another 30 min at 50 °C. No significant changes in Hsp104 expression are observed for the
different strains. Data are means + SEM (n = 3). (B) Light and fluorescence microscopy images of WT HSP104-mNG, HSP1042N-mNG,
HSP104PR-mNG and Ahsp104 yeast strains following heat-shock at 37 °C. All cells display normal morphology and Hsp104 WT, Hsp1044N,
and Hsp104PR variants all show cytosolic localization. No Hsp104 expression was observed in the deletion strain. Scale bars: 5 pum. (C, D)
Thermotolerance of Saccharomyces cerevisiae HSP104, HSP1044N, HSP104PR and Ahsp104 cells following a 30 min 30 °C (C) or 50 °C (D)
treatment. In the absence of heat shock (untreated cells), all strains show similar growth rates at 27 °C, as monitored at ODggg. Following
heat shock, cells expressing WT Hsp104 and HSP104“N show similar recovery rates, while a significant delay in the rate of recovery (one-
way ANOVA, P < 0.05) is observed for Hsp104P® and Ahsp104 cells, as evidenced by an extended lag phase. The experiment was
repeated three times with similar results.

thermotolerance nearly identical to that of wild-type
Hsp104 (15 vs 16 h outgrowth; Fig. 8D). Cells expres-
sing the Hspl104P®R variant, however, grew significantly
slower than the wild-type cells and had a significantly
higher rate of cell mortality (~20h outgrowth;
Fig. 8D).

These observations demonstrate that in the context
of full-length Hsp104 as found in cells, the presence of
functional NTD, capable of substrate binding, is
required for its function in yeast thermotolerance.

Discussion

Hspl04 protein disaggregases are powerful molecular
machines that harness the energy derived from ATP

binding and hydrolysis to disaggregate a wide range of
protein aggregates and amyloids, as well as to assist in
yeast prion propagation. We find that all these activi-
ties are mediated by initial binding of the client proteins
to the hydrophobic groove found in the NTD of
Hspl04. This hydrophobic groove generates a broad-
specificity initial binding platform that contacts the
exposed hydrophobic patches in the unfolded, mis-
folded, amyloid and prion substrates of Hspl04. In
addition to its function as the initial substrate recogni-
tion platform, we find that the NTD itself has
chaperoning activities, which help to protect the
exposed hydrophobic regions of its substrates from fur-
ther misfolding and aggregation, thereby priming them
for threading through the Hsp104 central channel.
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Moreover, it was recently shown that in the Thermus
thermophilus Hsp104 homologue, ClpB, the NTD also
serves a regulatory role. Iljina et al. [82] proposed that
ClpB NTDs sterically restrict the tilting of the CCDs,
which is required for Hspl04 activation. We see that
similar inhibition also exists in the eukaryotic Hsp104,
as evidenced by the higher ATP hydrolysis rates of
Hspl104*NTP which lacks the inhibitory NTD, com-
pared to wild-type disaggregase. As we further found
that this restriction can be lifted upon Hspl104 binding
to substrates, it may be that this interaction reduces
the mobility of the NTD [66], causing it to adopt a
conformation that no longer interferes with CCD
motions.

In order to test the importance of this regulatory
mechanism, we have generated an Hsp104 mutant that
disrupts the hydrophobic groove of the NTD and does
not exhibit any substrate binding or standalone NTD
chaperone activities. We find that this mutant can no
longer be activated by the addition of client proteins
and instead remains in a partially-inhibited state.
Interestingly, the behaviour of this mutant in protein
disaggregation is very different from the Hsp104 vari-
ant in which the NTD has been removed entirely.

Many previous studies showed that the
HSP1042NTP variant, in which the NTD was
completely removed, has disaggregation and thermoto-
lerance activities similar to those of the wild-type pro-
tein [70,72,74,87]. These findings resulted in a general
consensus that the NTD is dispensable for disaggrega-
tion, prion propagation and thermotolerance. While
we likewise observed that HSP104*N™P has wild-type
like activities in vitro and in vivo, the deletion of the
entire NTD in this construct also removed the inhibi-
tion that would normally regulate Hsp104 activity. In
contrast, Hsp104DR, which retains the inhibition yet
lacks the substrate-binding sites on the NTD, showed
significantly reduced disaggregation activity and
impaired thermotolerance.

We believe that these results help to resolve the out-
standing question regarding the functional role of the
NTD. We find that the NTD, which is an integral
part of Hspl04 protein, is indeed required for proper
Hspl04 function, facilitating both initial substrate
binding to the disaggregase and modulation of its
activity. The initial substrate-binding step to the NTD
releases the NTD-dependent inhibition of Hspl04
activity and primes both the disaggregase and the cli-
ent protein itself for translocation. Thus, substrate
binding to the NTD is required for efficient Hsp104
protein-disaggregation and prion-propagation func-
tions. Moreover, a functional NTD is also necessary
for thermotolerance and cell survival upon severe

NTD substrate binding regulates Hsp104 activity

stress, highlighting the importance of the Hspl04
NTD both in vitro and in vivo.

Materials and methods

Strains and plasmids

The DNA sequence encoding for the S. cerevisiae Hsp104
NTD (amino acids 1-152) was cloned into pET24a (Kan®)
plasmid with N-terminal hexahistidine tag followed by
TEV protease cleavage site. Hspl04 and Hspl04 NTD
mutants were generated using QuikChange mutagenesis
and confirmed by DNA sequencing.

The DNA sequence encoding for the S. cerevisiae Sup35
NM (amino acids 1-253) was cloned into pJC45 (Amp®)
plasmid with N-terminal hexahistidine tag followed by
TEV protease cleavage site [88].

Plasmids encoding for S. cerevisiae Ssal, Ydjl and Ssel
were kindly provided by Pierre Goloubinoff (University of
Lausanne). Plasmid encoding for Hspl04 was a kind gift
from Bernd Bukau (University of Heidelberg).

Endogenous HSP104 variants were generated utilizing
CRISPR/Cas9 approach using as a modified S288C yeast
strain (Mat a; his3A1; ura3A0; leu2A0:GAL1pr-NLS-I-SCEI-
natNT2; canl A:STE2pr-SpHISS5) with HSP104 fused to C-
terminal mNG background [86]. To achieve endogenous
mutations or deletions in HSP104, we used bRA89 plasmid
expressing both Cas9 and gRNA under Hygromycin B resis-
tance in yeast, as previously described [89]. First, bRA89
gRNA sequence was replaced with the sequence of guides tar-
geting HSP104 gene (Table S1). The replacement was done
using Bpll restriction sites (FastDigest Bpll, Thermo Fisher
Scientific, Massachusetts, United States) followed by ligation
(Quick Ligation™ Kit; New England Biolabs, Massachusetts,
United States) and bacterial transformation into DH5a. Once
verified by sequencing, the modified bRA89 plasmids along
with linear fragments (Table S1, synthesized by Twist Biosci-
ence, California, United States) of selected genes containing
mutations/deletions were transformed into competent yeast
under the selection for NAT and Hygromycin B. SC-5-FOA
agar plates were employed to drop-out Cas9 plasmids. The
presence of desired mutations/deletion in the loci of interest
was verified by Sanger sequencing.

Protein expression and purification

Ssal [90], Ydjl [91], Ssel [90], PhoA fragments [92], MBP
[93], Sup35 NM [88] and tau 2N4R [94] were expressed and
purified according to previously published protocols. All
proteins were expressed in BL21-CodonPlus (DE3)-RIPL
(Agilent Technologies, California, United States) cells.
Hsp104 NTD wild-type and variants were expressed in
1 L LB and grown at 37 °C to OD 600 nm ~ 0.8. Expression
was induced by the addition of 1 mm of IPTG and allowed
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to proceed overnight at 25 °C. Following harvesting, cells
were lysed by French Press, and purified on a 5 mL HisTrap
HP Ni-NTA column (GE Healthcare, Illinois, United
States). The 6His-tag was then removed by an overnight
cleavage with 2 mg of TEV protease at 4 °C. The cleaved
protein was further separated from TEV protease and the
uncleaved protein fraction by reverse capture Ni-NTA. The
proteins were further purified on a HiLoad 16/600 Superdex
75 pg gel filtration column equilibrated with 25 mm of
HEPES pH 7.4, 300 mm of NaCl and 2 mm of DTT.
C-terminally tagged Hspl04, Hspl04*N and Hspl04
mutants were expressed in 1 L LB and grown at 37 °C to OD
600 nm ~ 0.8. Expression was induced by the addition of
1 mm of IPTG and allowed to proceed overnight at 18 °C.
Following harvesting, cells were lysed by French Press, and
purified on a 5 mL HisTrap HP Ni-NTA column (GE Health-
care, Illinois, United States). The purified protein was dialysed
into 25 mm of HEPES pH 7.4, 20 mm of NaCl, 10 mm of
MgCl,, 1 mMm of ATP and 2 mm of DTT. The hexameric pro-
teins were further separated on a HiLoad 16/600 Superdex
200 pg gel filtration column equilibrated with the same buffer.

NMR spectroscopy

All NMR experiments were carried out at 25 °C on 14.1T
(600 MHz), 18.8T (800 MHz), or 23.5T (1000 MHz) Bru-
ker spectrometers equipped with triple resonance single (z)
or triple (x, y, z) gradient cryoprobes. The experiments
were processed with TopspIN 3.5 (Bruker, Massachusetts,
United States) or NMRPipe [95] and analysed with
NMRFAM-SPARKY [96] and ccpN analysis software (ver-
sion 2.4.2) [97].

Isotopically labelled proteins for NMR were grown in
M9 H,O media supplemented with ""NH,Cl (and '’C-
glucose) as the sole nitrogen (and carbon) source.

NMR assignment experiments

Backbone 'H, '*N and '*C resonance assignments were car-
ried out on a sample of 2.4 mm of Hspl04 NTD in 50 mm
of HEPES pH 7.4, 50 mm of KCI, 0.02% NaN3 and 10%
D,O buffer. Assignments were obtained by recording
HNCACB, CBCA(CO)NH, HN(CA)CO, HNCO and
HNCA experiments on an 800 MHz Bruker spectrometer.

Reverse labelling was achieved by supplementing the
>N-based M9 minimal media with 1 g-L~" "*N-labelled &
nine, 0.4 &¢L=1 joycine, 0.2 g-L ™" lysine or 0.2 g-L ™! isoleucine
amino acids 30 min prior to induction.

Combined, these approaches led to the unambiguous
assignment of 95% of non-proline residues.

NMR binding experiments

NTD interaction with client proteins was assayed for
200 um samples of [U-'’N]-labelled NTD or NTDP® in

A. Harari et al.

50 mm of HEPES pH 7.4, 50 mm of KCI, 1 mm of DTT,
0.02% NaNj and 10% D,O. The following concentrations
of client proteins were used — 400 um of casein, 400 um of
PhoA?™123 400 um of PhoA™ 1| 400 um of a-
lactalbumin, 400 umv of MBP, 450 pm of Sup35 NM,
600 um of tau 2N4R, 800 pum of GFP and 800 um of BSA.
'H-"’N HSQC-TROSY spectra were acquired for each
sample and chemical shift differences were calculated from

the relation
2 ASN\
Ad = ([ (Ady)” + 5

where Ady is the amide proton chemical shift difference
and A8y is the '°N backbone chemical shift difference.
Chemical shift perturbations between free NTD and
NTD-substrate mixtures that were greater than one stan-
dard deviation from the mean were considered significant.

Aggregation prevention

All chaperone activity assays were completed using a 96-
well plate and a BioTek Synergy H1 plate reader.

Calcium-depleted bovine a-lactalbumin (300 pm; Sigma-
Aldrich, Missouri, United States) was dissolved in 50 mm of
HEPES pH 7.4, 50 mm of KCl buffer and aggregation was ini-
tiated by the addition of 2 mm of DTT. The aggregation was
monitored at 37 °C by measuring light scattering at 360 nm as
a function of time. Hsp104 NTD variants were added to a
final concentration of 100 pm. Assays were conducted in tripli-
cate and the mean + standard deviation is reported.

Human tau 2N4R (10 pm) was pre-incubated in the pres-
ence or absence of NTD (10 pm) or NTDPR (10 pm) for
10 min at 37 °C. All proteins in the assay were buffer
exchanged into the assay buffer (50 mm of HEPES pH 7.4,
50 mm of KCI and 2 mm of DTT). Thioflavin T (ThT;
Sigma) at a final concentration of 10 pm was added and the
aggregation was induced by the addition of a 5 um freshly
prepared heparin salt solution (Sigma). Aggregation reac-
tions were run at 37 °C with continuous shaking (567 r.p.m.)
and monitored by ThT fluorescence (excitation = 440 nm,
emission = 485 nm, bandwidth), using an area scan mode
with a 3 x 3 matrix for each well. Black, flat-bottom, 96-well
plates (Nunc) sealed with optical adhesive film (Applied Bio-
systems, Massachusetts, United States) were used. For data
processing, baseline curves at the same conditions but with-
out heparin were subtracted from the data. Samples were run
in triplicate and the experiments were repeated at least three
times with similar results.

The auto-aggregation of Sup35 NM prion protein was
monitored by following the increase of ThT fluorescence at
37 °C in 50 mm of HEPES pH 7.4, 50 mm of KCI buffer.
The protein was kept at 4 °C in 8 M urea and diluted 100-
fold into an ice-cold buffer to a final concentration of
10 pm in the presence or absence of NTD (60 pm) or
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NTDP® (60 pum). The aggregation assay was performed at
37 °C with continuous shaking (567 r.p.m.) and monitored
by ThT fluorescence (excitation = 440 nm, emission = 485
nm, bandwidth), using an area scan mode with a 5x 5
matrix for each well. Black, flat-bottom, 96-well plates
(Nunc) sealed with optical adhesive film (Applied Biosys-
tems, Massachusetts, United States) were used.

Co-sedimentation assay

Preformed Sup35 NM (15 pm) or tau fibres (10 um) were
incubated with NTD (20 pm) or NTDP® (20 pm) for 20 min
at 37 °C in 50 mm of HEPES pH 7.4 and 50 mm of KCI. The
fibres were separated from the unbound chaperones by cen-
trifugation at 16 900 g for 30 min. The pellets were washed
twice, resuspended in 50 pL of buffer with 20% SDS and
sonicated for 10 min. Samples were incubated for 5 min at
95 °C and run on a 12% SDS-PAGE gel. The gels were
either blotted with Hspl04 antibody or stained with Coo-
massie (Bio-Rad Laboratories, California, United States).

Thermal melts

Thermal melts were performed with a nanoDSF instrument
(NanoTemper Technologies GmbH, Miinchen, Germany),
which was used to monitor the intrinsic fluorescence of
NTD and NTD mutants as a function of temperature.
Capillaries contained ~ 10 pL of each protein in an NMR
buffer. The initial temperature was 20 °C and was set to
increase by 1 °C per minute. Fluorescence readings were
recorded at 330 and 350 nm, and the melting temperature
(T) was extrapolated.

ATPase activity measurement

The ATPase activities of WT Hspl04 or Hspl04 variants
(3 pm) were measured using a NADH-coupled colorimetric
assay [98] by measuring the decrease of NADH absorption
at 340 nm. The reactions were carried out in 50 mm of
HEPES pH 7.4, 50 mm of KCI, 10 mm of MgCl, and
10 mm of DTT buffer supplemented with 1.8 mm of phos-
phoenolpyruvate, 0.5 mm of NADH, 50 pg-mL~" of pyru-
vate kinase, 50 pg-mL~' of lactate dehydrogenase and
3.5mm of ATP [99]. When indicated, a-casein (10 um) or
an ATP hydrolysis inactive T204A mutant of Hsc70
(10 um), was added to the reaction. The changes in absor-
bance at 340 nm were monitored for 20 min at 25 °C in a
96 wells UV plate (Eppendorf, Hamburg, Germany) using
a Synergy H1 plate reader (BioTek).

Firefly luciferase disaggregation assay

Firefly luciferase aggregates were generated by unfolding
FFL (2 um) in 8 M urea at 30 °C for 30 min. Then the

NTD substrate binding regulates Hsp104 activity

unfolded FFL was rapidly diluted in ice-cold buffer (50 mm
of HEPES, pH 7.4, 50 mm of KCI, 10 mm of MgCl, and
10 mm of DTT) to a final concentration of 0.1 pm, and
aggregation was allowed to occur on ice for 30 min. The
disaggregation reaction was initiated by the addition of
5 pm of indicated Hspl04 variants, 5 pm of Hsc70 and
2.5 um of Ydjl and ATP regeneration system to 20 nm of
luciferase aggregates. The ATP regeneration system was
composed of 50 U Creatine Phosphokinase, 5 mm of ATP
and 20 mm of Phosphocreatine. Luminescence was mea-
sured at various time points for 2 h, by addition of 50 pm
of luciferin reagent (Promega, Wisconsin, United States) to
3 pL of the refolding reaction. Luminescence was measured
in a white 96 well (Nunc) plate using a Synergy Hlplate
reader (BioTek).

Microscopy

Images were acquired using an Olympus IX83 microscope
coupled to a Yokogawa CSU-WI1 spinning disc confocal
scanner with dual Hamamatsu ORCA-Flash4.0 V2 sCMOS
cameras. All images are of cells grown at 30 °C in yeast
extract peptone dextrose (YPD) medium to ODgyy 0.6 and
then incubated at 37 °C to induce Hspl04 expression [19].
Following 30 min recovery at 30 °C, 6 pL of 50-fold con-
centrated cells were placed on 22 X 22 mm glass coverslips
pretreated with Concanavalin A. All images were acquired
at x60 magnification.

Flow cytometry

Cells were allowed to grow to ODgoo 0.6 at 30 °C, diluted
60-fold and then incubated for 30 min at 37 °C to induce
the expression of Hsp104 chaperone. Cells were then either
allowed to grow for 30 min at 30 °C or subjected to a
30 min severe heat shock of 50 °C. The mNG fluorescence
intensity of cells was measured for the untreated cells (kept
at 30 °C), as well as after the 37 and 50 °C incubations,
and corresponds to the level of expressed Hspl04 protein
variants C-terminally fused to mNG. The mNG fluores-
cence intensity for 70 pL of each sample was quantified by
Flow cytometry measurements using an Attune NxT Flow
Cytometer (Thermo Fisher Scientific).

Thermotolerance assay

Saccharomyces cerevisiae cultures were grown in a standard
rich (YPD; 1% yeast extract, 2% peptone, 2% glucose)
medium, supplemented with 100 pg-mL™" nourseothricin
antibiotics, to ODggg 0.6 at 30 °C, then diluted 12-fold to
ODgop of 0.05, and pretreated for 30 min at 37 °C to
induce heat-shock protein expression [19]. Following the
pre-treatment, the cells were either subjected to a 30 min
heat shock at 50 °C or kept at 25 °C (control). The treated
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and control cells were grown in 96 well clear plate (Thermo
Fisher Scientific), at 27 °C at a final volume of 200 pL.
Cultures were kept in suspension by vigorous continuous
orbital shaking (548 r.p.m.) and the empty wells in the
plate were filled with water to prevent evaporation. The
rate of cell growth was monitored every 5 min at ODyg for
48 h, by a Synergy H1 (BioTek) plate reader. The experi-
ment was repeated three times with similar results.
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