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ABSTRACT: The Hsp70 family of chaperones plays an
essential role in suppressing protein aggregation in the cell.
Here we investigate the factors controlling the intrinsic
ability of human Hsp70 to inhibit the elongation of
amyloid fibrils formed by the Parkinson’s disease-related
protein a-synuclein. Using kinetic analysis, we show that
Hsp70 binds preferentially to a-synuclein fibrils as a
consequence of variations in the association and
dissociation rate constants of binding to the different
aggregated states of the protein. Our findings illustrate the
importance of the kinetics of binding of molecular
chaperones, and also of potential therapeutic molecules,
in the efficient suppression of specific pathogenic events
linked to neurodegeneration.

he 70 kDa heat shock protein (Hsp70) family provides a
major line of defense against protein misfolding and
aggregation,' > and its activity has been linked to protection
against amyloid disease.” In particular, Hsp70 has been found
to inhibit strongly the in vitro aggregation of a-synuclein
(aSyn),"” a 140-residue intrinsically disordered protein whose
deposition in the brain is associated with Parkinson’s disease
(PD),*” and studies in vivo show that Hsp70 plays a
fundamental protective role against aSyn-induced patholo-
gies.”"” Recently, it has been shown that Hsp70 is also able to
disaggregate amyloid fibrils when acting in a concerted manner
with a complex cochaperone network.'”"" Interestingly, Hsp70
is still able to suppress effectively fibril formation in the absence
of cochaperones via its intrinsic antiaggregation activity.l‘2
As Hsp70 has been shown to be able to inhibit amyloid
formation in vitro at substoichiometric concentrations relative
to the aggregating protein,””'>'? it has been suggested that
Hsp70 possesses an intrinsically higher binding affinity for
aggregated relative to monomeric amyloidogenic proteins.””"”
In the case of aSyn, it has been shown that Hsp70 (even in the
absence of cochaperones) is able to bind to many aSyn
species,'' with preferential binding to the monomeric,"
preﬁbrillar,l’13 or fibrillar™® forms of the protein, all being
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proposed as the key step in the process of Hsp70 inhibition of
aSyn fibril formation.

In order to shed light on the mechanism of the intrinsic anti-
aggregation activity of Hsp70 (isoform 1A) and the specific
inhibitory contributions of the interactions between Hsp70 and
various aSyn aggregated species, we investigated the effect of
Hsp70 at physiological pH on the aggregation of aSyn (Figure
1) in the absence and presence of ATP and 5% preformed aSyn
fibrils (also called “seeds”; Figure S1). Hsp70 showed a strong
inhibition in both conditions, where either multiple nucleation
and elongation events, or only elongation processes,
respectively, govern the system.'* We then studied aSyn fibril
elongation to investigate the effect of the chaperone on this key
microscopic step of amyloid proliferation.

To inhibit fibril elongation, Hsp70 must interact with either
the monomeric or fibrillar forms of @Syn, or both. In agreement
with previous reports,l’2 we found that Hsp70 binds to both
forms of the protein (Figure 1lc,d). We determined the
apparent dissociation constant of Hsp70 to monomeric aSyn,
Ky to be 24 + 3 uM in the nucleotide-free form and 1.8 + 0.2
UM in the ATP-bound form of the chaperone (Figure lc), in
agreement with earlier studies.”

Given that Hsp70 is able to bind aSyn in both its monomeric
and fibrillar forms, we set out to identify the specific
contributions of these interactions to the overall mechanism
of inhibition by carrying out a detailed kinetic analysis.">'® We
found a progressive decrease in the initial fibril elongation rate
with increasing concentrations of Hsp70, with significant effects
even at a 1:10 molar ratio of chaperone to monomeric aSyn
(Figure 2b). We then set out to analyze globally the initial
kinetic profiles obtained by using a series of different
mechanistic models.

In the light of our results, we considered a model in which
Hsp70 binds to both aSyn monomers and fibril ends (Figure
2a, kinetic equations reported in the Supplementary Methods)
and performed a global analysis of the series of aggregation
profiles measured at different Hsp70 concentrations, which has
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Figure 1. ThT fluorescence-based aggregation of 70 #M monomeric aSyn in the absence (a) and presence (b) of 5% seeds. Dots represent the
experimental data and straight lines the best fit. Conditions: absence of Hsp70 and ATP (black), presence of Hsp70 and absence of ATP (orange),
presence of Hsp70 and ATP (blue) (in the case of the experiments in (a) an ATP regeneration system was also used, see Supporting Information),
and absence of Hsp70 and presence of ATP (gray). Hsp70 was added at a 1:10 Hsp70/aSyn molar ratio. (c) Hsp70 binding assays to monomeric
dansylated aSyn in the absence (orange) and presence (blue) of S mM ATP. (d) Immunogold-TEM images of aSyn fibrils in the presence of
Hsp70; arrows show examples of bound Hsp70 to fibril ends (see Figure S2 as negative control).
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Figure 2. (a) Ilustration of the microscopic events considered in the kinetic analysis. The parameters m and P represent the concentration of
monomeric aSyn and the number of fibrils, respectively. (b) Fits of simulations (solid lines) to experimental data (dotted lines) for the aSyn fibril
elongation reactions at different Hsp70 concentrations (from blue to red; 0, 7, 14, 35 uM). Three different scenarios of binding of Hsp70 to aSyn
species were considered; from left to right: binding only to monomeric species; binding to both monomers and fibrils with similar affinity but
different rates (kinetic competition); or with similar rates but different affinities (thermodynamic competition). The mean squared error (MSE)
values and the different binding constants that were obtained from the best fits of the data are also reported.

allowed us for a robust evaluation of the kinetic parameters constant (k,) was independently estimated to be 500 M~

describing the aggregation process. The elongation rate s7!, by fitting the results of seeding experiments at different
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concentrations of seeds in the absence of Hsp70 (Figure S3),
and was assumed to be independent of the concentration of
Hsp70. The equilibrium dissociation constant for monomeric
aSyn was also fixed as a known parameter (K = kogn/Konm =
1.8 uM, determined in the presence of ATP by fluorescence
titration experiments, Figure 1lc). The association and
dissociation rate constants k,,r and k,zr were evaluated for
the different mechanistic scenarios.

In a first set of calculations, the binding of Hsp70 to aSyn
fibrils was neglected, and we attempted to describe the
experimental data by considering only interactions with aSyn
monomers; the results (Figure 2b, left) show that this model is
incompatible with the experimental data, since only a very small
decrease in the aSyn fibril elongation rate is possible at such
low substoichiometric concentrations of Hsp70 with respect to
aSyn monomers. Importantly, variations by even 4 orders of
magnitude in the Kj,, value, between 0.09 and 90 uM, did not
change the conclusions of this analysis (Figure $4).

Repeating the calculation with the assumption that Hsp70
binds to both monomers and fibrils, the simulations described
well the global set of experimental data (Figure 2b, center).
Evaluation of the binding parameters (Figure SS) shows that
the affinity of Hsp70 for fibril ends that was obtained from the
best fit (Kgr = 9 M) is of the same order of magnitude as the
value measured experimentally for the binding of Hsp70 to the
monomer and is similar to the Kyp value (3.1 + 0.4 M) that
Gao et al. recently obtained under similar experimental
conditions.""

An important result from this kinetic analysis is that, despite
the similar thermodynamic binding affinities of Hsp70 for
monomeric and fibrillar aSyn, the corresponding on-rate
constants for the binding obtained from the fitting are
remarkably different, being more than 200-fold larger for the
fibrils than for the monomers. The k,, r value that we obtained
from the analysis was 230 M™":s™", in good agreement with the
value obtained experimentally under similar conditions in a
recent study (123 + 38 MLg™h). M By contrast, the k,, \ value
obtained from the kinetic analysis was 1 M~':s™". In order to
determine this value experimentally, we followed the
association kinetics of Alexa488-aSyn in its monomeric form
to Hsp70 at a variety of chaperone concentrations by
fluorescence polarization experiments under pseudo-first
order conditions (Figure S6); the k,,y value obtained was
22 +02M sl in good agreement with the value obtained
from the kinetic analysis.

The difference of 2 orders of magnitude in the k,, value of
Hsp70 between monomeric and fibrillar aSyn explains why the
inhibitory effect of Hsp70 is dominated by its interactions with
the fibril ends even under conditions where there is an excess of
aSyn monomers. These results suggest that the competition of
the binding of Hsp70 to aSyn fibrils and monomers, and
ultimately the intrinsic holdase activity of Hsp70, is primarily
modulated by kinetic rather than thermodynamic effects.

To validate this conclusion, we carried out a series of
simulations where k,,\ and k., were assumed to be equal
(230 M"s7!), and the affinity of Hsp70 for fibrils was then
increased significantly with respect to that for monomers (Ky
= 0.18 uM, Figure 2b, graph on the right; simulations with even
lower K. values yielded very similar results, data not shown).
In this case, as in the previous simulations, the binding of
Hsp70 is directed to fibril ends rather than to monomers, but in
contrast to previous simulations, the preference for binding to
fibrils is established by thermodynamic competition. In this
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scenario, the simulations are not compatible with the
experimental data (MSE = 0.54 versus MSE = 0.02 for the
model of kinetic competition). A thermodynamic preference
for the binding of Hsp70 to aSyn fibrils with respect to
monomers is, therefore, not able to explain the high efficacy of
Hsp70 in the inhibition of aSyn fibril elongation under
conditions with a significant excess of monomeric aSyn and at
substoichiometric concentrations of Hsp70 with respect to
aSyn monomers. Overall, our analysis supports a model in
which preferential interaction of Hsp70 with aSyn fibrils, under
physiologically relevant conditions with ATP/ADP cycling,
underlies the intrinsic ability of Hsp70 to inhibit aSyn fibril
elongation. Importantly, the analysis indicates that this
preferential interaction can be primarily attributed to differ-
ences in the kinetics rather than the thermodynamics of the
binding of the chaperone to the different aSyn species.

There are three requirements for this kinetic inhibition to
take place. First, the concentration of chaperone needs to be at
least of the same order of magnitude as the concentration of
fibril ends. In our experiments, the concentration of chaperone
molecules has always exceeded the concentration of fibril ends.
Second, in order for Hsp70 to compete efficiently with the
addition of aSyn monomers to the fibril ends and, therefore, to
suppress effectively aSyn fibril elongation, the value of k,r
needs to be at least of the same order of magnitude as that of
the fibril elongation rate (k,); according to our analysis, k, =
500 M~"s™" and k,,z = 230 M~":s™". Third, in order for Hsp70
to interact with aSyn fibrils in the presence of an excess of
monomers, when having similar affinities for both species, the
chaperone needs to exhibit a much faster association rate for
the fibrils than for the monomers. Indeed, our analysis reveals
that the association rate of Hsp70 for aSyn fibril ends is 2
orders of magnitude greater than the rate of association for
monomers. Under these conditions, a significant fraction of
fibril ends is bound to chaperone molecules and they are
therefore unable to bind new aSyn monomers (Figure S7).

The ke, /kony ratio appears to be a key parameter for the
inhibition of the elongation of fibrils by Hsp70 and provides an
upper boundary for the relative concentrations of aSyn
monomers and fibrils (Cy/Cg) at which Hsp70 is able to
inhibit aSyn fibril elongation by this kinetically driven
preferential binding mechanism (Cy/Cp = koyp/konps; i€, Cy
~ 200C;). Below such a boundary, the chaperone can inhibit
fibril elongation, whereas above this threshold the faster rate of
binding of Hsp70 to fibril ends would not be able to
compensate for the excess of monomeric aSyn.

Given that the binding of Hsp70 to proteins is hydrophobi-
cally driven,'” > one of the reasons why the k,, of Hsp70
varies with the aggregation state of aSyn could be related to the
different areas of hydrophobic surfaces that are exposed to the
solvent, which is much greater in the fibrillar than in the
monomeric state,”*>> a feature shared with other amyloid
proteins and peptides.”””” A high level of solvent exposed
hydrophobicity in the fibrillar form of aSyn could result in a
relatively low energy barrier for water desolvation upon
complex formation with Hsp70, which would result in a faster
association rate. A similar mechanism of kinetically driven
competitive binding has been proposed for the association of
thrombin with two ligand proteins,”® where a correlation was
observed between the entropic contribution of protein
desolvation upon complex formation and the association rate
constants between the two complexes. These findings suggest
that similar behavior would be expected for aSyn oligomeric
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species generated during the initial stages of fibril formation, as
these species have been shown to possess a high degree of
solvent exposed hydrophobic surface area relative to the fibrillar
state,”* consistent with earlier studies that suggested that
binding of Hsp70 to oligomeric prefibrillar intermediates is
critical for the inhibition of @Syn fibril assembly.""

Our findings suggest, therefore, that a kinetically driven
preferential binding mechanism, similar to that observed for
aSyn fibril elongation, could in addition govern the inhibition
of the early stages of aSyn aggregation by Hsp70 and could
represent a general mechanism by which Hsp70, and
potentially other molecular chaperones, inhibits amyloid fibril
formation. Although the affinities and rates of binding of Hsp70
to substrates are expected to vary under cellular conditions
where other chaperones/cochaperones are present,'" the strong
inhibitory activity of Hsp70 observed in vitro suggests that the
intrinsic kinetically driven mechanism of Hsp70 inhibition of
fibril elongation may significantly contribute to the overall
antiaggregation activity of the chaperone in vivo. Importantly,
we find that a complex interplay exists between the kinetics and
thermodynamics of binding of Hsp70 to different types of
protein aggregates. The regulation of the balance between these
factors, therefore, could be a key aspect of the suppression of
pathogenic events, including the nucleation and spreading of
aggregate formation by molecular chaperones, and could also
be an important aspect to consider in the design of future
therapeutic agents targeted toward misfolding diseases.
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