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 Hsp60 protects against Amyloid  oligomer synaptic toxicity via modification of toxic oligomer conformation Claudia Marino†, ‡, Balaji Krishnan†, Francesco Cappello‡, Giulio Taglialatela†* † Mitchell Center for Neurodegenerative Diseases, Department of Neurology, University of Texas Medical Branch, Galveston, TX, 77555-1045 USA. ‡ Department of Biomedicine, Neuroscience and Advanced Diagnostics, University of Palermo, 90127 Palermo, Italy
 
 ABSTRACT: Alzheimer’s disease (AD) is the leading cause of dementia worldwide. While the etiology of AD remains uncertain, neurotoxic effects of amyloid beta oligomers (Ao) on synaptic function, a well-established early event in AD, is an attractive area for the development of novel strategies to modify or cease the disease’s progression. In this work, we tested the protective action of the mitochondrial chaperone Hsp60 against Ao neurotoxicity, by determining the direct effect of Hsp60 in changing Ao toxic conformations thus reducing their dysfunctional synaptic binding and consequent suppression of long-term potentiation. Our data suggest that Hsp60 has a direct impact on Ao resulting in a reduction of cytotoxicity and rescue of Ao-driven synaptic damage, thus proposing Hsp60 as an attractive therapeutic target candidate.
 
 KEYWORDS Amyloid- oligomers, synaptic toxicity, Hsp60, chaperonin, synaptic plasticity, Alzheimer’s disease
 
 INTRODUCTION Alzheimer’s disease (AD) is the leading cause of dementia worldwide, with no disease-modifying therapy currently available 1,2. The two hallmarks of AD are amyloid plaques and neurofibrillary tangles, which are primarily formed by misfolded amyloid beta (A) and tau peptides, respectively3. Among all triggering factors contributing to the onset of AD, the synaptotoxicity of A oligomers (Ao) is believed to be one of the earliest events leading to the clinical manifestation of the disease4–6. Although the accumulation of tau oligomers is ultimately responsible for the overt neuronal death marking the later stages of AD, there is strong evidence for early Ao-driven synaptic dysfunction, thus suggesting that targeting early Ao toxicity at the synapses could be a potential valid therapeutic strategy7,8. Compelling evidence during the past decade indicates that Ao is most neurotoxic under specific oligomeric conformations. For example, the dodecamer A*56 mostly correlates with memory impairment as observed in Tg2576 mice, a model of amyloid pathology for AD9. The finding that aged-matched controls were positive to some Ao, strongly suggests that not all oligomers are synaptotoxic10. Low levels of A might positively modulate synaptic plasticity and synaptic function11–14, lending further support to the notion of A being toxic only under specific conditions. Indeed, different Ao species differ not only for their molecular weight but also for their “structural polymorphism”, which contributes to the toxic nature of these oligomers15–17. Collectively this evidence suggests the possibility of therapeutic approaches that specifically target the neurotoxic conformations of Ao. One such approach could involve molecular chaperones. Chaperones are highly conserved proteins that protect cells from the damage caused by misfolded proteins as part of the
 
 protein quality control machinery18–21. Heat shock protein 60 (Hsp60, also called HSPD1) is a 60 kDa chaperone that in eukaryotic cells is mainly found in the mitochondrial matrix, where it helps to preserve the protein homeostasis by protecting mitochondria from the damage caused by misfolded proteins after various types of stress22–24. Few previous studies have explored the involvement of Hsp60 in AD pathogenesis in vivo, using both animal models25,26 and human subjects27, thus being still lacking the knowledge of Hsp60 in AD. Interestingly, mitochondria are known to be affected early in Alzheimer’s disease28,29 and while Hsp60 co-localizes with APP and A in mitochondria, the overexpression of Hsp60 has been shown in vitro to protect complex IV of the mitochondrial respiratory chain against A-induced damage upon overexpression30,31, suggesting a direct interaction between the two proteins in vitro. Indeed, we have previously shown that Hsp60 interacts with monomeric A in a cell-free model and irreversibly inhibits its aggregation32. While this last evidence suggests that Hsp60 can directly interact with monomeric A to perturb its aggregation pathway, whether Hsp60 can also interact with preformed Ao and negate their neurotoxicity via altering their structural polymorphism is not known. Here, we used in vitro, and ex vivo approaches to characterize the effect of Hsp60 on preformed Ao. Our results support a direct impact of Hsp60 on Ao toxic structure thus alleviating Ao-induced synaptic toxicity and impairment of long-term potentiation, which are two of the main alterations that characterize early AD pathogenesis. RESULTS AND DISCUSSIONS Hsp60 modifies the biophysical properties of pre-formed Ao. We wanted to test if Hsp60-Ao interaction caused a change of the biophysical properties of pre-formed Ao (Figure
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 1a). Therefore, we first used immunoprecipitation (IP) to test if the two proteins directly interact. Ao was prepared using a standardized protocol33,34 and subsequently incubated either alone or with Hsp60 (henceforth referred to as “Ao + Hsp60”) for 1 h at 37°C using a 25:1 Ao:Hsp60 molar ratio in agreement with our previous studies35. We coimmunoprecipitated both proteins (alone or in combination) with the anti-A 4G8 antibody, along with 4G8 antibody alone (CT) and Hsp60 as controls, as described in the method section. For all samples, we analyzed input, IP and unbound fractions, using the anti-A 6E10 antibody and the anti-Hsp60 antibody, as shown in figure 1b. When comparing Ao to Ao + Hsp60, the western blotting probed with anti-Hsp60 antibody detected a 60 kDa band, which corresponded to Hsp60 in the Ao + Hsp60 sample. Further, in both Ao and Ao + Hsp60 but not in Hsp60 sample, the western blotting probed with 6E10 antibody detected positive bands that were mainly ranging between 4 and 20 kDa in both input and IP fractions, which are characteristic for Ao species. We further observed a 64 kDa 6E10-positive band in the input fractions of Ao + Hsp60 sample that was not observed neither in Ao or Hsp60 samples,
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 achieve this goal, we used proteinase K (PK) assay to analyze the digestion pattern of Ao and Ao + Hsp60 according to published protocols36. As summarized in Figure 2a, we treated both Ao alone and Ao + Hsp60 with 0.05 µg/µL PK up to 2 h and analyzed the time course kinetic qualitatively via western blotting using the anti-A 6E10 antibody and the anti-Hsp60 antibody. Interestingly, when comparing 6E10 positive bands in the Ao sample to the Ao + Hsp60 sample, it was possible to detect different patterns, thus suggesting a different interaction with PK when Ao were pre-incubated with Hsp60. We further confirmed the effect of Hsp60 on Ao using bisANS assay, which allowed to detect changes of lipophilic protein cavities spectroscopically upon interaction with 4,4’dianilino-1,1’-binaphthyl-5,5’-disulfonic acid (bis-ANS)37. In detail, we incubated both Ao and Ao + Hsp60 with bis-ANS along with all controls (Hsp60, vehicle, bis-ANS alone) and detected changes in fluorescence up to 24 h. As summarized in Figure 2b, there was a statistically significant change in bisANS signal in the Ao + Hsp60 sample after 6, 8 and 24 h, suggesting that upon interaction with Hsp60, Ao change their lipophilic content, thus predicting a possible shift in Ao
 
 Figure 1. Hsp60 binding to pre-formed Ao and downstream effect on the biophysical properties of A. A. Representative anti-amyloid (6E10, top blot) and anti-Hsp60 (bottom blot) western blotting of Ao, either pre-treated or not with Hsp60, upon time course kinetic in presence of the proteinase K (PK) enzyme up to 2 h, along with Hsp60 alone (last four lanes). Antiamyloid 6E10 western blotting (top blot) showing a different pattern of PK-resistant bands when Ao are compared to Ao + Hsp60, suggesting an effect of Hsp60 on Ao conformation and aggregation pattern. Bottom blot showing a representative blot probed with anti-Hsp60 antibody, suggesting that Hsp60 becomes PK-resistant upon interaction with Ao, possibly due to a change in oligomeric conformation. B. Bis-ANS assay of Ao and Ao + Hsp60 showing that after 6 h of incubation, the fluorescence of bis-ANS is significantly different when incubated with Ao + Hsp60, as compared to Ao alone (**p=0.0048, q=7.792, DF=6.480). bis-ANS fluorescence between Aβo and Aβo + Hsp60 samples is significantly different also after 12 h (**p=0.0168, q=4.722, DF=18.81) and 24 h (**p=0.0052, q=5.604, DF=16.61), suggesting a stable change in conformation. Statistical analysis done using two-way ANOVA followed by Tukey’s multiple comparisons test. thus suggesting the formation of a stable complex between these two proteins. This finding was further confirmed by the
 
 conformation.
 
 Figure 2. Biochemical and biophysical analysis of the effect of Hsp60 on Ao. (A) Experimental design used to test conformation changes of Ao treated with Hsp60 compared to controls using immunoprecipitation (1), PK assay (2) and BisANS Assay (3). (B) Representative WB results of the immunoprecipitation of Ao alone or Ao + Hsp60 using the anti-A antibody 4G8 (4G8 IP, 1:250 dilution) using the anti-A (6E10, top blot) and anti-Hsp60 (bottom blot) antibodies to detect A and Hsp60 bands as indicated by the black arrows. Input, immunoprecipitation (IP) and unbound fractions are reported for each condition. The 60 kDa bands, detected by the anti-A (6E10) (top blot, first and second lane) and anti-Hsp60 antibodies (bottom blot, second band highlighted by the black arrow) in both input and IP fractions of Ao + Hsp60 sample, is suggestive of a direct binding between the two proteins. (C, D) Quantification of the bands detected either by anti-amyloid (6E10, C) or by anti-Hsp60 (D) antibody, showing the increased levels in the 60 kDa bands in Ao + Hsp60 sample, as compared to Ao alone or Hsp60. Data presented as the normalized intensities to the IgG heavy chain  SEM (n=3 blots). detection of the same 64 kDa band by the anti-Hsp60 antibody in the IP fraction of the Ao + Hsp60 sample. The quantification of the WB results of both anti-Hsp60-positive and anti-A (6E10) positive bands of the IP fractions further suggested the co-immunoprecipitation between the two proteins (Figure 1C, D). Therefore, immunoprecipitation data suggested a direct interaction between these two proteins. We further tested the effect of Hsp60 on Ao conformation upon their interaction, as we already shown that Hsp60 was capable of interfering with A aggregation pathway32. To
 
 Overall, these data indicate that Hsp60 directly binds to Ao and modulates the biophysical properties of Ao, as suggested by both PK and bis-ANS assays. Hsp60 reduces Ao cytotoxicity in vitro. We further investigated if Hsp60 targeted specifically toxic Ao conformations and whether this interaction resulted in a modulation of the downstream cytotoxicity, as increasing evidence showed that specific toxic conformations drive the both cytotoxicity and synaptic toxicity of Ao10,38. To
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 determine whether the effect of Hsp60 on Ao conformation resulted in a downstream effect on Ao-induced cytotoxicity, we tested in vitro the toxic effect of Ao + Hsp60 in neuroblastoma cells (SH-SY5Y) using the lactate dehydrogenase assay (LDH) assay and microscopy. We first established the optimal conditions to obtain quantifiable cytotoxicity in SH-SY5Y cells as shown in Supplementary Figure 1a. Subsequently, we incubated a stock sample of Ao with Hsp60 (1 h at 37 C using a 25:1 molar ratio32) and the quality of the oligomers (either treated or not with Hsp60) verified using western blotting (Supplementary Figure 1b). As depicted in the schematic shown in 3a, we treated SH-SY5Y cells with Ao, Ao + Hsp60, Hsp60 or control for 24 h and quantified cytotoxicity by LDH assay and confirmed our results by light microscopy. Treatment of SH-SY5Y cells with pre-formed Ao resulted in a significantly increased cytotoxicity as compared to control cells (Figure 3). Toxicity was also observed when cells were treated with Hsp60, possibly due to a side effect of increased extracellular levels of Hsp60. On the other hand, cells receiving Ao + Hsp60 showed reduced cytotoxicity as compared to cells treated with Ao alone (Figure 3b). These results were confirmed by light microscopy observation of cell morphology as shown in Figure 3c. Overall, these results suggest that in vitro treatment with Hsp60 effectively reduced the toxicity of preformed Ao. We also explored possible cellular mechanisms of Hsp60 on Ao release by overexpressing Hsp60 on 7PA2 cells, a model of in vitro production of naturally secreted Ao, due to the overexpression of APPswe39–42 (Supplementary Figure 2, 3). Our preliminary data suggests that overexepressing Hsp60
 
 interaction between Hsp60 and toxic Ao as previously shown with our cell-free observations. Hsp60 protects against Ao synaptic toxicity ex vivo. Some of the most relevant toxic effects of Ao at the synapses include synaptic degeneration43–45 and inhibition of synaptic plasticity, thus resulting in the impairment of long-term potentiation (LTP)6,39,41,46. Therefore, we further tested the effect of Hsp60 on Ao-induced impairment of synaptic plasticity using ex vivo field electrophysiology. Specifically, we determined changes in hippocampal LTP upon treatment of mouse hippocampal brain slices with Ao, Ao + Hsp60, Hsp60 or control vehicle. As expected, we observed that the percentage of the post-synaptic field potential (fEPSP) slope upon high-frequency stimulation (HFS= 3X 100 Hz, 20s) was significantly reduced in slices pretreated Ao compared to control (Figure 4a). We also tested the effect of Hsp60 on synaptic plasticity, and due to its oligomeric nature, we observed synaptic toxicity as compared to control slices. However, despite the adverse effect of Hsp60 on synaptic plasticity, we found that the Ao + Hsp60 treatment impaired significantly less the synaptic plasticity as compared to Ao alone. This result suggested that the interaction between Hsp60 and Ao leads to the formation of oligomers that impaired less the synaptic plasticity. The statistical analysis of the last 10 minutes of LTP averages (n=610 slices from 4-5 animals per condition), further confirmed this finding (Figure 4b). Representative electrophysiology traces of brain slices of all treatment conditions are represented in Figures 4c-f. Our results suggest that pre-treating Ao with Hsp60 significantly reduced the Ao-driven impairment of LTP in
 
 Figure 3. Pre-treatment of Ao with Hsp60 reduces cytotoxicity. (A) Experimental design of SH-SY5Y treatment showing that all samples (control, Ao, Ao+Hsp60) are incubated for 1 h at 37 ˚C, prior dilution at their final concentration in serumfree cell media. After 24 h, LDH assay and microscopy acquisitions were performed. (B) LDH assay results of SH-SY5Y cells treated with control, 5 µM Ao (Ao), 5 µM Ao pre-treated with 200 nM Hsp60 (Ao+Hsp60) or pre-treated with 200 nM Hsp60. Cytotoxicity % in cells treated with Ao was significantly higher than cells treated with Ao + Hsp60 or control vehicle, suggesting that pre-treatment with Hsp60 reduces the downstream cytotoxicity of pre-formed Ao (Control vs. Ao, ****p
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