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Abstract

Alzheimer’s disease is a chronic neurodegenerative disease characterized by the accumulation of
pathological aggregates of amyloid beta peptide. Many efforts have been focused on understanding
peptide aggregation pathways and on identification of molecules able to inhibit aggregation in order
to find an effective therapy. As a result, interest in neuroprotective proteins, such as molecular
chaperones has increased as their normal function is to assist in protein folding, or to facilitate the
disaggregation and/or clearance of abnormal aggregate proteins. Using biophysical techniques, we
evaluated the effects of two chaperones, human Hsp60 and bacterial GroEL, on the fibrillogenesis of
AP142. Both chaperonins interfere with AB142 aggregation, but the effect of Hsp60 is more significant
and correlates with its more pronounced flexibility and stronger interaction with ANS, an indicator
of hydrophobic regions. Dose-dependent ThT fluorescence kinetics and SAXS experiments reveal
that Hsp60 does not change the nature of the molecular processes stochastically leading to the
formation of seeds, but strongly delays them by recognition of hydrophobic sites of some peptide
species crucial for triggering amyloid formation. Hsp60 reduces the initial chaotic heterogeneity of
AP142 sample at high concentration regimes. The understanding of chaperone action in counteracting
pathological aggregation could be a starting point for potential new therapeutic strategies against

neurodegenerative diseases.
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1. Introduction

Neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, Hungtington’s
disease, amyotrophic lateral sclerosis, and prion disease, are characterized by the accumulation of
protein aggregates into inclusion bodies and/or plaques. The protein deposition represents the final
step of protein misfolding and aggregation intricate pathways that eludes complex cellular control
systems designed to maintain proteostasis. In particular, Alzheimer’s disease (AD) represents the
most common form of dementia in the elderly. The incidence of AD is growing every day, stressing
the need for an effective treatment. AD is characterized by the aggregation and accumulation of
amyloid beta (Ap) peptide in well-ordered, B-sheet rich fibers in the extracellular compartment.
Although A fibers are the hallmark of AD, much evidence indicates that small oligomers (spherical
oligomers and protofibrils) are the causative primary toxic species’®. These oligomers are
heterogeneous and intrinsically unstable; they can differ in size, formation pathways, mechanisms of
toxicity*®, and are believed to be able to move among the different cellular compartments and the
extracellular space” 8. The oligomer structural variability and the complexity of the aggregation
pathways, as well as the different toxicity mechanisms of diverse aggregates, may help to explain
why therapeutic strategies against AD are not actually effective, despite huge efforts that have been
made in the last decades. Recently, control systems to stop the protein aggregation and thus maintain
proteostasis have received a great attention as potential neuroprotective systems. Because protein
aggregation is a common cellular event, cells counteract aggregation by a number of known
mechanisms (molecular chaperones, ubiquitin-proteasome system, endoplasmic reticulum associated
degradation). These mechanisms may be impaired by aging, justifying the agerelated onset of some
diseases.

Chaperones are a class of ubiquitous proteins highly conserved throughout evolution. They are crucial
in many physiological cellular processes, such as correct protein assembly or folding, targeting and
transport®2. Thus, due to their role in folding, they can play a pivotal role in fighting pathological
events involved in many neurological disorders'®¢. In fact, the incorrectly folded proteins origin
protein supramolecular assembly strictly related to neurodegenerative diseases'’'°. Moreover,
chaperones can prevent the pathological consequences of aggregation by interacting with unfolded
or aggregated proteins involved in pathological conditions, immobilizing (holding chaperones), or
dissolving (disaggregating chaperones)?®® them. Among chaperones, a very interesting class is
represented by chaperonins: complex protein machines organized into a single or double oligomeric
structure of 7-9 monomers that mainly assist correct protein folding and assembly?" 22, Chaperonins
are classified in Group | or 1. The Group | chaperonins are assisted by co-chaperonins'?, smaller

proteins organized in ordered structures that properly guide chaperonin activity. The folding activity



of chaperonins is usually triggered by ATP but a second passive mechanism can also occur. In the
absence of ATP, chaperonins can sequester misfolded or aggregated proteins, by an “amateur
mechanism”?%, This multifunctional ability, due to the presence of highly flexible regions
constituting the active sites for substrate binding, clearly requires further investigation, eventual with
the goal of using chaperones and chaperonins as protective agents and avoiding the consequences of
pathological aggregation associated with neurodegenerative disorders!® 23 26-28_ Certainly, a better
understanding of chaperone action on protein aggregation may illuminate structure-toxicity
mechanisms and lead to the implementation of effective treatments for AD.

In this work, we evaluate the effect of the Group I human chaperonin Hsp60 and its bacterial homolog
GroEL on the APi42 peptide fibrillation. In previous studies, some of us showed that human
chaperonin Hsp60 was able to inhibit APB140 amyloid fibril formation in the absence of ATP and co-
chaperones, by an amateur mechanism?:. In fact, evidence supports the idea that Hsp60 is able to
sequester in pathway amyloid seeds, crucial for the subsequent amyloid assembly, thus inhibiting
fibrils formation. In a recent study, some of us also reported that the presence of Hsp60 prevents a
model membrane from the stiffening caused by the interaction with amyloid B-peptide species,
through a wipe out action against the reactive species 2 2. Notably, many studies show evidence of
variability in the fibrillation pathways that control pathological aggregation of APis0 and APi-4.
peptides?®32, The different behaviors start from different arrangements of the initial nucleus, and are
emphasized during the evolution of kinetics. This is characterized by a faster aggregation and a strong
secondary nucleation in the case of AP1.42, and is reflected in a different structural organization of the
final fibrils. Probably these differences correlate with the higher frequency of ABi-42 found in AD
patients’ plaques with respect to ABi-40. The inhibition strategies of Api-s2 toxic species formation
are considered a valid disease-modifying therapy for AD and analytical approaches have been
developed for identifying modulators of the specific AB1-42 aggregation steps 2 333°, According to
that, the evaluation of Hsp60 action on Ap1-42 peptide inhibition is an interesting issue to address. The
suppressing action of GroEL on AB140 amyloid formation has been reported in literature® as well as
the reduction of neurotoxic effects of ApB142 on human stem cell-derived neuronal cultures, that has
been correlated with the sequestering action of GroEL®, highlighting the potential neuroprotective
role of human chaperonin Hsp60 against AD. The two chaperonins, GroEL and Hsp60, differ in their
oligomer organization and stability®“°. In fact, GroEL is only found in a tetradecameric
conformation, while Hsp60 exhibits a dynamic heptamer/tetradecamer equilibrium3 3% 41 42,
Moreover, our previous studies confirmed the hypothesis that the evolution from bacterial GroEL to
human Hsp60 generated a higher flexibility and a smaller stability to the human protein, both in the



precursor form, bearing the N-terminal Mitochondrial Import Sequence (MIS) absent in bacterial
GroEL*, and in the mitochondrial form missing of MIS %39,

. Here, we evaluate and compare the inhibition efficiency of Hsp60 and GroEL on the aggregation of
ApB142, whose amyloid proliferation is dominated by secondary nucleation events?® and has been
successfully used to obtain biophysical insights on chaperones-amyloid species interactions®* %, It
is worth noting that, although Hsp60 and APi 42 have different physiological localizations, in
pathological situations they can co-localize and directly interact. In fact, it has already been shown
that AB accumulates in the mitochondria of AD patients 4 and it has been suggested that intracellular
and mitochondrial accumulation of AR precedes extracellular Ap deposition #°. In addition, Hsp60
and AP peptide can directly interact in the extracellular space, because it has been shown that in
pathological situations, the human chaperonin accumulates in the cytosol with mitochondrial export
release “¢ 47, and from the cytosol Hsp60 may reach other cellular compartments, as well as the
extracellular space ¢4, In this work Thioflavin T (ThT) spectrofluorimetric measurements, Circular
Dichroism (CD) spectroscopy, and Atomic Force Microscopy (AFM) were used to investigate the
effects of both GroEL and Hsp60 chaperonins on Apus fibrillogenesis. We show that both
chaperonins interfere with APi4 fibrillation, the human chaperonin being more efficient. The
effectiveness of a sub-stoichiometric chaperonin concentrations, the absence of ATP and co-
chaperonins, as well as the dose-dependence of the inhibition effect, suggest that the two chaperonins
are able to recognize and sequester the ABi-42 seeds also, with an amateur mechanism similar to that
previously observed for Hsp60 with AB1-40 seeds®* 2°. The different efficiency of the two chaperonins
in inhibiting amyloid peptide aggregation can be ascribed to specific differences in physico-chemical-
structural properties, resulting in a different surface hydrophobicity, as assessed by ANS assay,
presented by the two chaperonins as determined by their different physiological oligomeric
equilibrium. We further focused on the action of Hsp60, by exploring a wider range of concentrations
and investigating the effect on the chaperonin in terms of structural features by Small Angle X-ray
scattering (SAXS). We observed that, at high concentrations, Hsp60 is able to reduce the sample

chaotic initial heterogeneity and the fibrillation process.



2. Results and discussion

Ap1-42 peptide aggregation kinetics in presence of chaperonins

AP fibrillogenesis is a very complex process, characterized by a pronounced conformational
polymorphism, strongly dependent on the initial state of the sample and on the environmental
conditions (pH, temperature, salts concentration)® % 5!, Moreover, the fibrillation process can vary
considerably depending on the manufacturing process (recombinant or synthetic) or purification
procedure®> %2, Regrettably, this difficult control of the peptide stocks often leads to poor
reproducibility of in vitro data, most likely due to the presence of even extremely small amounts of
pre-existing aggregates or seeds®. Therefore, these species must be removed or dissociated in order
to obtain an “aggregate free” peptide solution. We investigated the effects of different sample
preparation protocols as reported in SM, and we chose the protocol that allowed the best removal of
these small seeds present in the initial sample, and hence the best reproducibility of its aggregation
pattern (see SM1).

Once the protocol was established, the kinetics of AP fibril formation was monitored in the
presence and in the absence of Hsp60 and GroEL by measuring the increase of ThT fluorescence as
a function of incubation time. Experiments were performed by varying the molar ratio
[Chaperonin]/[AB142] from 0 to 0.05 to maintain sub stoicometric levels (Figure 1). APB1.42 aggregation
follows the typical kinetic pattern with a lag-phase of about 20 hours, and reaches a plateau after

about 30 hours.
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Figure 1: Dose-dependence study of GroEL (a) and Hsp60 (b) on 20 uM AR amyloid aggregation, monitored by
1-42

ThT fluorescence



Figure 1 shows clearly that both chaperonins are able, at relatively low doses, to interfere with the
AP1.42 aggregation process. However, a markedly different effect of the two chaperonins can be easily
seen. The bacterial GroEL is able to reduce the final plateau value of ThT kinetics, which is related
to the total final amount of fibrils and to their ThT affinity, but has a moderate effect on the lag-phase
duration and on the rate of the aggregation. In fact, in the case of GroEL a significant delay of the
kinetics can be observed only at the highest tested molar ratio (0.05, see the blue line in Figure 1a).
In contrast, Hsp60 clearly shows a greater inhibitory effect on the fibrillation process, and at lower
concentrations than GroEL. In fact, even in the sample containing Hsp60 at 0.02 molar ratio, only a
very small ThT increase can be observed after an extremely long time (120 hours, see the green line
in Figure 1b). Moreover, similarly to what was previously observed for ABi.40?*, no ThT increase at
all was observed for the whole duration of the experiment (~160 hours) in the sample with Hsp60 at
0.05 molar ratio. AFM images support the ThT results (Figure 2). Fibrillary structures were present

for all samples that show an increase of ThT signal, due to B-sheet intercalation of the dye molecules.
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Figure 2: AFM images of AB1.4> solutions at the end of the kinetics in the absence and in the presence of GroEL and
Hsp60. (Scale bar 1uM).

However, for the sample [Hsp60]/[ AP1-42] = 0.05 which did not show any ThT signal growth, only
amorphous aggregates were detected.

GroEL and Hsp60 are generally considered professional chaperones that exert their main folding
action in the presence of co-chaperonins, (GroES and Hspl0 respectively) and require ATP for
releasing the guest protein. However, the inhibitory effect obtained here in a sub-stoichiometric

conditions, and in a concentration dependent manner without ATP and co-chaperonins, suggests a



holding, amateur mechanism specifically directed toward seeds that act to trigger the amyloid
cascade®™®, An “amateur” mechanism has been proposed for some professional heat shock
chaperones that are able to interfere with protein pathological aggregation without ATP? 243757 |
previous studies, some of us showed that even without ATP and co-chaperonins, Hsp60 is able to
specifically target the APi-40 Species responsible for induction of amyloid protein assembly, thus
acting as an amateur chaperone at sub-stoichiometric concentrations®* 2°. Moreover, it was shown
that the apical domain of GroEL is able to inhibit the amyloid fibrillation by recognizing and binding
non-native protein molecules through hydrophobic interactions, however sub-stechiometric
chaperonin concentrations were not used to arrest the fibrillation®®. More recent evidence shows the
protective role of GroEL, also at high concentrations, against Apis2 induced neurotoxicity and
emphasizes the potential role of human Hsp60 in modifying the progression of AD?'.

Spectrofluorimetric assessment of chaperonins surface hydrophobicity by ANS assay

In order to explain the higher effectiveness of Hsp60 in comparison to GroEL, and to shed light on
the general anti-amyloidogenic mechanisms of Hsp60, we investigated the differences in
hydrophobicity between the two chaperonins using an ANS titration assay. ANS is a commonly used
probe to identify hydrophobic sites and regions in proteins. In fact, ANS binding to protein
hydrophobic patches is associated with an enhanced fluorescence coupled with a blue shift of the
emission peak. Thus, the change in ANS emission fluorescence can be related to protein
conformational changes and solvent-accessible surfaces® .

ANS was incubated with 1 uM GroEL and Hsp60 in a concentration range between 0 and 95 pM.

In Figure 3, the emission spectra for 8 UM ANS in the presence or absence of chaperonins are shown.
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Figure 3: Fluorescence emission spectra of 8 UM ANS in the absence (blue) and in the presence of 1 M Hsp60 (green)
or 1 M GroEL (red)

Notably, the presence of Hsp60 causes a significant increase of the fluorescence emission intensity
with a concomitant blue shift of the peak and an obvious change in the ANS emission spectrum. In

contranst, only a small blue shift and a small increase of fluorescence emission is observed in the



presence of GroEL. The different behaviors of the two chaperonins can be appreciated by evaluating
the emission spectrum area, normalized for ANS concentration and suitably corrected for absorption,
and the average emission wavelength Aay (first moment of the spectrum) as a function of ANS
concentration, as reported in Figures 4a and 4b respectively. The fluorescence signal can be
considered as a linear combination of two different spectral contributions, due to the population of
ANS molecules bound (bound fraction) to the protein and the population of free ANS (free fraction).
At low ANS concentration, the bound fraction is higher than at high ANS concentration, and this
brings about an increase in the overall emission spectrum area and a blue shift in Aay Of the probe. As
evident in Figure 4 (a, b), both of these effects are much more pronounced in the case of Hsp60 with
respect to GroEL. A complete analysis in terms of bound and free ANS fractions in the presence of
the two chaperonins is not possible, because of the unknown emission profile and quantum vyield of
ANS bound to the two proteins, whose determination would require an impracticable measure of
ANS fluorescence at quite high chaperonins concentrations. Nevertheless, the results reported in
Figures 3 and 4 (a,b) clearly indicate a huge difference in the ANS affinity with the two proteins,
suggesting the presence of a greater extension of hydrophobic regions and patches in the Hsp60
molecule. Logically, the presence of these regions could play a role in the higher Hsp60 effectiveness
against AP1.42 aggregation, favoring a stronger interaction with the most reactive APi42 species thus

increasing the ability to inhibit the peptide fibrillation more strongly.
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Figure 4: Fluorescence emission spectrum area normalized for the ANS concentration for the ANS free in solution
(blue line) or in the presence of GroEL (red) and Hsp60 (green) as a function of ANS concentration (a). Shift of Amax
for ANS in the presence of GroEL (red) and Hsp60 (green) as a function of ANS concentration in comparison with
Amax for the ANS free in solution (blue dotted line)(b) .

This different propensity to interact with ANS can be explained considering the different structural
properties of the two chaperonins. Although GroEL and Hsp60 have a very high structural homology,
they exhibit some differences in structure and stability. Differently from GroEL that exists only as

tetradecamer, Hsp60 is also active as a single heptameric ring®:%. This difference in oligomeric



structure, as part of the evolutionary pattern from bacterial to eukaryotic cells, is thought to confer a
higher flexibility to the Hsp60 chaperonin complex, and an associated reduction of stability®® 4,
These structural differences can also influence the exposed hydrophobic surfaces that trigger the
recognition and selection of a substrate by the chaperonins® . During their folding action,
chaperones recognize and bind, by specific structural features, to the hydrophobic residues exposed
during early stages of non-native abnormal assembly® %67  In fact, proteins usually bury hydrophobic
regions in internally, but these regions become exposed during unfolding as well as during amyloid
fibrillation. We hypothesize that both chaperonins sequester the seeds that trigger the amyloid
fibrillation pathway. The higher ANS affinity for Hsp60 explains its capacity to sequester more seeds,
and the increase in the ability to inhibit the AB142 fibrillation.

Investigation on Hsp60 inhibition mechanism

Due to the higher effectiveness of Hsp60 in inhibiting AB1-42 amyloid aggregation, we focused our
attention on the mechanism of action of this chaperonin. We analyzed the effect of Hsp60 on AB142
fibrillation kinetics by varying peptide concentration and maintaining the molar ratio
[chaperonin]/[AB] at 0.016. Results are shown in Figure 5. This approach, developed for studying
several protein-molecular chaperone systems, has revealed important details on the identification of
the protein components targeted by the chaperones and on the aggregation steps affected-%, It is
evident that as the ABi-42 concentration is decreased, the lag phase increases and the ThT plateau
decreases (Figure 5). The inset on Figure 5 shows the half times, Ty, as a function of the initial
concentration of AB1-42 in the absence and in the presence of Hsp60. The delay of the fibrillogenesis
due to the presence of Hsp60 leads to a shift of the experimental points toward higher Ty values,
suggesting that the chaperonin affects the availability of the seeds and therefore the onset of the
secondary exponential nucleation. Moreover, the values for the scaling exponent, y = —0.65 + 0.06
and y = —0.78 £ 0.18 for AB142 alone and AP142 with Hsp60, respectively, overlap within the error
bar. This suggests that the inhibitory action of Hsp60 is the same at all the conditions studied, AB1-22
concentration ultimately governs the onset of the kinetics and the presence of Hsp60 does not change
the nature of the stochastic process leading to the formation of the seeds, but strongly delays its

appearance and effect.
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Figure 5: Amyloid aggregation kinetics monitored by ThT fluorescence for Ap.-42 solutions in the concentration range
25-10 um (black 25 pM, blue 20 uM, green 15 UM, red 10 uM) in the absence (solid line and gray region) and in the
presence (dotted line) of Hsp60 in a fixed chaperonin:peptide ratio of 0.016. Inset: half-times as a function of the
initial AP1-42 concentration in the absence (grey) and in presence of Hsp60 (pink). The exponents do not change
significantly being y=-0.65+0.06 and y=-0.78+0.18 for AB and for AB+Hsp60, respectively

SAXS and ThT experiments at high concentrations

Finally, to further characterize the Hsp60 effect on AP142 peptide fibrillation kinetics, in terms of

structural features, we performed SAXS measurements. Due to the high concentration of Afi-4.

required for these experiments (200uM) with respect to the concentrations analyzed so far, we

performed control ThT experiments at this concentration, in the presence or absence of 8 UM Hsp60

(Figure 6).
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Figure 6: Amyloid aggregation Kinetics monitored by ThT fluorescence for 200uM Api.s2 (black), and ABi-4, at the

same concentration incubated with 8uM Hsp60 (red)



In the absence of chaperonin, the ThT profile appears biphasic, without any detectable lag-phase.
This behavior could conceal a coexistence of events, a complicated multi-step nucleation processes,
or it could result from an uncontrolled initial situation, due to the high protein concentration in
solution. Although in presence of Hsp60 the ThT signal increases at the start of the kinetics, the
inhibitory effect of Hsp60 on AP1-42 aggregation is clear even under these conditions. The reduced
growth of the ThT signal suggests a decreased extension of fibrillogenesis. SAXS experiments are in
agreement with ThT results. The time evolution of the scattering intensity 1(Q) of 200uM A4
peptide incubated at 37 °C in the absence and in the presence of Hsp60 is shown in Figure 7. SAXS
signal corresponding to the peptide alone starts from a distribution of disordered species, as evidenced
by the lack of a bell-shape in the Kratky plot reported in Figure 8%. Due to the high peptide
concentration, the starting point of the kinetic process cannot be considered to be populated just by
monomers. Instead, mixture of monomers and oligomers is present in solution, that rapidly evolves
over time, as seen by the increase in the intensity at Q = 0, indicating aggregate growth. In contrast,
the ApB1-42 sSample with Hsp60, even though it starts as a heterogeneous mixture, is partly inhibited in
its evolution, since the differences between the features of the starting and the end curves are less

pronounced with respect to AP142 alone (Figure 7).
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Figure 7: SAXS spectra corresponding to 200uM Aps-42 aggregation at 37°C in the absence (a) and in the presence of
8uM Hsp60 (b). Colour legend corresponds to time evolution of SAXS signals

In the Kratky plot representations (1(Q) - Q%vsQ) %(Figure 8) it can be noticed that the initial states
of AP alone and together with Hsp60 suggest a different size distribution of the sample. The
differences between the SAXS data reported in Figure 8 could be ascribed to the effect of the Hsp60
presence in solution. Thus, this more compact form of the AP142 sample with the addition of Hsp60,
as suggested by a peak at 0.4 nm™, can be attributed to the influence of Hsp60 in solution that has

reduced the heterogeneity by sequestering some of the APi42 oligomer species. However, both the



samples -with and without Hsp60- evolve, as already described in the ThT fluorescence experiments.
After about 30 minutes, it can be observed that the SAXS curves corresponding to Ap142 with and
without Hsp60 seen in the Kratky plots (Figure 8b), almost overlap, in agreement with the ThT results.
On the other hand, the final products of aggregation from both samples are mostly compact, given
their well-shaped bell form. Nonetheless, the peak of the bell, linked to the average size of the final
aggregates, is slightly different, with a reduction of the size of the aggregates of about 30% in
presence of the chaperonin.

This result is in agreement with fluorescence measurements, for which the differences between the
samples arise only after about 90 minutes and are more evident at longer times. SAXS measurements
show that Hsp60 is able to modify the kinetics of aggregation at its early stage, since differences can
be already detected in the measurements performed at time O (Figure 8a). In addition, the chaperonin
effect is observable even at high AP142 concentration, for which we have since the beginning the co-
presence of oligomers and monomers in solution, suggesting a mechanism of preferential binding

with the low molecular weight species.
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Figure 8: Kratky plots obtained from SAXS curves acquired at the starting point (a) of the kinetics of Api-42 (black)
and APi.s2 + Hsp60 (red), after 30 minutes (b) and at 120 minutes (c). Kratky plot relative to the final point of the
kinetics is obtained by normalization at the scattering intensity at the lowest Q value.

Overall, SAXS analysis reveals that, under the high concentration condition, AB142 appears to be a
heterogeneous sample at the beginning of the time course. This heterogeneity triggers a more chaotic
fibrillation process. It is noteworthy that the chaperonin is able to reduce the occurrence of this chaotic
process, as evidenced by the reduced evolution in the scattered intensity (Figure 7). In addition, the
Kratky plot indicates that the presence of Hsp60 changes the size distribution at the beginning of the

kinetics (Figure 8). This is the consequence of the seeds being sequestered by Hsp60 limiting the



propagation of aggregation, reducing the heterogeneity and leading to a decrease in the aggregates
size of about 30%.

3. Conclusions

Mitochondrial Hsp60 was shown to inhibiting AB1-40 amyloid aggregation process and influence its
toxic effect on membranes’® ™. In this study, we evaluate the effects of Hsp60 chaperonin on the
amyloid fibrillogenesis process of the AB1-42 that is more prone to aggregate and frequent in amyloid
Alzheimer’s Disease plaques than AD. Moreover, these effects were compared with the action
exerted by GroEL, the Hsp60 bacterial homolog, that was recently shown to reduce the neurotoxic
effects of AB1-42 by binding its apical domain through hydrophobic interactions®”.

Our results show that Hsp60 is able to strongly inhibit also the ABi.s2 amyloid aggregation process
and suggest that, as previously shown for AP1.40, it occurs by a holding mechanism directed on Ap:-
42 seeds, thus delaying the amyloid cascade. Thanks to the kinetics dose-dependence analysis
developed for studying Api-s2 aggregation inhibition® % we also show that the holding action is
exerted at each of the nucleation phases, thus confirming the strong effectiveness of Hsp60 in
affecting APi-42 peptide aggregation. This result is interesting due to the high toxicity of these small
oligomers, which are believed to be the primary causative toxic species, and the role of these in
triggering pathological aggregation. Although not jet evaluated in a cellular context, our study
provides evidence of significant inhibition of Ai-42 fibrillation by chaperonin interference with the
pathological pathway of protein aggregation. This becomes even more true considering that, when
compared with the action of GroEL, proven to protect neuronal cells from A 1-42 toxic insult®’, Hsp60
is much more effective in reducing the lag phase and the growth rate than its bacterial homolog. The
different amount of hydrophobic surfaces available for the ANS interaction suggests that this could
be at the basis of the much greater efficiency shown by Hsp60. With the available data, it is hard to
determine whether the concentration of protein segments probed by ANS is to ascribe to the existence
of different exposed hydrophobic binding regions (the two proteins share only 55% of sequence*?) or
to the different oligomeric organization, being GroEL assembled as a double ring structure and
mitochondrial Hsp60 mainly existing in heptamer/tetradecamer equilibrium®. However, although we
do not directly compare chaperonins in the same quaternary structures, our study directly correlates
the inhibition power to the exposure of hydrophobic regions as determined by the oligomeric
equilibrium in physiological conditions. In fact, Hsp60 homo-oligomers of seven subunits of

~440,000 MW were found not only in vitro® 7, but also in humans’? and in other mammals (e.g.



Hsp60 from Chinese hamster ovary (CHO)), that share a high sequence similarity with the human
counterpart”®.

Also, these result further underline that the evolution from bacterial GroEL to the human homologue,
Hsp60, has led to an increased efficiency of this protective action by linking the structural and
dynamical differences, as already demonstrated® %, with a gain in functionality. In this respect,
future investigations on the effect of Hsp60 precursor, transiently present in cells, except for some
pathological cancer conditions, and bearing the leader peptide as the consequence of evolutionary
thrust*®, will offer new ideas and thoughts on this topic”.

Overall, our results significantly increase the understanding of the interactions involved in the ability
of Hsp60, and chaperones in general, to counteract pathological aggregation and, therefore, provide
a foundation for potential new therapeutic strategies against the neurodegenerative pathologies

sharing a commune mechanism of pathological protein aggregation®®: 28 33,37, 54,57, 74



4. Materials and Methods

Sample preparation

The synthetic peptide AB142 (Anaspec) was solubilized in 5 mM NaOH (Sigma-Aldrich), pH 10, and
Iyophilized according to Fezoui et al.”. The lyophilized peptide was then dissolved in 20 mM Tris
pH 7.7, 3% glycerol, 30 mM NaCl. Samples at high concentration (200 uM) were filtered using a
200 nm pore size syringe filter (Millex — LG). For samples at low concentration (< 50 pM) a
supplementary step was realized by 50 KDa cut-off centrifuge filtration (Amicon Ultra 4 Millipore).
This protocol was chosen after appropriate controls, as reported in the Supplementary Material (SM).
All samples were prepared in asepsis tipically using a cold room at 4 °C. AP concentration was
obtained by tyrosine absorption at 276 nm using an extinction coefficient of 1390 cm*M™,

The 60 kDa mitochondrial heat shock protein (Hsp60), lacking the mitochondrial import signal (MIS)
of the precursor or naive form, was purchased from ATGen in 20 mM Tris-HCI buffer (pH 8.0) and
10% glycerol containing 0.1 M NaCl and stord at — 80 °C before use. Prior to each experiment, the
protein was thawed at 4 °C in a cold room. In order to obtain the protein in 20 mM Tris-HCI buffer
(pH 7.7) 3% glycerol and 30 mM NaCl appropriate dilution and concentration cycles using
centrifugal filter device with a cut-off of 30 kDa (Millipore Amicon — Ultra 4) were used.
Lyophilized GroEL, obtained from SIGMA (St. Louis, MO, USA), was solubilized in 20 mM Tris-
HCI buffer (pH 7.7), 3% glycerol and 30 mM NacCl.

The functionality of both chaperonin stocks was evaluated by ATP activity measurements as reported
elsewhere3,

Human and bacterial chaperonins were filtered with 200 nm syringe filter (Millex LG ) before use.
The stability of the protein and the absence of exogenous growth were monitored over time by Static
Light Scattering measurements (data not shown). The concentration was determined by HPLC

measurements.

ThT spectrofluorometric measurements

ThT fluorescence emission was monitored using a 96-well Thermo Scientific Fluoroskan Ascent F2
Microplate with thermostatic control at 37 °C. A final concentration of 12 uM ThT was used for all
samples, and excitation and emission wavelengths of 450 and 485 nm, respectively. All

measurements were performed in triplicate.



ANS spectrofluorometric measurements

Titration measurements for 1-anilino-8-naphthalene sulfonate (ANS) fluorescence were performed
on a JASCO FP-6500 spectrofluorimeter at 20 °C. The ANS emission spectrum was measured with
Lex= 380 nm using a scan rate of 100 nm min; the excitation and emission slit width was 3 nm.
Titration experiments were performed by measuring fluorescence properties of the ANS incubated in
the range from 0 to 95 puM with 1 uM GroEL or Hsp60.

Atomic force microscope (AFM)

AFM measurements were performed by using a Nanowizard Il (JPK Instruments, Germany)
mounted on an Eclips Ti (Nikon, Japan) inverted optical microscope. Aliquots of protein solutions
were deposited onto freshly cleaved mica surfaces (Agar Scientific, Assing, Italy) and incubated for
up to 20 min before rinsing with deionized water and drying under a low-pressure nitrogen flow.
Imaging of the protein was carried out in intermittent contact mode in air by using a NCHR silicon
cantilever (Nanoworld, Switzerland) with a nominal spring constant ranging from 21 to 78 N/m, and

typical resonance frequency ranging from 250 to 390 kHz.

Small Angle X Scattering (SAXS)

SAXS data of Hsp60 with AP1.42 were collected at the Austrian beamline of Elettra Synchrotron in
Trieste, Italy’®. Measurements were carried out at 37°C in capillaries with 0.01 mm wall thickness
made from borosilicate (Hilgenberg, Maisfeld, Germany), enclosed within a thermostatic
compartment connected to an external circulation bath and a thermal probe for temperature control.
We measured each sample 20 times with an acquisition time of 20 s and a rest time of 40 s for each
step after a negative control for radiation damage. Two-dimensional patterns were recorded by an
image plate detector. The protein macroscopic differential scattering cross section, dX/dQ(Q), where
Q is the scattering vector defined as Q = 4 sin(20) /A, 26 is the scattering angle and A = 0.154nm
is the wavelength, was determined by subtracting the buffer signal, corrected for its fractional volume
in the solution, from the protein signal. We carefully checked each set of scattering patterns and
performed the average after a positive control over radiation damage.
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