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α-synuclein aggregation is present in Parkinson’s disease and other
neuropathologies. Among the assemblies that populate the amyloid
formation process, oligomers and short fibrils are the most cytotoxic.
The human Hsc70-based disaggregase system can resolve α-synuclein
fibrils, but its ability to target other toxic assemblies has not been
studied. Here, we show that this chaperone system preferentially dis-
aggregates toxic oligomers and short fibrils, while its activity against
large, less toxic amyloids is severely impaired. Biochemical and kinetic
characterization of the disassembly process reveals that this behavior
is the result of an all-or-none abrupt solubilization of individual aggre-
gates. High-speed atomic force microscopy explicitly shows that
disassembly starts with the destabilization of the tips and rapidly
progresses to completion through protofilament unzipping and depo-
lymerization without accumulation of harmful oligomeric intermedi-
ates. Our data provide molecular insights into the selective processing
of toxic amyloids, which is critical to identify potential therapeutic
targets against increasingly prevalent neurodegenerative disorders.
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Aberrant aggregation of α-synuclein (α-syn) into amyloid fi-
brils and subsequent accumulation into intracellular inclu-

sions is a hallmark of neurodegenerative disorders such as
Parkinson’s disease, dementia with Lewy bodies, and multiple
system atrophy (1–3). In these diseases, soluble α-syn monomers
misfold and self-assemble, forming small oligomeric species that
retain the highly disordered structure of the monomeric state (4).
These species are rather unstable and can undergo structural
rearrangements, including a gain in β-sheet structure that gen-
erates more stable species (4, 5). β-structured oligomers can grow
further through monomer addition or self-association, finally giv-
ing rise to well-defined amyloid fibrils (4–6). Despite the contro-
versial evidence about the relationship between the different
species that populate the aggregation process and cellular toxicity,
the prevalent view is that both intermediate oligomers and small
fibrils are neurotoxic (7). Due to their abnormal interactions with
cellular components, certain types of oligomers are key pathogenic
agents in the development of the disease (8–10). In particular,
they can disrupt membranes, induce oxidative stress, dysregulate
calcium homeostasis, cause mitochondria dysfunction, or impair
the proteasome system (11). Furthermore, α-syn oligomers have
been implicated in the spreading of the disease, as these aggre-
gates can be transmitted between cells (12, 13). Small fibrils have
also been related to intercellular spreading and propagation of
neurodegeneration (14–18). In contrast, large amyloid aggregates
are believed to be relatively inert, as their highly ordered packing
and slow diffusion reduces undesired interactions with cellular
components. Even so, large aggregates can generate intermediate

species that contribute to cytotoxicity through secondary processes
such as fragmentation or nucleation on the aggregate surface
(19, 20).
To counteract the toxic effect of protein aggregates, cells have

evolved a sophisticated protein homeostasis network that coordi-
nates protein synthesis, folding, disaggregation and degradation
(21). This network is composed of the translational machinery,
molecular chaperones and cochaperones, the ubiquitin-proteasome
system, and the autophagy machinery. The way this network tackles
amyloid aggregates remains poorly understood. It has been previ-
ously reported that the constitutive human Hsp70 (Hsc70) in col-
laboration with its Hsp40 cochaperone (Hdj1 or DnaJB1) slowly
disassembles preformed α-syn fibrils (22). This activity was further
stimulated by adding the NEF Hsp110 (Apg2). HspB5, a small heat
shock protein also known as αB-crystallin, potentiated α-syn
fibril disassembly by the ternary chaperone mixture. Although
this chaperone combination was able to disaggregate fibrils, they
did it in a timescale of weeks through a depolymerization process.

Significance

Although the human disaggregase machinery has been shown
to disassemble mature α-synuclein amyloid fibrils, the molec-
ular mechanism that drives the process has remained elusive. In
this work, we show that amyloid disassembly is initiated by the
destabilization of the fibril ends, followed by the fast propa-
gation of protofilament unzipping and depolymerization along
the fibril axis. This mechanism results in an all-or-none disag-
gregation of individual aggregates, avoiding the accumulation
of harmful intermediate aggregated species. We specifically
show that chaperones preferentially target the most toxic
α-synuclein species, namely oligomers and short fibrils. Thus,
our data provide a better understanding of the chaperone-
mediated disaggregation at the molecular level, a crucial step
to identify potential targets for the treatment of amyloid-
related neurodegenerative diseases.
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Only when Hsp104, a yeast representative of the Hsp100 family
able of fragmenting fibrils, was added to the mixture, disassembly
occurred within hours (22). The lack of Hsp104 homologs in
metazoans questioned whether this activity was physiologically
relevant in humans. A later study revealed that a chaperone
complex composed solely of members of the Hsp70, Hsp40, and
Hsp110 families was able to efficiently reverse α-syn amyloid fibrils
through both fragmentation and depolymerization, generating
smaller fibrils, oligomers, and, ultimately, monomers (23). Despite
the importance of this emerging disaggregase functionality, its
mechanism of action remains largely unknown. Recently, the same
chaperone mixture has been reported to also disaggregate tau and
Htt fibrils (24–26), pointing to this Hsp70-based machinery as a
potential human amyloid disaggregase.
The two-fold aim of this work is, firstly, to test whether human

disaggregase remodels with the same efficiency the different
aggregates that populate the complex process of amyloid formation
and, secondly, to shed light on the key mechanisms involved in the
disassembly of amyloids. We show that the human disaggregase
system disassembles toxic oligomers and short fibrils much better
than large, less toxic fibrils, and that it does so by an enhanced
destabilization of the small aggregated forms. Explicitly, fibril dis-
assembly involves destabilization of the fibril ends and unzipping of
the protofilaments, which allow depolymerization. The fast propa-
gation of protofilament depolymerization toward the opposite fibril
end is consistent with entropic pulling forces exerted by Hsc70 upon
binding the fibril surface.

Results
Human Chaperones Disaggregate Toxic Oligomers of α-syn. Oligo-
meric assemblies formed during the early events of the amyloid
self-assembly process accumulate in the brains and tissues of
patients suffering from neurodegenerative disorders. These solu-
ble oligomers are believed to be the primary origin of the toxicity
in amyloid diseases (27). In this context, we wanted to explore the
ability of the human disaggregase to process such toxic species. To
this aim, we produced α-syn oligomers kinetically trapped during the
self-assembly process, previously designated as type B* oligomers (4,
28, 29). The fluorescence resonance energy transfer signatures and
biochemical behavior of these oligomers match those found for the
transient oligomeric and toxic forms generated during aggregation
(30, 31), although they are trapped under different conditions (32).
Thus, they allow us to explore whether the disaggregase activity of
chaperones can disassemble these aggregation intermediates found
at the initial stage of the amyloid formation process. Endorsing
previous studies (28, 29), these oligomers had a cylinder-like mor-
phology and an average diameter of 10 to 40 nm, as seen by electron
microscopy (EM) (Fig. 1A) and dynamic light scattering (DLS)
(Fig. 1D). In terms of secondary structure, these oligomers have a
β-sheet structure content intermediate between the intrinsically dis-
ordered monomers and the cross-β mature fibrils (SI Appendix, Fig.
S1A) with a disordered N-terminal region and a highly hydrophobic
solvent exposed β-sheet core. These two features have been proved
to be key structural determinants for lipid membrane binding and
disruption and, consequently, for their toxicity (28).
The presence of the Hsp40 component is essential for the

disaggregase activity of the Hsp70 chaperone system. J-domain
proteins (JDPs) form the largest chaperone family and guide Hsp70
to specific functions, therefore being responsible for the functional
diversification of the central Hsp70 component (33). A recent report
put forward a size-specific aggregate targeting for JDPs: large ag-
gregates were preferentially targeted by a class B JDP, DnaJB1,
whereas class A aimed for small ones (34). Being type B* oligomers
small α-syn aggregates, we tested whether this specific targeting was
also observed. To this aim, three different JDPs were assayed to-
gether with the Hsc70 and Apg2 components of the disaggregase:
DnaJB1, a class B JDP involved in fibril disassembly (23), and two
class A JDPs, DnaJA1 (Hdj2) and DnaJA2. Type B* oligomers of

α-syn were incubated with a five-fold excess of Hsc70 at an
Hsc70:Hsp40:Apg2 molar ratio of 1:0.5:0.1, which gave maximum
fibril disaggregation (SI Appendix, Fig. S1B) in agreement with pre-
vious data (23). Disaggregation reactions were directly resolved on a
4 to 16% Native-PAGE and analyzed by immunoblotting. The
Hsc70-Apg2 combination showed disaggregase activity only with
DnaJB1 and not with either of the class A JDPs (Fig. 1B). This ac-
tivity was adenosine triphosphate (ATP)-dependent and resulted in
the oligomeric to monomeric conversion of α-syn, with residual
amounts of oligomeric species. These data indicate that Hsc70,
working in concert with Apg2 and the same class B J-protein that
disassembles fibrils, can target toxic oligomeric species formed at the
early stages of the aggregation process.

Fibril Fragmentation Favors Chaperone-Induced Disaggregation. The
overall aggregation process of α-syn, and other amyloidogenic
polypeptides, was initially defined as a nucleation-polymerization
process in which a primary nucleation step triggers oligomeri-
zation of the protein monomer (35). Later, it became evident
that other secondary processes, such as nucleation catalyzed on
aggregate surfaces and fibril fragmentation, also generated short
fibrillar and toxic aggregation intermediates (19, 20, 36). In this
regard, we also wanted to explore the effect of fibril fragmen-
tation on the disassembly activity of the human disaggregase.
Mechanical fragmentation of fibrils by agitation or sonication

produces a decrease in size and a concomitant increase in aggregate
toxicity (37–41). Thus, to find out whether chaperone-induced fibril
disassembly was size sensitive, we subjected α-syn fibrils to 15 or 30
sonication cycles and separated the soluble and insoluble fractions
by centrifugation to obtain more homogeneous fibril populations
(Fig. 1C). EM (Fig. 1C) and DLS (Fig. 1D) analysis of these samples
confirmed that increasing sonication time consistently reduced fibril
size. Importantly, as previously seen for other amyloid systems (37),
sonication did not alter the conformation of α-syn fibrils, as infrared
spectroscopy analysis of unsonicated and sonicated fibrils showed
virtually identical spectra with absorption maxima at 1,628 cm−1 (SI
Appendix, Fig. S1C), characteristic of proteins with cross-β structure
(42). These different fibril preparations were incubated with chap-
erones to compare their disaggregation susceptibility, and the reac-
tion products were analyzed by native electrophoresis to characterize
the disassembly process. Regardless of the fibril size, fibril disassembly
by the human disaggregase almost exclusively generated α-syn
monomers (Fig. 1E) and its activity inversely correlated with fibril
size (Fig. 1F), disaggregating shorter fibrils more efficiently.

The Human Disaggregase Disassembles Better the More Toxic α-syn
Aggregates.We then sought to determine if there was a correlation
between aggregate toxicity and chaperone targeting. One of the
toxicity mechanisms described for α-syn is cellular membrane dis-
ruption (43), which can be mimicked in assays monitoring content
release from liposomes (28). Addition of monomeric α-syn to li-
posomes produced negligible leakage of encapsulated calcein
(Fig. 1G). Meanwhile, unsonicated fibrils provoked low content
leakage—around 10%—and their fragmentation into shorter spe-
cies increased proportionally their membrane-disrupting activity in a
size-dependent manner, with the shortest fibrillar sample analyzed
yielding similar membrane disruption as that induced by the olig-
omers (circa 45% maximum leakage). As previously observed (28,
29), content release from liposomes strongly correlated with the
decrease in the viability of human neuroblastoma SH-SY5Y cells
(Fig. 1H). At 0.3 μM α-syn, neither monomers nor unsonicated fi-
brils affected cell viability, but doubling the protein concentration
reduced it by around 13% for both samples. As expected, we also
observed an aggregate size–dependent reduction in cell viability
upon addition of sonicated fibrils or type B* oligomers. The viability
values obtained for the shortest fibrils and oligomers lowered to 75
and 66% at 0.3 and 0.6 μM α-syn, respectively, in agreement with
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Fig. 1. The human disaggregase targets toxic aggregation intermediates of α-syn. α-syn type B* oligomers were visualized by TEM (A), and their disag-
gregation by different chaperone mixtures was analyzed by Native-PAGE and immunoblotting (B). Monomeric and oligomeric samples in the absence of
chaperones were used as controls. (C) Schematic representation of the procedure used to obtain fibril populations of different sizes. Fibrils were either not
sonicated (unsonicated) or sonicated using 15 or 30 cycles (1s ON, 1s OFF). After sonication, samples were centrifuged at 16,000 × g for 30 min to separate the
soluble (SN) and insoluble (P) fractions and fibril size was analyzed by TEM. Size distribution of type B* oligomers and the different fibril populations was
alternatively analyzed by DLS (D). Each sample is color-coded as shown in the previous panels. (E) 2 μM of α-syn fibrils of different lengths were incubated with
10 μM Hsc70, 5 μM DnaJB1, and 1 μM Apg2 in the presence of ATP and an ATP-regeneration system. Disaggregation reactions after 2 h incubation at 30 °C
were analyzed by Native-PAGE and immunoblotting. The same concentration of monomeric (INPUT) and fibril samples in the absence of chaperones were
used as controls. Disaggregation (%) was calculated as the amount of monomeric α-syn relative to the INPUT. Data are shown as mean ± SD of n = 4 in-
dependent experiments. (G) Membrane-disrupting activity of distinct α-syn aggregates. Liposomes with encapsulated calcein were incubated with different
α-syn species (0.8 μM). Calcein release relative to the fluorescence signal obtained after LUVs solubilization using Triton X-100. Error bars, SD (n = 3). (H) Cell
toxicity of different α-syn aggregates. Each aggregation state (0.3 or 0.6 μM α-syn) was added to SH-SY5Y cells, and after 24 h, incubation cell viability was
measured monitoring mitochondrial activity by the reduction of MTS. Control cells in the absence of α-syn (untreated) are shown in gray. Error bars, SD (n = 5)
(n.s.: not significant; *P < 0.05; **P < 0.01; ***P < 0.001).
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previous reports (28). These data show that chaperones disassemble
more efficiently the smaller β-sheet–rich aggregation intermediates
of α-syn, which are the most toxic species.

Disassembly Kinetics of α-syn Aggregates Suggests an All-or-None
Fast Solubilization Mechanism Favored by the Amyloid Structure.
To get further insights into the mechanism used by chaperones
to disaggregate α-syn amyloids, we monitored the disaggregation
kinetics of fibrils and type B* oligomers using a fluorescence
dequenching assay (4, 23). Alexa Fluor 488–labeled fibrils (unso-
nicated and sonicated) and type B* oligomers at 2 μMwere mixed
with different concentrations of the human disaggregase complex
up to 1:2 α-syn:Hsc70 molar ratio. As we had previously charac-
terized, the maximum disaggregation yield obtained for unsoni-
cated fibrils at the highest chaperone concentration was around
15% (Fig. 2A). In stark contrast, sonicated fibrils (Fig. 2E) and
type B* oligomers (Fig. 2I) were efficiently disaggregated in a
dose-dependent manner, reaching maximum disassembly (85 to
100%) at 1:0.5 α-syn:Hsc70 molar ratio. Native-PAGE analysis of
the disaggregation products of the three aggregate species showed
that chaperone-mediated disassembly resulted in a major band
corresponding to the monomeric protein (Fig. 2 B, F, and J),
whose signal nicely paralleled the final disaggregation efficiencies
calculated from fluorescence dequenching (SI Appendix, Fig. S2 C
and D). Further confirmation that fluorescence dequenching as-
says represent the fibril disassembly reaction was obtained by an
orthogonal assay using pyrene fluorescence excimer formation, a
characteristic of the α-syn fibrillar state. For this, we used sonicated
fibrils containing 20% pyrene-labeled α-syn (at position 85). The
close proximity of pyrene molecules within the fibril allows forma-
tion of pyrene excimers with a characteristic fluorescence band at
470 nm, which is absent in the monomeric species (SI Appendix, Fig.
S3) and is directly proportional to fibril concentration (32, 44). In
the presence of the chaperone mixture, there was a decay in the
fluorescence intensity of the pyrene excimer (SI Appendix, Fig. S3A)
that overlapped the time dependence of the dequenching observed
for Alexa Fluor 488–labeled sonicated fibrils (SI Appendix, Fig.
S3B). The initial disassembly rates estimated by the disaggregation
model (see Materials and Methods) were 0.038 and 0.039 min−1 for
Alexa Fluor 488–labeled and pyrene-labeled sonicated fibrils.
Although some faint bands compatible with a very small fraction of

low molecular weight oligomers were observed, the absence of larger
intermediate species, especially under low disaggregation conditions
(i.e., unsonicated fibrils at all chaperone concentration assayed or
sonicated fibrils/type B* oligomers at low chaperone concentrations),
suggested an all-or-none fast disassembly mechanism in which none
or all of the monomers are extracted from each aggregate (seen on
the top of the gels). To confirm that the main product of aggregate
disassembly was monomeric α-syn from the beginning of the process,
we analyzed the disaggregation of sonicated fibrils (SI Appendix, Fig.
S4A) and type B* oligomers (SI Appendix, Fig. S4C) at different time
points by Native-PAGE. Monomers represented the main band even
at short times of the process. Bands corresponding to small oligomers
were only detected when the gels were overexposed (SI Appendix, Fig.
S4 B and D) and, importantly, their appearance did not precede
monomer formation. In fact, monomeric and oligomeric bands
appeared at the same time, although the concentration of oligomers
was marginal with respect to that of the monomeric fraction. Inter-
estingly, these minor oligomeric bands were also observed when
chaperones were mixed with pure monomeric α-syn in the presence
of ATP (SI Appendix, Fig. S4 B and D; INPUT [IP] lanes) and were
not generated by α-syn–chaperone interactions (SI Appendix, Fig.
S4B). Altogether, these data suggest that the minimal concentration
of oligomers might arise from association events of monomeric α-syn
after disassembly under the experimental conditions used.
This hypothesis was further supported by a mechanistic model

that considers key parameters governing the disassembly reaction.

The model assumes a rate-limiting step for the transition from a
chaperone-bound metastable state of the aggregate to its full
disassembly. This type of process is characterized by a dwell time
distribution of the metastable state described by an exponential
decay (45). In the heterogeneous aggregate sample, there is a
distribution of decay rates that was sensitive to the aggregation
state (unsonicated or sonicated fibrils, oligomers) and the ex-
perimental conditions (substrate:chaperone molar ratio). Most
of the aggregates were not susceptible to chaperone-induced
disaggregation under the conditions tested in the case of unso-
nicated fibrils, whereas the opposite situation was obtained for
sonicated fibrils and oligomers. The model analysis provides, as
described in the Materials and Methods and SI Appendix, three
key parameters: rmax, the maximum disaggregation rate; Kd, the
apparent dissociation constant of the chaperone for the different
aggregates; and n, a parameter indicating the cooperativity on
the chaperone concentration. The model accurately described
the time-dependent loss of aggregated α-syn at increasing
chaperone concentrations (Fig. 2 C, G, and K). Comparison of
the parameters inferred from the kinetics of the different ag-
gregates (Fig. 2 D, H, and L) showed that the disaggregation rate
of both types of fibrils reached saturation at about equimolar
α-syn:Hsc70 concentrations, while it showed an almost linear
dependence within the same chaperone concentration range for
oligomers. This difference could be explained considering the
lower affinity of chaperones for oligomers as compared with fi-
brils. Whereas the Kd values obtained for unsonicated and son-
icated fibrils were similar (0.86 ± 0.06 and 0.84 ± 0.24 μM,
respectively), the Kd estimated for oligomers was 11.53 ± 4.75 μM.
The values of rmax inferred through the model showed that a major
effect of fibril sonication is to induce a 30-fold increase in the
maximum disaggregation rate and that this rate is substantially
higher for oligomers than for fibrils. It is important to note that in
the case of the oligomers, the disaggregation rate does not show
any clear indication of saturation in the range of chaperone con-
centrations analyzed. Namely, the rate is largely proportional to
the chaperone concentration with a proportionality coefficient
given approximately by rmax=Kd. Therefore, only the ratio rmax=Kd
is clearly identifiable (SI Appendix). To obtain a sensible estima-
tion of Kd for oligomers, we had to constrain the cooperativity
parameter to n = 1 based on the analysis of the unconstrained
model (SI Appendix). Additionally, the cooperativity parameter
around 1 obtained for sonicated fibrils (n = 1.29 ± 0.29) and
oligomers (n = 0.88 ± 0.20) indicates that the disaggregation rate
is essentially proportional to the binding of chaperones to the
aggregate, and the value slightly lower than 3 for unsonicated fi-
brils (n = 2.75 ± 0.44) suggests that in the latter case, chaperone
cooperation is needed for disaggregation to occur. The higher
number of chaperone molecules required to trigger solubilization
at much lower rates with the same affinity for chaperones suggests
that although unsonicated fibrils are efficiently targeted by the
chaperone system, they could be mechanically more stable than
sonicated fibrils or oligomers, and therefore, it would be more
difficult to engage them in a productive disassembly process.

Chaperone-Mediated Disaggregation of α-syn Fibrils Occurs through
Fibril Unzipping and Depolymerization. To gain insights into the
mechanism of chaperone-mediated fibril disassembly, we followed
the disaggregation of unsonicated (SI Appendix, Fig. S5A) and
sonicated (SI Appendix, Fig. S5B) α-syn fibrils with atomic force
microscopy (AFM) under conditions that favor disaggregation,
i.e., chaperone excess. Whereas mainly the smallest fibrils of the
unsonicated sample were disassembled, most of the sonicated fi-
brils were disaggregated in a period of time that could not be
properly resolved with conventional equipment. To follow such a
fast process, we resorted to high-speed AFM. Sonicated fibrils were
deposited on poly-L-ornithine coated mica and after an initial
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incubation to ensure the stability of the sample (SI Appendix, Fig.
S5C and Videos S1 and S2), chaperones, ATP and an ATP-
regeneration system were added to the chamber. Immediately af-
ter chaperone and nucleotide addition, fibril disaggregation events
started to happen, with 42 events observed within the first 50 min
(Fig. 3 A, B, and D and Video S3). No additional disassembly re-
actions were observed at longer incubation times (Fig. 3D), indi-
cating that the time evolution of the disassembly events was in
accordance with the fluorescence dequenching kinetics of similar

fibril samples (Fig. 2E). A second injection of the same chaperone
and ATP concentrations promoted 10 more disaggregation events
within 20 min (Fig. 3 C and D and Video S3).
Analysis of individual disaggregation events revealed the

mechanism of the disassembly process. The time evolution of
two representative disaggregation events are shown in Fig. 3 E
and F and Videos S4 and S5. Interestingly, we observed that after
destabilization of the fibril ends, unzipping of the protofilaments
allows rapid depolymerization. In some events, chaperones

Fig. 2. Disaggregation kinetics of α-syn aggregates. Unsonicated α-syn fibrils (2 μM) (A–D), sonicated fibrils (E–H), and type B* oligomers (I–L) labeled with
AlexaFluor488 were disaggregated at different chaperone concentrations with a molar ratio of Hsc70:DnaJB1:Apg2 constant at 1:0.5:0.1. Disaggregation was
followed as a fluorescence dequenching process (A, E, I). Error bars represent SD (5 < n < 10). At the end of the kinetics, disassembly products were analyzed
by Native-PAGE (B, F, J). The first 100 min (colored lines) from the aggregated mass time courses in (A, E, I) were fitted (black lines) to the aggregated mass
decay expression (Eq. 1) (C, G, K). The average disaggregation rates at each chaperone concentration were calculated from the inferred dynamic parameters
(symbols) and the results fitted (lines) to a concentration dependent rate (Eq. 2) (D, H, L). The values of the estimated parameters ± SD are given for each
sample (D and H). In the case of type B* oligomers, the fit was constrained by setting n = 1 (L).
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destabilized and unzipped both fibrillar ends (Fig. 3E and Video
S5), indicating that fibril depolymerization could start at any or
both of the two fibril tips. Yet, the fast propagation of the

disassembly process favored unidirectional disaggregation in
most cases (Videos S6–S8). This mechanism would favor disag-
gregation of short, toxic fibril species, as the number of fibril tips

Fig. 3. Chaperone-mediated disaggregation of α-syn fibrils followed by high-speed AFM. High-speed AFM movie frames of the chaperone-mediated dis-
aggregation of α-syn sonicated fibrils immediately after addition (time 0) of chaperones, ATP, and an ATP-regeneration system to the chamber (A) and after
66 min incubation (B). At 80 min, a second injection of chaperones and nucleotide was done, further scanning until 90 min (C). White asterisks in A–C
represent the same scan location, which drifted during the measurement. (D) Cumulative disaggregation events were plotted as a function of time. (E and F)
Time-resolved disassembly of individual fibrils marked with white arrows in A (E) and B (F).
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available is considerably higher than for unsonicated ones. In the
case of large, unsonicated fibrils, lateral interfibril association
might also impair the depolymerization reaction as it could de-
crease binding of Hsc70 molecules to these regions and/or neg-
atively affect the unzipping mechanism.

The Aggregate-Size Dependence Disassembly Activity of the Human
Disaggregase Is Conserved for Tau Fibrils. To test whether the
aggregate-size dependence described for α-syn fibrils also oc-
curred for other amyloidogenic proteins, we assembled tau fibrils
from the recombinant full-length isoform 2N4R (Fig. 4A) and
fragmented them by sonication, which leads to the formation of
smaller toxic species (38). The unsonicated and sonicated fibrillar
samples were treated with the human disaggregase and their sol-
ubilization was analyzed by a sedimentation assay. Chaperones
solubilized poorly (around 6%) unsonicated tau fibrils, while dis-
aggregation increased substantially (up to 42%) for the sonicated
sample (Fig. 4C). These findings suggest that the preferential
targeting of smaller aggregation intermediates by the human dis-
aggregase might apply to other amyloidogenic proteins.

Discussion
The human Hsp70-based chaperone system has been shown to
revert α-syn fibrils, although the exact disaggregation mechanism
has remained unclear despite the two proposed models (22, 23).
Both models propound that human disaggregase depolymerizes
fibrils extracting monomers from their ends, whereas one of
them also puts forward that chaperones can extract monomers
from the center of the fibrils, therefore breaking them into
smaller fragments (23). We show that long, unsonicated α-syn
fibrils are poorly disassembled by chaperones unless they are
mechanically fragmented through sonication, which increases the
number of fibril ends and reduces their lateral association and
most likely the pulling force necessary to unzip the protofila-
ments. Disassembly of sonicated fibrils yields monomeric α-syn
without the accumulation of a significant concentration of ag-
gregation intermediates. Indeed, we show that this chaperone
machinery can also efficiently disaggregate small toxic oligomeric
species of α-syn with the same class B JDP, DnaJB1.
The lack of a representative amount of aggregation interme-

diates indicates that disaggregation takes place as an all-or-none
phenomenon (46, 47) at the aggregate level, meaning that indi-
vidual aggregates are not processed in a slow and gradual manner
following the macroscopic disaggregation kinetics but rather
through an abrupt and fast asynchronous process. Kinetic analysis
of the fluorescence dequenching time courses showed that solu-
bilization data are consistent with this observation and high-speed
AFM analysis demonstrates indeed that is the case for fibrils. In
this regard, the solubilization of amyloids cannot be interpreted in
terms of a population of aggregates with decreasing size over time.
Instead, it should be interpreted as a population with decreasing
number of aggregates over time. This change of paradigm in the
disaggregation process would be consistent with our current view
of aggregate toxicity, in which smaller aggregates are associated
with higher toxicity. The human disaggregase system eliminates
them one by one rather than increasing the toxicity of the aggre-
gates by progressively reducing their size.
A finding that deserves discussion is the fast propagation of

disassembly in individual fibrils, considering that the highly organized
structure of amyloids is the most stable aggregate state from a ther-
modynamic point of view. Yet, the fibrillar structure of amyloids al-
lows Hsc70 to interact throughout the whole aggregate surface (23),
binding up to every other protomer in the case of α-syn fibrils (48).
This α-syn to Hsc70 stoichiometry (1:0.5) is consistent with our dis-
aggregation experiments, which would yield a similar molar ratio
under saturation conditions. The disaggregation model suggests that
the affinity of Hsc70 for α-syn fibrils does not depend on their length,

as expected if the structure and accessibility of the chaperone binding
sites do not change with fibril size. However, the number of binding
sites available for the chaperone could be reduced in the unsonicated
fibrils due to interfibril assembly, therefore resulting in a weaker

Fig. 4. Fragmentation of Tau fibrils allows chaperone-mediated disaggre-
gation. (A) TEM of tau 2N4R fibrils. (B) DLS-derived size distribution of
monomeric and fibrillar (unsonicated and sonicated) tau samples. (C) Solu-
bilization of tau fibrils (1 μM) by the human disaggregase was analyzed by a
sedimentation assay. After 2 h incubation at 30 °C, reaction mixtures were
centrifuged, and solubilized tau in the supernatant was detected by im-
munoblotting. Fibrils without chaperones were used as a control. INPUT was
made with a 1-μM solution of monomeric tau. Error bars represent SD for n =
4 independent experiments (***P < 0.001).
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pulling force at the aggregate surface than that required for unzipping
and disassembly. A change in the structure and/or accessibility of the
chaperone binding sites in the oligomer could explain the loss of
chaperone affinity for this aggregation intermediate. The different
types of β-sheet structure reported for type B* oligomers (antipar-
allel) and fibrils (parallel) also indicates that the human disaggregase
can remodel both assemblies regardless of the conformation of their
structural cores (11, 32). The lower number of residues involved in
the cross β-structure and resistance to proteinase K degradation
observed for these oligomers as compared with fibrils (29), reflects a
reduced stability of the oligomeric assembly that could explain, at
least in part, its faster disaggregation rate. Moreover, if as a conse-
quence of the disaggregase activity of the chaperone mixture, the
number of monomers within the oligomers is reduced from 25 to 30 to
around 10, the oligomeric structure is expected to become unstable
enough to spontaneously disassemble into monomers (29). This im-
plies that the chaperone action would be required only during the
initial step of the disassembly reaction, since when the size of the
oligomer is small enough, it could dissociate regardless of chaperone
activity (11, 29). This might also help to explain the higher disaggre-
gation rates obtained for oligomers, as compared with fibrils, consid-
ering the lower affinity of the chaperone for these type of oligomers.
The DnaJB1-induced increase in the affinity of Hsc70 for the

amyloid substrate provides the energy required to load the
chaperone in this dense arrangement (48). Crowding of Hsc70 at
the fibril surface provokes steric clashes between neighboring
Hsc70 molecules, an energetically unfavorable situation that
exerts entropic pulling forces on Hsc70-bound α-syn molecules
(48). Furthermore, the high molecular mass of Apg2 could im-
pede the shuffling of crowded Hsc70 molecules, biasing NEF ac-
tivity to those chaperone molecules that are not densely packed on
the fibrils (48). Therefore, we rationalize that Apg2 preferentially
interact with the fibril ends or nearby regions, where the excluded
volume effect of Hsc70 molecules is the lowest, explaining why fibril
unzipping and depolymerization starts at this location (Fig. 5).
Time-resolved AFM clearly shows that depolymerization starts by
fibril unzipping at the fibril tips and propagates fast through the
fibril axis. Fast propagation could be due to the unfavorable dense

packing of Hsc70 molecules along the protofilaments, which
would destabilize them exerting the pulling force required to extract
monomers as Hsc70 molecules become accessible to Apg2 due to
progressive depolymerization. The “ram´s horns”motif observed
during depolymerization suggests unzipping of the twisted fila-
ments that build the fibril, which could be necessary for monomer
extraction (Fig. 5).
Fibril fragmentation by sonication increases the number of

ends and reduces interfibril interactions, i.e., fibril clumping, and
thus, it might enhance the likelihood of starting a depolymerization
process. Within α-syn fibrils, each monomer establishes intra- and
interprotofilament interactions with neighboring monomers (49–57).
Monomers located at the end of the fibril lack half of these inter-
actions and thus, their extraction is energetically less demanding.
This, together with the fact that Apg2 could be sterically excluded
from the fibril center due to Hsc70 crowding (48), lead us to the
conclusion that fibril fragmentation by chaperones may not be fa-
vorable. Nonetheless, a previous report showed fibril shortening
within a few minutes after chaperone addition that was attributed to
fragmentation (23). Our results suggest that this observation is
compatible with a fast depolymerization-only mechanism that could
be eventually interrupted in large fibrils (i.e., unsonicated sample).
Fibril clumping, which is observed to a greater extent in unsonicated
fibrils, likely contributes with an additional energetic penalty to
protofilament unzipping and therefore to disaggregation. Another
factor that might also hinder disaggregation could be the length of
the fibril. The longest the fibril, the more interactions between the
twisted protofilaments that contribute to its stabilization, with the
expected increase in the energetic demand for remodeling. These
factors could slow down the unzipping process or halt it before it
reaches the opposite fibril end, rendering monomers and shorter
fibrils without altering the number of fibril ends. The lack of frag-
mentation observed when the same chaperone complex acts on
tau fibrils (24) further supports this hypothesis, which is also cor-
roborated with our results showing that chaperone activity was only
significant after mechanical fragmentation of tau fibrils.
An important aspect to decipher the consequences of the

Hsp70-based amyloid disassembly activity in neurodegeneration

Fig. 5. Model proposed for the disassembly of α-syn fibrils by the human disaggregase. DnaJB1 recruits Hsc70 to the fibril surface, where it can reach a
binding stoichiometry of 1:0.5 (α-syn:Hsc70). The high Hsc70 density on the fibril surface induces an exclusion volume effect on Apg2, a necessary factor for
fibril disassembly, which is displaced to the fibril ends to interact with the chaperone. Destabilization of the tips as a consequence of the joint chaperone
action is followed by fast protofilament unzipping and monomer extraction, which could be facilitated by the entropic pulling forces generated by Hsc70
crowding that facilitate complete disaggregation.
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is to consider the toxicity of the disaggregation products. The
initial in vitro observations indicated that α-syn disaggregation
could be beneficial and cytoprotective since fibrillar α-syn was
eventually dissolved into less toxic species (23). Furthermore,
altering the human disaggregase activity can have beneficial ef-
fects on α-syn aggregation in cell culture and animal models (58,
59). Our data suggest that this beneficial effect is expected as the
human disaggregase efficiently solubilizes toxic α-syn oligomers
into monomers. Nevertheless, it has also been reported that the
chaperone-mediated disaggregation process could also generate
spreading-competent oligomeric and short fibrillar species that
may serve as a template for further aggregation (24, 59). As
pointed out by Tittelmeier et al. (59), the Hsp70-based disaggre-
gation activity could be a double-edged sword as it is essential in
maintaining proteostasis but could also generate toxic amyloid spe-
cies. The final outcome might depend on the state of the protein
quality control network, which declines with aging and disease. The
high proteostasis capacity characteristic of healthy or young organ-
isms could ensure fast disaggregation of toxic amyloids, including
oligomers and small fibrils, reducing their lifetime and thus, their
negative intracellular and spreading effects. The high Hsc70 con-
centration in human cells, estimated to be around 10 μM (60), would
facilitate aggregate disassembly even at cellular locations where the
concentration of α-syn could be higher (μM range) (61) than average
(nM range) (62). In the extracellular medium, disassembly of α-syn
aggregates involved in cell-to-cell disease spreading might be com-
promised by the low concentration of α-syn and Hsc70, which in both
cases has been estimated to be in the low nM range (63, 64), and the
availability of cofactors. Therefore, our data are consistent with a
disaggregase action of the Hsc70 system provided that chaperone
concentration involved in this task is high enough, but do not ensure
that in the extracellular medium the disaggregase would be active. In
contrast, in sick or old individuals the proteostasis capacity gets
progressively impaired due to a reduction in the chaperones available
to process toxic aggregates, which transiently accumulate, inducing
cell-death and spreading from cell to cell (65).

Materials and Methods
Protein Overexpression and Purification. Chaperones were produced as pre-
viously reported (66). α-syn and tau 2N4R, cloned in pT7-7 and pRK-T42 vectors,
were expressed in E. coli BL21 (DE3) cells. α-syn was purified from the periplasm
by performing an osmotic shock followed by an anion exchange chromatog-
raphy as described previously (67). The cysteine-containing α-syn mutants were
expressed and purified as the WT protein but including 2 mM DTT in all puri-
fication steps. Tau 2N4R was purified according to ref. 68.

Labeling of Proteins. Alexa Fluor 488–labeled Q24C α-syn and pyrene-labeled
A85C α-syn were obtained following the protocol previously described to label
cysteine-containing variants with maleimide-derivatized fluorophores (32).
Labeling efficiency (85 to 100%) was estimated spectrophotometrically, using
e494 = 72,000 M−1 · cm−1 for Alexa Fluor 488, e344 = 22,000M−1 · cm−1 for pyrene,
and e280 = 5,960 M−1 · cm−1 for protein concentration, after subtracting the
contribution of the absorption of the dye at the respective wavelengths.

α-syn Aggregates Preparation. α-syn type B* oligomers, which have been
related to the toxic transient oligomeric species formed during fibril for-
mation (32), were obtained by lyophilization as previously described (29).
This experimental procedure gave reproducible oligomer populations with
size distribution of 10 to 40 nm, as reported (SI Appendix, Fig. S2A) (29). To
prepare α-syn fibrils, a 100-μM protein solution was incubated at 37 °C under
orbital agitation (1,000 rpm) for 7 d in 50 mM Tris, 100 mM NaCl, and 0.05%
NaN3, pH 7.4. Afterward, fibrils were purified by centrifugation for 30 min at
16,000 × g and 4 °C. Pelleted fibrils were resuspended, unless otherwise
stated, in Disaggregation Buffer (40 mM Hepes-KOH pH 7.6, 50 mM KCl,
5 mM MgCl2, and 2 mM DTT). Aggregates labeled with fluorescent dyes
contained 8 to 20% labeled α-syn molecules, a concentration range that did
not significantly affect the kinetics of the chaperone-mediated disassembly
reaction. The final protein concentration (monomer equivalents) was de-
termined by disassembling an aliquot of the preparation into monomers in
4 M GdnHCl and measuring its absorption at 280 nm. Sonicated fibrils were

obtained using a Branson 450 Digital Sonifier equipped with a tapered
microtip of 3 mm diameter at 10% power. Bursting was carried out in cycles of
1 s ON, 1 s OFF with the sample set on ice-cold water. To obtain α-syn fibrils of
different sizes, soluble and insoluble fractions of samples sonicated for 15 or
30 cycles were separated by centrifugation (30 min at 16,000 × g and 4 °C).
Pellets were resuspended in Disaggregation Buffer and supernatants were
passed through 100 K AmiconUltra 0.5-mL filters to remove any possible
monomer released during sonication. This procedure consisted of seven
washing steps (4 min at 10,000 × g and 20 °C) with 400 μL of Disaggregation
Buffer. For the kinetic analysis, sonicated fibril samples were obtained after a
total of 90 sonication cycles. This protocol yielded reproducible samples with a
size distribution in the 30 to 200 nm range and centered at around 90 nm as
seen by DLS (SI Appendix, Fig. S2A) and EM (SI Appendix, Fig. S2B). When
labeled fibrils were prepared, a monomeric α-syn solution that contained 15 to
20% of Alexa Fluor 488–labeled α-synQ24C or pyrene-labeled α-synA85C was
seeded with 5% (mol/mol) of preformed sonicated fibrils and incubated at
37 °C under quiescent conditions for 1 to 4 d. Labeled fibrils were purified as
explained. Labeled type B* oligomers were prepared as unlabeled ones but
with 25% of Alexa Fluor 488–labeled α-synQ24C.

Tau Fibrils Preparation. Tau 2N4R fibrils were prepared at 40 μM tau 2N4R in
the presence of 40 μM heparin (MW 3,000, MPBio) in 25 mM Tris pH 7.5,
50 mM NaCl, and 2 mM DTT supplemented with 1 mM PMSF, 1 mM EDTA,
1 mM EGTA, 1 μg/mL leupeptin, 1 μg/mL aprotinin, 1 μg/mL pepstatin, and
0.05% NaN3. Samples were incubated at 37 °C under quiescent conditions
for 7 d, refreshing the DTT every day. Sonicated fibrils were obtained by 15
sonication cycles (1 s ON, 1 s OFF). Monomer-free unsonicated and sonicated
fibrils were obtained by ultracentrifugation for 40 min at 186,000 × g and
4 °C and resuspension in Disaggregation Buffer.

DLS. Size volume distribution profiles of the different samples at 25 °C were
obtained using a Zetasizer Nano ZS (Malvern Instruments) at a back scat-
tering angle of 173°. Monomeric (100 μM) and oligomeric or fibrillar (10 μM)
α-syn and tau species were measured in Disaggregation Buffer.

Circular Dichroism. Far-UV CD spectra of samples containing 10 μM α-syn in
PBS were acquired at 20 °C in a Jasco J-810 circular dichroism spec-
tropolarimeter using rectangular quartz cuvettes with 1 mm path length.
Each spectrum represents the average of 15 to 20 scans, collected from 200
to 260 nm, with a spectral bandwidth of 1 nm and a response time of 1 s.

FT-IR Spectroscopy. Aggregates (1 to 10 mg/mL) were exchanged into deu-
terated PBS buffer and applied on a 25-μm carved calcium fluoride window
mounted in a Peltier cell (TempCon, Bio Tools). Spectra were collected with a
nominal resolution of 2 cm−1 in a Nicolet Nexus 5700 spectrometer equipped
with a MCT detector at 20 °C. They were digitally subtracted using a spec-
trum of deuterated buffer as a reference, and the area of the amide I band
(1,700 to 1,600 cm−1) was normalized in all spectra (42).

EM. The 3 μL samples (1 to 2 mg/mL) were applied onto glow-discharged
Formvar/carbon-coated 200-mesh copper grids and incubated for 1 min.
Grids were negatively stained with 1% (wt/vol) uranyl acetate (two staining
steps of 10 s) and air-dried for 5 min. Samples were visualized in a JEOL JEM
1400 Plus electron microscope.

PAGE-Based Chaperone-Mediated Disaggregation. The 2 μM α-syn fibrils were
incubated with 10 μM Hsc70, 5 μM DnaJB1, and 1 μM Apg2 in Disaggregation
buffer supplemented with 2 mM ATP and ATP-regeneration system (8 mM PEP,
20 ng/μL pyruvate kinase). After 2 h incubation at 30 °C, samples were centri-
fuged for 30 min at 16,000 × g and 4 °C, and supernatants were carefully col-
lected, mixed with SDS-containing loading buffer, boiled for 10 min, and
analyzed by SDS-PAGE and immunoblotting using an anti–α-syn antibody (Invi-
trogen PA5-85343, 1:2,000 dilution). Hsc70 and Apg2 were detected by using the
monoclonal antibodies Abcam ab51052 and Abcam ab185962, respectively, at
1:5,000. Alternatively, after the incubation at 30 °C, samples were directly run in
a Native-PAGE 4 to 16% Bis-Tris gels (Invitrogen) and analyzed by immuno-
blotting. Tau 2N4R disaggregationwas followed by a sedimentation assay similar
to that described for α-syn with the following changes: samples contained 1 μM
tau, 10 μMHsc70, 5 μMDnaJB1, and 1 μMApg2, and after the 2 h incubation at
30 °C, they were centrifuged for 40 min at 186,000 × g and 4 °C. For tau de-
tection, a polyclonal antibody (Dako A0024, 1:50,000 dilution) was employed.
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Disaggregation Kinetics. Disaggregation was carried out in 96-Well Half Area
Black plates (Nonbinding surface; Corning) at a final α-syn concentration of
2 μM. Then, 20 μL of aggregates were mixed with 25 μL of increasing
chaperone concentrations. No disaggregation (0%) and complete (100%)
disaggregation controls were obtained with aggregates alone or monomers
in the presence of chaperones, respectively. Before starting the reaction,
samples were stabilized for 30 min at 30 °C in the plate reader. The reaction
was initiated with the addition of 5 μL of a mixture of ATP and ATP-
regeneration system, and afterward, plates were sealed with HD Clear
duct tape and measured. Fluorescence readings were collected every 3 min
from the top, using excitation and emission filters of 485/20 and 528/20 nm
and a gain of 60 to 75. Quenching was greater for fibrils than for type B*
oligomers, and therefore the difference in fluorescence signal between the
aggregates and the monomer was larger in the case of the fibrils. At the end
of the kinetics, samples were analyzed by Native-PAGE and in-gel fluores-
cence was visualized in a VersadocMP. Only the monomeric band was used
to quantify fibril disassembly, and the intensity of a band corresponding to
the same protein mass concentration of a pure monomeric protein sample
was considered 100% disaggregation. For pyrene-labeled fibrils, fluores-
cence was monitored using excitation and emission wavelengths at 337 nm
and 470 nm, respectively, under the same experimental conditions.

Disaggregation Modeling. We considered disaggregation as an activated
process that leads to the sudden solubilization of aggregates intomonomers (SI
Appendix). The survival probability Pa of an aggregate a follows an expo-
nential decay Pa(t) = e−kat with rate ka. The expected total aggregatedmass as
a function of time for an ensemble of aggregates with individual masses ma

follows from m(t) = ∑
a
maPa(t) = ∑

a
mae−kat, which results in a disaggregation

kinetics dm(t)
dt = −r(t)m(t) with a time-dependent disaggregation rate

r(t) = ∑a
kamae−ka t∑a
mae−kat

. We characterized the overall aggregate heterogeneity as

∑
a
mae−kat = m(0)∫ fα,β(ka)e−katdka, where fα,β(ka) = βα

Γ(α)k
α−1
a e−βka is a gamma

distribution with shape α and rate β. This characterization leads to an overall
aggregated mass decay,

m t( ) = m 0( )
1 + t

β
( )α , [1]

that closely mimics the observed kinetics of disaggregation. The disaggre-

gation rate in terms of these parameters is given explicitly by r(t) = α
β(1 + t

β)
−1
,

which at time 0 provides the average disaggregation rate as r(0) = ∑a
kama∑a
ma

= α
β.

To characterize this rate under different conditions, we obtained the param-
eters α and β for each case by fitting the expected dynamics to fluorescence
dequenching time courses over the first 100 min of the disaggregation process.
To investigate the effects of the chaperone concentration c[ ] on the resulting
average disaggregation rates, we subsequently fitted the results to a
concentration-dependent rate with a functional form

r 0( ) = rmax
c[ ]=Kd( )n

1 + c[ ]=Kd( )n, [2]

where n is a cooperativity parameter; Kd is the apparent dissociation con-
stant of the chaperone to the aggregate; and rmax is the saturation rate.

Calcein Leakage. To prepare liposomes with encapsulated calcein, 4 mg of
POPS, dissolved in chloroform:methanol (2:1) at 25 mg/mL, were dried and
swollen in Encapsulation Buffer (10 mMHepes-KOH, 50 mMNaCl, and 50mM

calcein, pH 7.4) with two cycles of heating to 50 °C and vortexing. The
multilamellar vesicles (MLVs) obtained were used to generate large uni-
lamellar vesicles (LUV) according to previously described methods (69).
Briefly, they were subjected to 10 freeze/thaw cycles and extruded in a
LIPEX Liposome Extrusion System using 0.1-μm pore size Nuclepore filters
(Whatman). Liposomes were loaded on a PD10 gel filtration column (GE
Healthcare) equilibrated in Calcein Leakage Buffer (10 mM Hepes-KOH,
130 mM NaCl, pH 7.4). Liposome leakage was measured mixing 110 μL li-
posomes (11 μM) and 10 μL α-syn (10 μM). Leakage controls, 0 and 100%,
were obtained adding to the same liposome sample 10 μL of Calcein
Leakage Buffer or Triton X-100 10% (vol/vol), respectively. Samples were
incubated for 2 h at 25 °C with constant shaking (350 rpm). Fluorescence
was measured at 25 °C in a FluoroMax-3 (Jobin-Ybon) fluorimeter using
excitation and emission wavelengths of 440 and 520 nm.

MTS Assay. SH-SY5Y cells were seeded at 20,000 cells/well in 96-well plates
and incubated overnight in Dulbecco’s modified Eagle’s medium low glucose
with 1 g/L L-glutamine supplemented with 10% heat-inactivated fetal bo-
vine serum, penicillin and streptomycin (50 U/mL and 50 μg/mL, respectively),
and MycoZap Prophylactic (Lonza, 1/1,000 dilution). The next day, the me-
dium was replaced by 100 μL of fresh medium containing 0.15 or 0.3 μM of
α-syn, and cells were incubated for 24 h. The freshly prepared MTS/PES
mixture was directly added (20 μL) to culture wells and incubated for 1 to
4 h. Formazan formation was measured by recording the absorbance at
490 nm in a Synergy HTX plate reader (Biotek). Control values of cells
without α-syn and culture medium without cells were taken as 100 and 0%
cell viability, respectively.

AFM and HS-AFM Images. Bare mica was covered with 100 μL Poly-L-lysine
solution (Sigma, P8920) for 5 min for the AFM (JPK, Nanowizard 3 Ultra-
Speed2) images or 10 μL Poly-L-Ornithine (Sigma, P4957) for the HS-AFM
(Bruker, NanoRacer) measurements and rinsed three times with Disaggrega-
tion Buffer. Fibrils were deposited onto the surface, incubated for 15 min, and
gently rinsed three times with 500 μL or 10 μL of disaggregation buffer for the
AFM or HS-AFM experiments, respectively. Finally, 1,800/800 μL of this buffer
were added to the chambers for AFM/HS-AFM experiments, and after the
identification of interesting spots, 100/50 (AFM/HS-AFM) μL of the chaperone
mixture were incorporated into the samples. Finally, a solution containing ATP
and ATP-RS was added to the imaging chamber, resulting in final sample
volumes of 2,000 μL and 900 μL. The AFM equipment was operated in QI mode
with MSNL-10 cantilevers (Bruker). For fast imaging with HS-AFM, tapping
mode and USC-F1.2 (NanoWorld) cantilevers were used. Images and movies
were analyzed with JPKSPM Data Processing, ImageJ, and WSxM software.

Statistical Analysis. All measurements were done at least three times, and
levels of significance were determined by a two-tailed Student’s t test. A
value of P < 0.05 was considered statistically significant.

Data Availability. All study data are included in the article and/or supporting
information.
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