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Synthetic chaperone based on Hsp90-Tau
interaction inhibits Tau aggregation and
rescues physiological Tau-Microtubule
interaction
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The accumulation of intracellular aggregates of Tau protein is one main hall-

mark of Alzheimer’s disease (AD) and is the consequence of Tau conforma-

tional changes, increased phosphorylation, and self-association to form

fibrillar aggregates. This pathological process prevents the physiological

interaction of Tau with microtubules to the detriment of the structural

integrity of neurons. In healthy cells, aberrant protein misfolding and aggre-

gation are counteracted by chaperone proteins whose protective capacity

decreases with age. The role of the chaperone Hsp90 and the mechanism by

which it can prevent Tau aggregation are controversial. In this work, the

strategy of mimicking Hsp90 through the design of the β-hairpin like pepti-

domimetic β-Hsp90, inspired by two Hsp90/Tau interaction sequences, is

presented. β-Hsp90 inhibits Tau aggregation both in vitro and in cells,

restoring Tau’s physiological interaction with microtubules. β-Hsp90, which

interacts with the P1 region of Tau, is more effective than individual peptide

sequences from the chaperone HSP90 and another β-hairpin mimic based on

Tau sequences.Moreover,β-Hsp90 reduces AD-associatedAβ1-42 aggregation,

offering the development of a dual inhibitor. This work paves the way for the

design of new drugs targeting devastating untreated amyloid diseases, by

mimicking physiological chaperones with small synthetic peptide drugs.

The accumulation of protein deposits in the brain is a common hall-

mark of many neurodegenerative pathologies, including Alzheimer’s

(AD), Parkinson’s (PD), andHuntington’s diseases (HD), amongothers1.

The misfolding and aggregation of these proteins (amyloid-β (Aβ) and

Tau inAD,α-synuclein in PD, andHuntingtin inHD)2–4 lead either to the

formation of toxic species or to the depletion of a functional protein

which plays an important physiological role in the homeostasis of

neuronal cells. The incidence of these pathologies, called amyloid

diseases, increases with the aging of the population and constitutes a

major threat to all health systems.AD is themostprevalent devastating

neurodegenerative disorder and the most prevalent form of

tauopathies5. Tau is a member of the microtubule-associated protein
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(MAP) family, and its physiological role is to promote the assembly and

dynamics of microtubules (MTs), which are essential for axonal

transport andmaintenance of structural integrity of neurons6–9. Under

pathological conditions, Tau monomers undergo conformational

changes and increased phosphorylation at selected sites, which are

associated with the development of abnormal soluble oligomers and

filamentous aggregates, which are unanimously considered to cause

degeneration of neuronal and glial cells5,8. AD is also characterized by

the formation of other amyloid aggregates composedmainly of Aβ1-42.

Many efforts have been made to develop a treatment for AD, mainly

with single-target drugs (Tau or Aβ1-42), but unfortunately, most of

them have failed10,11. Despite their controversial utility and high cost,

three antibodies targeting Aβ1-42, Aducanumab (FDA approval in June

2021), Lecanemab (approved in July 2023 by the FDA and inNovember

2024 by the EMA)12, and Donanemab (FDA approval in July 2024)13,

have recently arrived on themarket, ushering in the last three decades

of the amyloid hypothesis. However, to date, nodrug targetingTauhas

been approved for the therapeutic treatment of AD. Targeting cross-

protein-protein interactions (PPIs) involving Aβ or Tau proteins is a

recent and promising strategy to explore. PPIs are fundamental in

maintaining cellular functions, but many PPIs are aberrant in the

pathogenesis of numerous diseases, such as AD14. Deciphering the

protein partners ofAβ and tauproteins anddeterminingwhether these

PPIs are beneficial or harmful is still far from being understood and

exploited for therapeutic strategies15–19. PPIs involving chaperone

proteins are of major interest, and a hitherto unexplored strategy for

combating AD, as well as other amyloidoses, consists in drawing

inspiration from chaperone proteins to design effective inhibitors

against pathological aggregation processes. Indeed, in healthy cells,

aberrant protein misfolding and aggregation are counteracted by a

group of proteins called molecular chaperones, considered to be part

of the cellular quality control machinery20–22. Neurons rely on mole-

cular chaperones to cope with misfolded protein levels throughout

their lifespan. However, with age, the protective capacity of molecular

chaperones decreases and becomes less responsive to stress signals,

allowing misfolded protein species to accumulate and eventually

aggregate23,24. Until now, how molecular chaperones defend neurons

against the accumulation of misfolded proteins remains unclear25. Tau

and Aβ (as well as many other amyloid proteins) are hybrid proteins

that possess both structured domains and intrinsically disordered

protein (IDP) regions26. Chaperones interactingwith IDPs could exhibit

a holdasemechanism,which involves capturing free unfolded proteins

and maintaining them in soluble forms27. However, full-length phy-

siological chaperones cannot be effectively used as drugs, mainly due

to pharmacokinetic and cost issues. We considered the very little

explored strategy to increase the proteostasis capacity by mimicking

natural protein chaperones with small peptide drugs to combat

tauopathies. To our knowledge, the strategy of designing small pep-

tides derived from natural chaperone sequences has only been

reported to prevent Aβ aggregation, one using a 19-residue peptide

based on αA-crystallin28, and the other developed by some of us using

diaza-nonapeptides based on Transthyretin29. However, this strategy

has not been investigated for tauopathies and is the focus of this

promising new study presented here.

The heat shock protein 90 kDa (Hsp90) chaperone particularly

attracted our attention because the role of Hsp90 in neurodegenera-

tion is rather controversial. In particular, the exact activities and

molecular mechanism of the Hsp90-Tau complex remain enigmatic.

Regarding the activity of Hsp90, its interaction with Tau appears to

either promote or protect Tau against degradation and aggregation,

depending in particular on the associated co-chaperone30–34. However,

there is limited evidence that a direct interaction of HSP90 with tau

affects its aggregation. Hsp90 alone has been shown to inhibit the

formation of tau fibrils but promote the formation of small tau

oligomers35,36. In complex with the cis–trans peptidyl-prolyl isomerase

FKBP51, Hsp90 also acts to promote Tau oligomers formation37.

Interestingly, the dihydropyridine derivative LA1011 was reported as

interacting with HSP90 to disrupt the binding of FKBP51 (the increase

of FKBP51 seems to be a major player in hyperphosphorylated Tau

aggregation), explaining its activity to reduce tau pathology and

amyloid plaque formation in transgenic ADmice38,39. On another hand,

theHsp70/Hsp90machinerycounteracts the aggregationof thehighly

affine phosphorylated Tau40. Regarding the binding sites of Tau to

Hsp90, they are reported as highly polymorphic. A direct interaction

of Hsp90 with Tau repeat domain (Tau-RD) has been mainly reported,

while this region is also involved in the binding of Tau to MTs (Tau-RD

is also calledmicrotubule-binding region,MTBR, Fig. 1A) and in its self-

aggregation41,42. However, in the ternary Hsp90/FKBP51/Tau complex,

an interaction of the proline-rich region P1 of Tau with the Hsp90 N-

domain was observed37. Phosphorylated Tau has been also reported to

interact with the Hsp70/Hsp90 complex at its proline-rich region P2

and its MTBR flanking pseudo-repeat R’40. These observations suggest

that Hsp90 can act by interacting through the MT-binding domain to

favor aggregates that might be less toxic than oligomers and fibrils,

and that this Hsp90/Tau complex might prevent deleterious interac-

tions of Tau aggregates with cytoplasmic proteins. In multi-complex

systems, Hsp90 rather interacts with the proline-rich region P1/P2 and

R’ flanking Tau-RD to prevent or increase Tau oligomerization. The

question of whether the Hsp90-Tau interaction allows to preserve the

physiological interaction between TauMTBR andMT has not yet been

addressed.

Interestingly, for AD, although the Hsp90/Aβ complex has not

been studied much, Hsp90 has also been described to be able to

inhibit Aβ aggregation43,44.

In this work, in light of these considerations, the strategy of

mimicking Hsp90 by small peptidomimetics inspired by Hsp90-tau

interaction sequences is presented to further explore the effects of

HSP90-tau interaction on tau aggregation and tau-MT interaction. The

interest in using peptide derivatives rather than using small non-

peptide compounds to target specifically PPIs in order to either inhibit

or mimic these PPIs is very well established. Their ability to mimic and

modulate the large and relatively flexible surface areas of the hot-

spots, i.e., peptide sequences located at PPIs, makes them more

attractive than conventional small molecules14,45,46. Furthermore, they

offer several advantages such as greater affinity, selectivity, and safety,

owing to their intermediate size between small molecule drugs and

protein therapeutics47. However, the major drawbacks of small pep-

tides are their proteolytic instability and their low ability to adopt

stable conformations, while PPI hot-spots generally involve well-

defined secondary structures47,48. The introduction of non-natural

amino acids into peptide derivatives, inspired by the sequences and

structural features of PPIs, makes it possible to induce bioactive con-

formations and increase their stability towards proteolysis48,49. These

new small peptidomimetics inspired by Hsp90-Tau interaction

sequences have been employed here both as exploratory tools to

provide some useful insights into the mechanism and physiological

role of Hsp90 on Tau, and to achieve efficient inhibitors of Tau

aggregation able to restore physiological Tau-MT interaction. A flex-

ible β-hairpinmimic, β-Hsp90, built on a piperidine-pyrrolidine β-turn

inducer and bearing defined sequences from Hsp90, demonstrated to

be a strong inhibitor of both wild-type Tau (Wt-Tau) and pro-

aggregative ΔK280 Tau mutant fibrillization, as assessed by

Thioflavin-T (ThT) fluorescence spectroscopy. This design was com-

pared to the canonical self-recognition elements (SREs) approach

based on specific Tau sequences (compound β-Tau). Transmission

electron microscopy (TEM) images gave information about the mor-

phology of Tau species in the presence of these new Tau aggregation

inhibitors. Then, through live cell imaging, FDAP (fluorescence decay

after photoactivation), the anti-aggregative property of compound β-

Hsp90 was confirmed in a cellular context, also highlighting its ability

Article https://doi.org/10.1038/s41467-025-63824-1

Nature Communications |         (2025) 16:8756 2



to restore Tau-MT interaction to physiological levels. The unprece-

dented involvement of the P1 region of Tau in the interaction with this

efficient compound was proven thanks to 15N-HSQC titrations of
15N-Tau. Furthermore, the ability of β-Hsp90 to act as a dual inhibitor

of Tau andAβ1-42 aggregationwas shownby ThT andTEMexperiments

conducted on Aβ1-42. These results open new prospects for future

research in the field of Alzheimer’s therapy, considering that combi-

nation therapies and dual targeting molecules, such as dual inhibitors

of Tau and Aβ aggregation, have already been suggested as promising

therapeutic strategies, with respect to single-target approaches10.

Results
Designing β-hairpin mimics to interact with Tau and inhibit its
aggregation
The effectiveness of rationally designed acyclic β-hairpinmimics, built

on a piperidine-pyrrolidine β-turn inducer and bearing two small

peptides based on SRE sequences involved in the misfolding of Aβ1-42
or hIAPP, in selectively inhibiting either Aβ1-42 or hIAPP aggregation

processes, has already been shown by some of us50–52. For Tau, the

aggregative SRE sequences are essentially localized in the 306-378

region located in the MTBR53, while in physiological conditions, this

sequence actively participates in the binding of TauwithMTs. Thus, in

a first approach, a selective peptidomimetic targeting Tau was

designed taking inspiration from the secondary structure and self-

interactions that Tau engages when it is bound to MTs6, with the

objective to stabilize this conformation and delay the misfolding

towards pro-aggregative conformations. However, we were aware of

the risk that mimicking this interaction zone could compete and

compromise the physiological interaction of Tau with MTs. By

exploring the conformation that Tau adopts when binding to MTs

using NMR analysis, Kadavath et al. noticed that the two hexapeptide

sequences, PHF6* (275VQIINK280 at the beginning of R2) and PHF6

(306VQIVYK311 at the beginning of R3. Figure 1A), form a hairpin-like

structure allowing the stabilization of the Tau-MT interaction (Fig. 1B)6.

Noteworthy, these sequences are also known to be the “hot spots” of

Tau self-association, spontaneously aggregating in solution into β-

sheet structures and triggering both the oligomerization and the fibril

growth54,55. Therefore, considering that the hairpin conformation is

stabilized during the interaction with MTs and that these two

sequences are possibly hidden into the globular formof the full-length

protein, thereby reducing their solvent exposure and their aggregation

propensity, the two PHF6 and PHF6* sequences have been inserted

into the piperidine-pyrrolidine synthetic β-turn inducer to mimic this

kind of β-hairpin. Our hypothesis is that this pre-organized con-

formation might increase the interaction with Tau and behave as a

conformational pillar able to induce the full-length Tau (TauFL) protein

to adopt and maintain its physiological shape for its interaction with

MTs (compound named β-Tau, Strategy A, Fig. 1C).

Secondly, given the intriguing role of the chaperone machinery,

notably Hsp90, in regulating Tau misfolding and aggregation, our sec-

ond design approach focused onmimicking theHsp90-Tau interaction.

This novel synthetic chaperone was hypothesized to reduce Tau fibril-

lization, and it might help to clarify whether the reported promotion of

oligomerization exerted by Hsp90 on Tau is detrimental or beneficial

for its interaction withMTs in a cellular context. Thus, the sequences of

Hsp90 suspected to be the recognition elements for its interactionwith

Tau were identified and inserted in a β-hairpin template to mimic the

core element of the interaction. The choice of these sequences referred

to a comprehensive study employing Small-Angle X-ray Scattering

(SAXS) and Nuclear Magnetic Resonance (NMR) spectroscopy to elu-

cidate structural details of the Tau-Hsp90 complex (Fig. 1D)41. It is,

however, essential to emphasize that, although this study disclosed the

Fig. 1 | Design of the β-hairpin mimics. A Structure of Tau: schematic repre-

sentation of Tau longest CNS isoform; B Schematic representation of Tau folded

structure when interacting with MT6; C Chemical representation of Tau-MTs β-

hairpin mimic compound (β-Tau); D Crystal structure of the Hsp90 N-terminal

domain in complex with EC44 (PDB= 3NMQ) and schematic representation of the

spatial distributions of β-strands placed at the crystal structure of the Hsp90 N-

terminus (M=middle domain, N =N-terminal domain); E Primary structure of the

Hsp90 N-terminal region highlighting key interaction sites according to Karagöz

et al.41 β-strands in blue, helical structures in gray, strong hydrophobic interactions

in red, and significantmono-amino acid interactions in green. FChemical depiction

of the designed peptides (H1, S4, S6, S7, S4short, S7short) and β-hairpin mimics β-

Hsp90 inspired by the Tau-NHsp90 interaction. Figure 1Dwas adapted from Fig. 4A

of Karagoz et al. Hsp90-Tau Complex Reveals Molecular Basis for Specificity in

Chaperone Action, 201441.
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most prominent interacting regions (MTBR for Tau and N-terminal and

central domains of Hsp90), the exact interacting residues involved in

both proteins remain elusive, limiting the design of Hsp90-based inhi-

bitors. To bridge this gap, the aforementioned study41 has been com-

bined to a mapping of the crystallographic structure of the N-terminal

domain of Hsp90 (NHsp90; PDB= 3NMQ), highlighting key interacting

regions (helices, β-sheets) and single amino acids hot spots (negative

charges, hydrophobic sites and single interactions) within the Hsp90-

Tau complex (Fig. 1E, Strategy B, Right side). This comprehensive

analysis facilitated localizing the most relevant interacting regions and

possible binding sites of NHsp90 with Tau (Fig. 1D, E), leading to the

identification of four sequences suspected to play a pivotal role in the

interaction (NHelix 1 as compound H1, NStrand 4 as compound S4,
NStrand 6 as compound S6 and NStrand 7 as compound S7, Fig. 1E).

Notably, twoof the selected sequences,S4 andS7, exhibited thehighest

density of interacting sites andwere spatially close, facing each other in

an antiparallel orientation, albeit not directly connected. Consequently,

the core section of these sequences (each consisting of 6 amino acids:
151TIVVVK146 and 183TKVILH188) was kept and incorporated into the

piperidine-pyrrolidine β-turn inducer (compound β-Hsp90, Fig. 1F).

Additionally, to further assess and underline the importance of the β-

hairpin like structure of β-Hsp90 for an optimal interaction with the

target protein, the shorter S4 and S7 hexapeptides, inserted into the β-

hairpin mimic β-Hsp90, were also synthesized (compounds S4short and

S7short, Fig. 1F).

Synthesis and conformational analysis
Thepreparationof theβ-hairpinmimicsβ-Tau andβ-Hsp90 andof the

peptidesH1, S4, S6, S7, S4short, S7short was performed with satisfactory

yields using classical Fmoc-based solid-phase peptide synthesis (SPPS)

on the Rink amide resin (more detailed information and character-

ization of the compounds in supporting information). The preparation

of the piperidine-pyrrolidine β-turn scaffold was done accordingly to

our previous publications50–52.

Conformational analysis of compounds β-Tau and β-Hsp90 was

performed using Circular Dichroism spectroscopy (CD) in 20mM

phosphate buffer (pH 7.4) at 20 °C and 37 °C, showing for both com-

pounds in aqueous medium a dynamic equilibrium between β-sheet

conformation (negative Cotton effect at 218 nm) and random coil

(negative band at 195 nm) structure as demonstrated by

deconvolution56 (~30% β-sheet/60% random coil, see SI, Supplemen-

tary Fig. 12 and Fig. 13, and Supplementary Table 6). However, in

MeOH, both compounds at 125 µM showed the typical bands of a β-

sheet structure with β-Tau having a more pronounced tendency to

aggregate and precipitate thanβ-Hsp90 (see the decrease of CD signal

intensity for β-Tau in SI, Supplementary Fig. 14 and Supplementary

Table 6 for deconvolution). These results are consistent with our

previous studies using NMR, CD andmolecular dynamics (MD) on this

class of compounds based on the same piperidine-pyrrolidine β-turn

inducer, that showed a distinct degree of flexibility according to the

peptide sequences50–52. CD analysis of compoundH1 (NHelix 1) was also

performed to evaluate its ability to maintain its helical structure out-

side the protein context. However, due to its limited solubility in

aqueous medium, the CD analysis was only conducted in MeOH at

37 °C. Remarkably, H1 exhibited a typical helical structure character-

ized by two consecutive negative minima at 218 and 209 nm and a

positivemaximum at 195 nm (SI supplementary Fig. 15). CD spectra for

compounds S4, S6, S7, S4short and S7short were not registered, as their

short peptide length was not expected to stabilize any significant

secondary structure.

Mechanistic investigations by in vitro and cellular aggregation
assays and by Tau-compounds interaction
Thioflavin-T (ThT) fluorescence spectroscopy is the standard technics

used to study the aggregation kinetics of amyloidogenic proteins due

to the ability of ThT to fluoresce upon binding to β-sheet rich

structures57,58. The aggregation curve of an amyloid protein alone

classically displays a sigmoidal pattern, characterized by 3 different

portions: i) an initial lag phase also called primary nucleation phase,

characterized by the absence of a fluorescent signal due to the lack of

β-sheet rich structures of the initial nuclei and small “on-pathway”

oligomers; ii) a growth phase, also called elongation phase corre-

sponding to the fast increment of the fluorescent signal caused by the

formation of bigger β-sheet rich species (secondary nucleation); iii) a

final plateau reached when the maximal level of mature fibrils is

reached59. The ability of the compounds to modulate the Ac-PHF6*

hexapeptide model, Wt-Tau and Tau-ΔK280 mutant, as well as

Aβ1-42and hIAPP (to evaluate the specificity of the compounds)

aggregation was assessed by ThT fluorescence spectroscopy, con-

sidering the time of the half-aggregation (t1/2), giving insight into the

overall kinetics of aggregation and the intensity of the experimental

fluorescence plateau (F), assumed to be influenced by the β-sheet

content, morphology and quantity of aggregates formed. TEM was

used to confirm promising ThT results on Tau and Aβ1-42 and to give

information on the morphology of Tau. The most promising peptide

compounds were evaluated for their stability towards proteolysis,

their ability to restaure Tau-MT interaction in cells, and to provide

molecular information of their interaction with Tau by NMR.

β-Hairpin mimetics and NStrand 7 of Hsp90 inhibit the aggregation

of Ac-PHF6* hexapeptide model. Among the many short peptide

models reported to mimic Tau aggregation without using TauFL60–62,

the Ac-PHF6* hexapeptide model is one of the latest proposed; it is

cheap and easy to synthesize and to handle, robust and able to

aggregate rapidly63. Furthermore, the VQIINK segment (PHF6*) has

been described as the more powerful driver of tau aggregation by

Seidler et al.64Thus, thismodel was used to screen the activity of all the

prepared compounds (β-Tau, β-Hsp90, H1, S4, S6, S7, S4short and

S7short) at 5/1, 1/1 and 0.1/1 compound/Ac-PHF6* ratios. Due to the high

aggregative propensities of Ac-PHF6*, the lag phase period was not

observed, thus t1/2 could not be calculated (Supplementary Fig. 1), and

only the relative maximum of fluorescence F with respect to the con-

trol curve was considered (Fig. 2A, Supplementary Fig. 1 and Table 1).

CompoundH1 (NHelix 1) alone showed strong ThT fluorescence at

125 µM suggesting a self-aggregating behavior, which can be due to its

hydrophobic character and its low solubility in aqueous medium

(Supplementary Fig. 1). At 5/1 and 1/1 ratios (H1/Ac-PHF6*), the increase

of F (+143% and+33% respectively) suggested a co-aggregationprocess

ofH1with Ac-PHF6* or rather simply the addition of the two individual

F values. On the contrary, the two β-hairpin mimics β-Tau and β-

Hsp90, along with the Hsp90-derived peptides S4, S6, S7, S4short and

S7short, displayed excellent activities at a 5/1 ratio, almost completely

suppressing the fluorescence. At stoichiometric ratio, only the hairpin

mimicsβ-Tau,β-Hsp90 and peptide S7maintained excellent activities

(respectively, F = −81%; −75%; −97%)whileS4, S6 and S7short displayed a

pro-aggregative effect with an overall increment in the detected

fluorescent level up to +155%. Remarkably, at a sub-stoichiometric ratio

(0.1/1), only the β-hairpin mimics β-Tau and β-Hsp90 exhibited

activity, with β-Tau in particular giving comparable results to those

observed at higher ratios (F = −87%). Interestingly, the simultaneous

presence of both S4short and S7short at 2.5 + 2.5/1 ratio let to maintain a

strong activity which is reduced at 0.5 + 0.5 /1 ratio while no major

effectwasobserved in0.05 +0.05/1 ratio (SupplementaryFig. 1). These

preliminary results on Ac-PHF6* hexapeptide model underly the rele-

vanceof the hairpin secondary structure and of the two rational design

strategies based on Tau or Hsp90 sequences.

β-Hairpin mimetics inhibit the fibril formation of the full-lengthWt-

Tau in vitro. The addition of anionic co-factors like heparin is man-

datory to induce the aggregation of TauFL. However, heparin-induced
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Fig. 2 | ActivitiesonAc-PHF6* andonWt-Taufibrillization.AThT-fluorescence at

240min of compoundsβ-Tau,β-Hsp90,H1, S4, S6, S7, S4short and S7short related to

the maximum fluorescence obtained for the ThT-fluorescence control curve of Ac-

PHF6* at 5/1 (green bars), 1/1 (yellow bars) and 0.1/1 (blue bars) compound/Ac-

PHF6* ratios. Parameters are expressed as mean ± SE, n = 3 (technical replicates).

Compounds were dissolved in water. The concentration of Ac-PHF6* was 25 µM.

The fluorescence for Ac-PHF6* control was set at 100% for the maximal fluores-

cence and the relative fluorescencewas calculated related to this value.B,C Effects

of compounds β-Tau, β-Hsp90, S4, S7, S4short, S7short, MB and β-hIAPP on Wt-

Tau:Hep fibrillization assessed by ThT-fluorescence spectroscopy at 5/1 (green

bars) and 1/1 (yellow bars) ratios of compound/Wt-Tau. Parameters are expressed

asmean ± SE, n = 2 or 3 (technical replicates). Compounds were dissolved in water.

The concentration of Wt-Tau was 10 µM. B The relative t1/2 (%) was calculated

related to the t1/2 of Wt-Tau control (see “Methods” for the detailed calculations).

NA =No Aggregation over 30 h and (C) The relative F (%) was calculated at 30h

related to the fluorescence plateau of Wt-Tau control. D Transmission electron

micrographs of Wt-Tau with inserted width distribution of the observed ordered

structures. Fibrils of Wt-Tau: Hep (control); short nanotube structures of Wt-Tau:

Hep in the presence of β-Hsp90 (1/1 and 1/5 ratios, respectively); amorphous

aggregates ofWt-Tau in the presence of β-Tau (1/1 and 1/5 ratios, respectively) and

S7 (1/1 and 1/5 ratios, respectively).
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TauFL aggregates are different from those observed in diseases65,66.

Thus, Tau aggregation assay was performed in 25mM phosphate

buffer at pH 6.6, as reported by Huvent et al.67 but with a decreased

Tau/heparin ratio (160/1), to induce the Tau assembly in an almost co-

factor-free environment68. The ThT-fluorescence curves were nicely

reproducible and characterized by a sigmoidal shape with a lag phase

of around 5 h followed by an elongation phase and a final plateau

reached after 12 h. The two parameters t1/2 and Fwere used to evaluate

the activity of compounds β-Tau, β-Hsp90, S4, S6, S7, S4short and

S7short, which were compared to the activity of Methylene Blue (MB,

methylthioninium chloride, considered as a reference Tau inhibitor,

analog of the reduced form hydromethylthionine mesylate, LMTM or

TRx0237, which has been in phase 3 clinical trials conducted by TauRx

Therapeutics Ltd for mild to moderate AD (Fig. 2B, C, Supplementary

Fig. 2 and Supplementary Table 2).

Only β-hairpin mimics β-Tau, β-Hsp90, peptide S7, and MB

showed a complete inhibition of the aggregation of Wt-Tau at a 5/1

ratio. In contrast with MB, β-hairpin mimics β-Tau and β-Hsp90 and

peptide S7were still very active at 1/1 ratio to delay the aggregation (t1/

2 = +55% forMB; +266% for β-Tau; + 249% for β-Hsp90 andN.A. for S7)

and reduceF (F = −86%;−29%;−84%; −94% respectively), withβ-Hsp90

and peptide S7 being the most active compounds on both parameters

(Figs. 2B, C, Supplementary Fig. 2 and Table 2). At the very low ratio

0.1/1, β-Tau, β-Hsp90, peptide S7 and MB showed no significant

inhibitory effect (consistently with literature data69, MB did not delay

the kinetics but decreased F by 50%). The rationale of the choice of the

peptide sequenceswas also challenged by the evaluation of a similarβ-

hairpin mimic (β-hIAPP), recently reported by some of us52, based on

human islet amyloid polypeptide (hIAPP, also known as amylin)

sequences (A13N14F15L16V17 and N22F23G24A25I26L27) and whose aggre-

gation is involved in type 2 Diabetes (T2D). As expected, β-hIAPP was

much less activewith no activity on F at any ratio, only a small ability to

delay the aggregation kinetics at 5/1 ratio andeven slightly speedingup

the aggregation process at 1/1 and 0.1/1 ratios (Figs. 2B, C, Supple-

mentary Fig. 2 and Supplementary Table 2).

The superior inhibitory effect of β-Hsp90 among our lead com-

pounds was next confirmed by transmission electron microscopy

(TEM) experiments of Wt-Tau at the end of the aggregation process

(96 h). At the low ratio of heparin used for the ThT assays (Tau/heparin

ratio 160/1), control Wt-Tau formed long amyloid fibrils with an aver-

age diameter of 12.6 ± 0.1 nm with various morphologies as previously

reported (Fig. 2D)65.

In the presence of our lead compounds β-Tau, β-Hsp90, and S7

at Tau: compound ratios of 5:1 and 1:1, the characteristic Wt-Tau fibril

formation was widely perturbed (Fig. 2D). Notably, in the presence of

β-Hsp90, short rod-like nanostructures, that were undetectable by

ThT assay, were observed. At Wt-Tau:Hep:β-Hsp90 ratio of 1:0.1:1,

these rod-like nanostructures exhibited an average width of

18.5 ±0.1 nm, with some structures partially open, revealing their

internal morphology. Increasing the β-Hsp90 concentration fivefold

resulted in sparsely populated grids, where only planar rod-like

structures with an average width of 15.7 ±0.2 nm were detected.

These observations suggest that β-Hsp90 stabilizes intermediate

structures, thereby inhibiting the formation of mature amyloid

fibrils.

In contrast, in the presence of β-Tau and S7 at all tested con-

centrations, aggregates were observed. Given their positive ThT sig-

nals, these aggregates likely contain significant β-sheet content.

We further investigated the effect of the chaperone-mimicking

hairpin compound β-Hsp90 at a higher heparin ratio (Tau/Hep 4/1).

Under these conditions, Wt-Tau fibrils are formed more rapidly com-

pared to the lower heparin ratio (Tau/Hep 160/1). Interestingly, in the

presence of β-Hsp90, fibril formation was completely inhibited, and

only amorphous structures—negative in the ThT assay—were observed

(Supplementary Fig. 3).

Together, these results demonstrate that all tested compounds

effectively inhibit Wt-Tau: Hep amyloid fibril formation.

Stability toward proteolysis
Before the cell evaluation of the most active compounds β-Tau, β-

Hsp90 and S7, their stability towards proteolysis was assessed. The

aim was to observe whether the incorporation of the unnatural

piperidine-pyrrolidine β-turn inducer could limit enzymatic degrada-

tion by comparing the stability ofβ-Hsp90with S4short, S7short. Stability

studies are a fundamental phase of drug development, especially with

peptide-based compounds, which are easily degraded by proteolytic

enzymes ubiquitously found inside and outside cells. In the Pronase

medium, which has a broad specificity (mixture of neutral protease,

chymotrypsin, trypsin, carboxypeptidase, and aminopeptidase), nat-

ural peptide S7 and S7short were highly vulnerable to proteolysis, with

S7 completely degraded and only 46% of S7short remaining after 30min

(Supplementary Table 3). Conversely, the shorter peptides S4short and

β-Tau displayed more pronounced stability with 71% and 30% of

peptides intact after 2 h, respectively. Remarkably, β-Hsp90 emerged

as the most stable candidate, showing a remarkable resistance to

proteolytic degradation with complete stability up to 1 h and 79% of

the compound intact after 2 h (detailed cleavages are represented in

Supplementary Fig. 4). Overall, the incorporation of the non-natural β-

turn inducer notably enhanced the stability ofβ-Hsp90 and limited the

degradation of β-Tau. Thus, in vitro aggregation and stability studies

allowed us to identify the two hairpin structures, β-Tau and β-Hsp90,

as the most promising candidates for further development, while

peptide S7, exhibiting extreme instability towards proteolytic degra-

dation, was discarded for cell evaluation.

β-hairpin mimetics also inhibit aggregation of the pro-aggregative

Tau-ΔK280 mutant in vitro. As the assessment of the compounds to

inhibit Tau aggregation and to restore physiological Tau-MT interac-

tion in cells implies model neurons expressing Tau-ΔK280 (single

amino acid deletion mutant, which has been reported in two cases of

tauopathies70–72), an in vitro ThT assay on Tau-ΔK280 was carried out

for β-Tau and β-Hsp90.

The ThT-fluorescence assays revealed that β-Hsp90 was notably

more efficient than β-Tau (this superiority being much more pro-

nounced than towards Wt-Tau, Fig. 3A). The activity of β-Hsp90 was

similar to that of MB. In the presence of β-Hsp90, a complete inhibi-

tion of the aggregation of Tau-ΔK280 at both 5/1 and 1/1 ratios was

observed (as in the presence of MB). An interesting activity in

decreasing F at the very low 0.1/1 ratio was preserved (F = −66% and

−61% for β-Hsp90 and MB respectively), with a slight aggregation of

the aggregation kinetics observed, and more pronounced in the pre-

sence ofMB (t1/2 = −44% forMBand −16% forβ-Hsp90) (see Figs. 3A–C,

Supplementary Table 4 and Supplementary Fig. 5). β-Tau suppressed

the aggregation at 5/1 ratio, kept an interesting but lower activity at 1/1

ratio (t1/2 = +179%, F = -75%), and did not show any activity at 0.1/1 ratio

(Figs. 3A, B, Supplementary Table 4 and Supplementary Fig. 5).

Quantitative live cell imaging shows thatβ-hairpin based onHsp90

restores the physiological microtubule interaction of aggregation-

prone Tau inmodel neurons. β-Hairpinmimetics β-Tau and β-Hsp90

were then evaluated for their ability to inhibit Tau aggregation and to

restore physiological Tau-MT interaction in axon-like processes of

model neurons expressingWt-Tau and aggregation-prone Taumutant

(Tau-ΔK280) (Fig. 4A). Assessment of neuronal cell toxicity using MTT

and LDH assays73,74 on the model neurons revealed no cell membrane

damage or metabolic impairment at concentrations up to 100μM for

β-Tau and β-Hsp90 (Supplementary Fig. 6)

The quantitative live-cell imaging approach is based on the pho-

toactivation of a defined population of Tau molecules, followed by

fluorescence decay after photoactivation (FDAP) measurements to
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determine the dynamics of the interaction of TauwithMTs in axon-like

processes (Fig. 4A)75,76. After focal photoactivation, Tau-ΔK280 showed

dissipation from the region of photoactivation, whichwas significantly

reduced in the presence of β-Hsp90 (Fig. 4B, left). Accordingly, cal-

culating the effective diffusion constant (Deff) from the FDAP curves

using a one-dimensional diffusionmodel resulted in lower values forβ-

Hsp90-treated cells, which became significant at 25 µM treatment

(Fig. 4B, middle). This corresponds to an approximately 5% increased

binding of Tau-ΔK280 to the microtubules. The application of a pre-

viously developed, refined reaction-diffusion model made it possible

to estimate the binding constants (k*on and koff rates) of the Tau-MT

interaction75,76. Although we did not observe a statistically significant

change in k*
on and koff rates, there was a trend toward increased kon.

Estimation of the dose-response relationship of β-Hsp90 on Deff using

a one-site nonlinear equation adjusted for competitive binding yielded

an IC50 value of 24μM.

To confirm that β-Hsp90 acts by reducing the aggregation of

pathological Tau anddoes not directly affect the physiological Tau-MT

interaction, we also performed similar FDAP assays with Wt-Tau

expressing cells. As expected, Wt-Tau showed increased interaction

with axonal microtubules compared to Tau-ΔK280 due to the lack of

oligomerization under the cellular conditions. Interestingly, in the

presence of Wt-Tau, β-Hsp90 did not induce any change in any of the

parameters, indicating that β-Hsp90 does not affect the physiological

interaction of Tau with MTs (Fig. 4C). Remarkably, the fraction of

microtubule-boundWt-Tau in the control sample (no compound) was

very similar to the fraction of the aggregation-prone Tau-ΔK280 in the

presenceof 25 µMofβ-Hsp90. This observation demonstrates that the

β-hairpin mimetic based on the chaperone Hsp90 effectively inhibits

Tau-ΔK280 aggregation in cells and thus fully restores the Tau-MT

interaction back to physiological levels. This also suggests that the

interaction of β-Hsp90 with Tau does not prevent the binding of

Tau to MTs.

Conversely,β-Tau exhibited a smaller impact onmost parameters

(in particular, Deff and MT bound Tau), suggesting that β-Tau has a

much lower activity to reduce Tau aggregation thanβ-Hsp90 inmodel

neurons (Fig. 4D). Remarkably, treatment with β-Tau still resulted in a

significantly increased k*on, indicating that the presence of β-Tau still

increases the availability of aggregation-prone Tau-ΔK280 to axonal

MTs. Interestingly, β-Tau also increased the koff rate of the Tau-MT

interaction, indicating that it increases the dynamics of the Tau-MT

interaction. This may indicate that, by mimicking Tau hot spots (see

above the design), β-Tau competes with Tau to interact with MTs.

Titration of 15N-Tau with β-hairpin mimics β-Tau and β-Hsp90
In order to obtain molecular information about the interaction

between Tau and our β-hairpin mimics, 2D 1H-15N HSQC titrations of
15N- Wt-Tau (20μM) were conducted in the presence of β-Hsp90 or β-

Tau at different concentrations (20μM, 40μM, and 100μM). Con-

versely to β-Tau, in the presence of β-Hsp90, a global signal broad-

ening of Tau was observed, suggesting that β-Hsp90 induces a partial

oligomerization of Tau. Chemical shift perturbations (CSPs) induced

Fig. 3 | Activities on Tau-ΔK280 fibrillization. A, B Effects of compounds β-Tau,

β-Hsp90 and MB on Tau-ΔK280 fibrillization assessed by ThT-fluorescence spec-

troscopy at 5/1 (green bars) 1/1 (yellow bars) and 0.1/1 (blue bars) ratios of com-

pound/Tau-ΔK280. Parameters are expressed as mean ± SE, n = 2 or 3 (technical

replicates). Compounds were dissolved in water. The concentration of TauΔK280

was 10 µM. A) The relative t1/2 (%) was calculated with respect to the t1/2 of Tau-

ΔK280 control (see Methods for the detailed calculations). NA =No Aggregation

over 30h. B The relative F (%) was calculated at 30h related to the fluorescence

plateau ofWt-Tau control.CRepresentative curves of ThT fluorescence assays over

time showing Tau-ΔK280 fibrillization (10 µM) in the absence (red curve) and in the

presence of β-Hsp90 at compound/Tau-ΔK280 ratios of 5/1 (purple curves), 1/1

(green curves) and 0.1/1 (blue curves). The control curve of the compound is

represented in an orange line and the buffer in gray.
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Fig. 4 | Quantitative live cell imaging. A Schematic representation of the live cell

imaging approach to determine Tau dynamics in axon-like processes of neuronally

differentiated PC12 cells. The schematic shows that calculation of the effective

diffusion constant (Deff) using a one-dimensional diffusion model allows determi-

nation of the fraction of microtubule-bound Tau75. Schematic representations of

the expressed Tau constructs are shown on the right. The MT-binding repeat

regions (RR1–RR4) are indicated by yellow boxes, the N-terminal PAGFP fusion by

green. The lysine deletion of the aggregation-prone construct is located in the

second repeat. B Effect of β-Hsp90 on the dynamics of aggregation-prone Tau in

axon-like processes. FDAP diagrams, scatterplots of effective diffusion constants

(Deff), bar graphs of the fraction of Tau bound to microtubules, and scatterplots of

k*on and koff rate constants are shown. Mean ± SE of 12 (control), 16 (3.12 µM β-

Hsp90), 17 (6.25 µM β-Hsp90), 18 (12.5 µM β-Hsp90) and 12 (25 µM β-Hsp90) cells

are shown. Deffβ-Hsp90 25 µMvs control p-value = 0.0074.MT boundTau β-Hsp90

25 µM vs control p-value = 0.0340. C Effect of β-Hsp90 on wild-type Tau dynamics

in axon-like processes. In contrast to aggregation-prone Tau, β-Hsp90 does not

affect fluorescence decay, Deff, MT-bound fraction and k*on and koff values. This

indicates that the increased binding of aggregation-prone Tau is caused by the

inhibition of soluble Tau aggregate formation without affecting the physiological

Tau-microtubule interaction. Shown are mean± SE of n = 14 (control), n = 16

(6.25 µMβ-Hsp90),n = 15 (12.5 µM β-Hsp90),n = 11 (25 µMβ-Hsp90) cells.D Effect of

β-Tauon thedynamics of aggregation-proneTau in axon-likeprocesses.β-Taudoes

not affect Deff and the MT-bound fraction of aggregation-prone Tau. However, β-

Tau leads to a significant increase in the k*on and koff rates, suggesting that it

increases the dynamics of the Tau-microtubule interaction. k*on β-Tau 25 µM vs

control p-value = 0.0010. koff β-Tau 25 µMvs control p-value = 0.0285. Mean± SE of

19 (control) and 16 (25 µMβ-Tau) cells are shown. Statistically significant differences

from control determined by one-way ANOVA with Dunnett’s post hoc test (B, C) or

unpaired two-tailed Student’s t-tests (D) are indicated. *p < 0.05, ** p < 0.01. In all

experiments, incubation with the compound lasted 24h, and the final concentra-

tion of DMSO was 0.125%.
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by β-Hsp90 were significantly larger than those observed in the pre-

sence of β-Tau, suggesting that Tau has a higher affinity for β-Hsp90.

Remarkably, in all molar ratios tested, the largest CSPs observed in the

presence of β-Hsp90 were predominantly confined to the P1 region of

Tau (residues ~175-187), as depicted in Fig. 5 (due to the large extent of

broadening observed in titrations with Tau and β-Hsp90, it was not

possible to determine the binding constant (KD) fromCSP values). The

observation that β-Hsp90 does not bind to the Tau MTBR surely

explains the effectiveness of β-Hsp90 in inhibiting Tau aggregation

without preventing Tau-MT interaction. On the other hand, theweaker

CSPs (i.e., CSPs mostly corresponding to the noise level in Fig. 5) and

lack of effect on 15N-Tau peak intensity in the presence of β-Tau sug-

gest that this compound does not significantly interact with Tau pro-

tein or that this interaction is too transient at the NMR level

(Supplementary Fig. 7). This might explain the lower efficiency of β-

Tau compared toβ-Hsp90 in decreasing Tau aggregation both in vitro

and in cells.

β-Hairpin mimetic β-Hsp90 inhibits the aggregation of Aβ1-42 in
vitro and acts as a dual and selective inhibitor for AD
As Tau and Aβ1-42 mutually interact during AD pathology causing a

progressive worsening of symptoms18, and as Hsp90 was reported to

inhibit Aβ1-42 aggregation even at a 50-fold lower ratio43,44, the poten-

tial effect of our β-hairpins on the aggregation process of Aβ1-42 was

investigated, and compared with Resveratrol (classical control being

very efficient in inhibiting the aggregation but showing clinical effec-

tiveness due in particular to its low bioavailability77). We followed our

classical aggregation protocol50,51, and the control curves were char-

acterized by a lag phase of around 1–5 h, followed by a growth phase

that reached the plateau after 10–15 h. β-hairpin mimics β-Tau and β-

Hsp90 showed an effect on Aβ1-42 aggregation at a 10/1 (compound/

Aβ1-42) ratio, being able to completely suppress the formation of the

fibril, similarly to Resveratrol (Figs. 6A, B, Supplementary Table 5 and

Supplementary Fig. 9). At the lower 1/1 ratio, only β-Hsp90 retained a

strong inhibitory activity (t1/2= +308%, F = -90%), and superior in

decreasing the aggregation kinetics compared to control Resveratrol

(t1/2 = +110%, F = -78%), while β-Tau induced a modest delay on the

aggregation kinetics (t1/2 = +27%) and no effect on F. β-Hsp90 even

kept a small activity at 0.1/1 ratio (t1/2 = +94%, F = -30%). Thus, we next

investigated the activity of the isolated β-strand sequences of Hsp90

S4 and S7, and of the hexapeptides S4short and S7short present in β-

Hsp90. Conversely to what was observed for Tau, only peptides S4

and S4short slightly delayed the aggregation at the high 10/1 ratio, while

S7 and S7short were completely inefficient in decreasing Aβ1-42
aggregation.

Notably, while β-Hsp90 and, to a lesser extent, β-Tau are pro-

mising dual aggregation inhibitors of the two proteins involved in AD,

theydidnot show interesting activity onhIAPPfibrillization kinetics, an

amyloid protein involved in T2D. In our ThT assays, both β-Hsp90 and

β-Tau even increased the fluorescence plateau at 10/1 (compound/

hIAPP) ratio (with no significant activity at 1/1 ratio, Supplemen-

tary Fig. 10).

The inhibitory results obtained with our β-hairpin mimics on

Aβ1-42 aggregation were confirmed by TEM, demonstrating the

absence of Aβ1-42 fibrils at the end of the aggregation process (24h). In

the case of β-Hsp90 and β-Tau at this 10/1 ratio, non-uniform struc-

tures were detected (Fig. 6C).

2D 1H-15N HSQC titrations of 15N-Aβ1-42 (50μM) in the presence of

β-Hsp90 (50μM and 500μM) were then performed. No CSP or

broadening of Aβ1-42
1H-15N correlations could be observed at β-

Hsp90/Aβ1-42 molar ratios of 1:1 or 10:1. A 50% decrease of all Aβ1-42
signals was nevertheless observed in the presence of a 10-fold excess

of β-Hsp90, suggesting a co-aggregation process (Supplementary

Fig. 11). The absence of CSP or signal broadening in the presence of an

equimolar ratio of β-Hsp90 suggests that this compound does not

significantly interact with Aβ1-42 monomers or that the interaction is

too transient at the NMR scale. Therefore, this compound interacts

rather with larger oligomers that are not visible by NMR.

Discussion
In this work, the possibility of inhibiting Tau aggregation was investi-

gated by designing new β-hairpin mimics, β-Tau and β-Hsp90, con-

taining a piperidine-pyrrolidine β-turn inducer bearing peptide

sequences based on Tau SREs and inspired by the physiological

interaction of Tau with MTs interactions (PHF6 and PHF6*) for β-Tau,

and on two peptide sequences (NStrand 4 and NStrand 7) of the phy-

siological chaperone Hsp90 for β-Hsp90. Four different peptides

extracted from the crystal structure of Hsp90 N-terminal domain

(PDB = 3NMQ) were synthesized and found to be the most relevant

interacting regions and possible binding sites of NHsp90 in cross-

interaction with Tau (NHelix 1 as compound H1, NStrand 4 as com-

pound S4, NStrand 6 as compound S6 and NStrand 7 as compound

S7). Their synthesis on the solid phase was efficient. The conforma-

tional analysis of β-Tau and β-Hsp90 by CD confirmed the presence of

a flexible β-hairpin-like structure in aqueous medium (PBS), while a

stabilized β-hairpin was observed in the organic protic solvent MeOH.

β-Tau and β-Hsp90 showed excellent ability to inhibit Wt-Tau

fibril formation in vitro as demonstrated by ThT assays and TEM

imaging, with superiority of the synthetic chaperone β-Hsp90. Among

the four peptides H1, S4, S6 and S7, also evaluated by ThT, only S7

demonstrated activity against Wt-Tau aggregation. The need to use

pre-organized β-hairpin structures to ensure inhibitory activity on Tau

aggregation and the introduction of the non-natural piperidine-pyr-

rolidine dipeptide mimic to ensure stability against proteolysis were

demonstrated. β-Hsp90 clearly proved to be the most stable candi-

date against proteolysis, showing a complete stability up to 1 h and

only 21% degradation after 2 h. β-Tau showed a good stability up to 1 h

(62% of intact β-Tau) but was more degraded after 2 h (64% of

degradation). Despite the interesting in vitro activity of S7, its high

sensitivity to proteolysis (76% and 100% degradation, after 10 and

30min, respectively) led us to discard it from further cellular studies

and to continue with our two β-hairpin mimics β-Tau, and β-Hsp90.

The superiority of β-Hsp90 was confirmed on the aggregation-prone

Tau mutant ΔK280-Tau, which is a single mutation that has been

reported in two cases of tauopathies70–72. In the ThT assays conducted

in the presence of β-Hsp90, a complete inhibition of the aggregation

of Tau-ΔK280 at both 5/1 and 1/1 ratios was observed, and an inter-

esting activity at the very low 0.1/1 ratio was preserved. Conversely, β-

Tau suppressed the aggregation only at the 5/1 ratio, but it showed a

lower activity at the 1/1 ratio and no activity at the 0.1/1 ratio.

This difference between β-Hsp90 and β-Tau was even more

remarkable in the quantitative live cell imaging on model neurons,

where only β-Hsp90 effectively inhibits Tau-ΔK280 aggregation and

fully restores the Tau-MT interaction up to physiological levels (same

levels as with Wt-Tau). This highly interesting result also suggests that

the interaction of β-Hsp90 with Tau does not prevent the binding of

Tau to MTs. Indeed, our NMR studies showed that β-Hsp90 was pre-

dominantly interacting with the P1 region of Tau (in particular, resi-

dues ~175-187), rather than with the region involved in the binding of

Tau to MTs (MTBR). The reported observations in literature that

Hsp90 alone could interact with Tau MTBR to increase

oligomerization41,42, or in multi-complex systems with the proline-rich

region P1 (in Hsp90/FKBP51/Tau complexe37), or P2 and R’ flanking

Tau-RD (in Hsp70/Hsp90 complex40), to prevent Tau aggregation,

might indicate that our small synthetic chaperone β-Hsp90 is capable

of acting as multi-protein systems. Furthermore, the P1 region of Tau

targetedbyβ-Hsp90 includes twomajor phosphorylation sites, Thr175

and Thr181 (in particular, the concentration of Tau phosphorylated at

site 181 is a well-established biomarker of AD in the cerebrospinal fluid

(CSF)78 and a studied plasma biomarker79). However, the slight
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oligomerization observed in our NMR and TEM analyzes of Tau in the

presence of β-Hsp90 is in accordance with some literature data

reporting that Hsp90 inhibits the formation of Tau fibrils but could

promote the formation of small Tau oligomers35,36. Thus, mimicking

HSP90 with small peptide derivatives is a valuable strategy to prevent

the pathological aggregation of Tau and restaure its physiological

conformation, allowing its interaction with MTs. The mechanism of

action of β-Hsp90 is different from the one suspected for the

Fig. 6 | Activities on Aβ1-42 fibrillization. A, B Effects of compounds β-Tau, β-

Hsp90, S4, S7, S4short, S7short and Resveratrol on Aβ1-42 fibrillization assessed by

ThT-fluorescence spectroscopy at 10/1 (greenbars), 1/1 (yellow bars) and0.1/1 (blue

bars, only for β-Hsp90) ratios of compound/Aβ1-42. Parameters are expressed as

mean ± SE, n = 2 (technical replicates). Compounds were dissolved in water. The

concentration ofAβ1-42was 10 µM.AThe relative t1/2 (%)was calculatedwith respect

to the t1/2ofAβ1-42 control, see supporting information for the detailed calculations.

NA =No Aggregation over 42 h, and (B) The relative F (%) was calculated at 42 h

related to the fluorescence plateau of Aβ1-42 control. C Transmission electron

micrographs, Aβ1-42 control and in thepresenceofβ-Hsp90 (10/1 and 1/1 ratios) and

β-Tau (10/1 ratio).

Fig. 5 | Titrations of 15N HSQC of 2N4R 15N-Tau (20μM)with β-Tau and β-Hsp90

in buffer solution (50mMNaPi pH6.8, 10mMNaCl, 1mMDTT, 10%D2O) at 5 °C

(900MHzor 800MHz) at amole ratio ofWt-Tau441/compounds = 1/5. Indicated

in orange circles (A) and (B) are the locations of selected hydrophobic amino acids

(F, Y, I, L, V, P) in the sequence of Wt-Tau. A Chemical shift perturbations (CSP) of

Tau residues in the presence of β-Hsp90 (red) aremore prominent than those of β-

Tau (violet), particularly in the P1 region of Tau (residues ~175-187, within the region

boxed in gray). Black triangles represent noise-level CSP values (B) I/I0 values of Tau

residues (I represents NMR signal intensity in the presence of peptide, and I0 cor-

responds to conditions in the absence of compounds) showed a ~ 20% decrease

upon addition of β-Hsp90 at the 1/5 mole ratio (also in Supplementary Fig. 8),

however this was not observed for the same mole ratio upon addition of β-Tau.
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dihydropyridine derivative LA1011 that is active to reduce tau pathol-

ogy and amyloid plaque formation in transgenic AD mice, by inter-

acting with HSP90 to disrupt the binding of FKBP51 and thus release

HSP90. The increase of FKBP51 seems a major player in Tau aggrega-

tion, and blocking HSP90-FKBP51 allow HSP90 to play his beneficial

role38,39. However, this study with LA1011 and our study point in the

same direction, confirming that HSP90 is a crucial target for ther-

apeutic strategies against AD and other Tauopathies.

Furthermore, while the question of whether the interaction

Hsp90-Tau allows to preserve the physiological interaction between

Tau MTBR and MT has not been addressed before, our cellular FDAP

studies indicate that β-Hsp90 might induce non-toxic small off-

pathway oligomers that can prevent deleterious interactions of Tau

aggregates with cytoplasmic proteins (such as kinases) or that can be

in equilibriumwithmonomers able to interactwithMTs. It is important

to understand that the increase in MT-bound fraction of Tau in the

presence of β-Hsp90 could have several reasons. The first is that the

amount of free tau is increased due to the anti-aggregative activity of

the drug. It could, second, be due to the induction of a conformational

change in tau or microtubules, which increases tau’s on-rate, pro-

moting increased binding to microtubules. Or third, it could change

the structure of microtubules, thereby decreasing the off-rate of tau.

Or fourth, a combination of some of the previous effects could occur.

Our modeling allows to distinguish between these possibilities. The

data show, that β-Hsp90 increases the k*on rate. k*on is the pseudo-

first-order on rate (kon[MT]eq (s-1)) and is therefore independent of the

concentration of Tau. Thus, the effect must be due to either a con-

formational change in Tau induced by β-Hsp90 or in microtubules,

which increases the affinity of tau to microtubules. Koff is unchanged.

This means thatβ-Hsp90 does not affect microtubules with respect to

changing the dwell time of Tau on the microtubule surface (the dwell

time is 1/koff). However, kon and koff are not affected with Wt-Tau, as

our further experiments in Fig. 4 show. Thismeans that the effect of β-

Hsp90 is specific for pathologic, aggregation-prone Tau and micro-

tubules are not affected. Thus, the data show that β-Hsp90 is not just

decreasing aggregation, but it also induces a conformational change in

pathologic Tau that leads to a Tau conformer that binds better (with

higher affinity) to microtubules thereby restoring the affinity back to

Wt-Tau.

Overall, our results could indicate that HSP90 acts as β-Hsp90 by

altering the pathological conformation of Tau, reducing the formation

of pathological aggregates, inducing small off-pathway oligomers in

equilibrium with monomers, and thereby increasing its ability to

interact with microtubules. Remarkably, β-Tau based on PHF6 and

PHF6* was also able to inhibit in vitro Wt-Tau and Tau-ΔK280 aggre-

gation, albeit more weakly than β-Hsp90, and with reduced inhibitory

activity in cells. This smaller activity could be due to its lower pro-

teolysis stability or to its interaction with TauMTBR that decreases the

subsequent Tau-MT interaction. However, its lack of visible interaction

with Tau in theNMRstudies rather suggests that bymimicking Tau-MT

hot spots,β-Taumight competewith Tauand interactwithMTs,which

is consistent with the increased koff observed in the FDAP assay in the

presence of β-Tau.

Additional highly interesting results obtained in thiswork concern

the selectivity of our designed compounds for AD. Indeed, a similar β-

hairpin mimic (β-hIAPP), recently reported by us52 based on hIAPP

sequences inhibiting hIAPP aggregation involved in T2D, was inactive

towards Tau aggregation. Conversely, β-Hsp90 and β-Tau did not

inhibit hIAPP aggregation and even significantly increased the aggre-

gation in the ThT assays, at the high ratio of 10/1. A link between Tau

and hIAPP was highlighted by the demonstration that these two pro-

teins act in a coordinated manner to impair beta cell function and

glucose homeostasis, linking AD and T2D80. The increased aggregation

induced by β-Tau is in accordance with this report and indicates that

PHF6 and PHF6* might be part of the hot-spots of Tau-hIAPP cross-

interaction. Even if the ubiquitin–proteasomal system, which includes

Hsp90, is important for hIAPP clearance81, to our knowledge, a direct

link betweenHsp90 and hIAPP has not yet been evidenced. Our results

might suggest a potential but not beneficial Hsp90-hIAPP interaction.

Importantly, β-Hsp90 was also found to be highly efficient in

inhibiting the aggregation of Aβ1-42, which is the second amyloid pro-

tein involved in AD, thus confirming the preliminary data found in the

literature reporting the inhibition of Aβ1-42 aggregation by the phy-

siological Hsp90 chaperone43,44. Our results with the isolated peptides

indicate that, while NStrand 7 of Hsp90 (peptide S7) seems to be the

key sequence of Hsp90 interacting with Tau, NStrand 4 (peptide S4)

appears to be rather important for inhibiting Aβ1-42 aggregation. In

contrast, β-Tauwasmuch less efficient in inhibiting Aβ1-42 aggregation

at low ratios of β-Tau/Aβ1-42. Tau and Aβ1-42 have been suspected to

interact mutually during the AD pathology, through the cross-seeding

of the amyloid core of Aβ1-42 and PHF6 and PHF6* of Tau18. Our data

suggest that PHF6 and PHF6* are involved in this cross-interaction but

may not be involved in the seeding of Aβ1-42.

To conclude, we demonstrate that mimicking natural protein

chaperones with small peptides is a valuable strategy to explore the

impact of chaperone-Tau interaction on Tau aggregation and on the

physiological interaction of Tau with MTs. Small peptide drugs

mimicking natural chaperones hold great promise for combating

tauopathies. Furthermore, our leadβ-hairpinmimicβ-Hsp90-basedon

the physiological chaperone Hsp90, showing proteolytic stability and

potent inhibitory activity on both TauandAβ1-42 aggregation,mutually

implicated in AD, offers the possibility to develop a very efficient dual-

inhibitor. In complex diseases, where single-target drugs do not

achieve the desired results, drug combinations or multitarget drug

treatment often result in higher effectiveness82,83. Dual-targeting

compounds such as dual inhibitors of Tau and Aβ have been pro-

posed as new strategies to achieve better therapeutic benefits for AD10.

To the best of our knowledge, there are no other Tau inhibitors

(small molecules or peptides) that interact with the P1 region of Tau.

This work paves the way to design new inhibitors of aggregation that

do not affect the Tau-MTs physiological interaction. As proline-rich

region appears to be a critical regionboth in regulating Tau interaction

with MTs as well as Tau aggregation, it is also important to study the

behavior of full-length Tau proteins rather than small peptide models

that only contain the MT binding sequence.

Importantly, our β-hairpin mimics β-Hsp90 and β-Tau provide

valuable explorative tools for further and deeper studies of Hsp90/

amyloid proteins and amyloid/amyloid cross-interactions (such as

Hsp90/Tau, Tau/Aβ1-42, Hsp90/Aβ1-42, Tau/hIAPP and Hsp90/hIAPP).

We are confident that these new results in the amyloid field will open

new ways for designing peptide drug candidates not only to combat

AD, but also, by extending the design fromother chaperones acting on

different amyloid proteins, to target other untreated amyloid diseases

such as PD, HD, T2D or Amyotrophic lateral sclerosis (ALS). We con-

sider that this studymayhelp todevelopurgently needed therapies for

neurodegeneration and other age-dependent pathologies.

Methods
General procedure for the Synthesis on Solid phase Peptide
Synthesis Strategy (SPSS) for compounds β-Tau and β-Hsp90
All the reactions involved were agitated in plastic syringe tubes

equipped with filters on an automated shaker on Rink Amide resin

(0.2mmol scale, loading 0.327mmol/g, 600mg). The coupling yields

were monitored with the Fmoc-test procedure (reported below).

Removal of Fmoc group was performed in 20% (v/v) piperidine/

DMF for 20min twice. Capping steps were performed by treating the

resin with the mixture of acetic anhydride (0.25M) and NMM (0.25M)

in DMF solution for 20min. After each reaction, the resin was washed

with DMF (3 × 10mL), MeOH (3 × 10mL) and DCM (3 × 10mL)

successively.
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RinkAmide resin (600mg, 0.2mmol/g)was swelled inDMF for 1 h

before using. Natural amino acids and scaffold were coupled using

different coupling reactive accordingly to their position:

First AA loaded, AA coupled after the scaffold and the two last AA.

The resinwas suspended inDMF (4mL) and collidine (17 eq). Fmoc-AA-

OH (5 eq), DIC (5 eq), and Oxyma pure (5 eq) were solubilized in DMF/

DCM 33% (v/v) (3mL) and let under magnetic stirring for 7min. After-

ward, the solution containing the amino acid was poured into the

reactor containing the resin and the mixture shaked for 16 h at room

temperature. (Positions 1, 7, 11 and 12)

Scaffold coupling. The resin was suspended in DMF (4mL) and col-

lidine (17 eq). The piperidine-pyrrolidine β-turn scaffold50 (1.5 eq), DIC

(1.5 eq), and OXYMA (1.5 eq) were solubilized in DMF/DCM 33% (3mL)

and let under magnetic stirring for 7min. Afterward, this solution was

poured into the reactor containing the resin and the mixture was

shaken for 16 h at room temperature.

All the other AA couplings. Fmoc-AA-OH (5 eq) andHCTU (5 eq) were

solubilized in 5mL of DMF/NMM 20% (V/V). The prepared solution is

added to the resin and shaked for 20min. Afterward, the solvent was

evaporated and the resin washedwith DMF (1 × 5mL) and the coupling

procedure repeated. (Positions from 2 to 6 and from 8 to 10).

At the end of the synthesis, the peptides were cleaved from the

resin by shaking for 2 h in the presence of 5mL of an acidic solution

containing trifluoracetic acid/H2O/TIPS/Phenol/Thioanisole; 87.5%/5%/

2.5%/2.5%/2.5%. The liquid was poured in dry cold Et2O (40mL) in ice

bath by filtering it over a cotton pad. The peptides precipitated and

isolated by centrifugation at 6000 rounds/min for 7min. The pad was

resuspended with ether and centrifuged again to remove the remain-

ing TFA. The hairpin mimics were lyophilized and purified over

reverse-phase RP-HPLC.

Synthesis of natural peptides H1, S4, S6 and S7
Peptides were synthesized using microwave-assisted solid-phase pep-

tide synthesis performed on a Liberty Blue Microwave Automated

Peptide Synthesizer (CEMCorporation,Matthews, NC, USA), following

the standardprotocols forFmoc/tBu strategy (0.1mmol scale, 300mg,

0.327mmol/g). Fmoc-deprotection cycles were respectively of 15 s

(75 °C, 155W) and 30 s (90 °C, 30W). Couplings of Arg residues were

performed in 1500 s (25 °C, 0W) and 300 s (75 °C, 30W). Couplings of

His were performed in 240 s (50 °C, 35W). Couplings of other residues

are performed in 15 s (90 °C, 170W) and 110 s (90 °C, 30W). Peptide

cleavage (3 h at room temperature) from the resin and deprotection of

the amino acid side chains were performed by using the reagent K

(trifluoracetic acid/phenol/water/thioanisole/1.2-ethanedithiol; 82.5/5/

5/5/2.5) for 180min. The liquid was poured in dry cold Et2O (40mL) in

ice bath by filtering it over a cotton pad. The peptides precipitated and

isolated by centrifugation at 6000 rounds/min for 7min. The pad was

resuspended with ether and centrifuged again to remove the remain-

ing TFA. The peptides were lyophilized and purified over RP-HPLC if

necessary.

Synthesis of natural peptides S4short and S7short via manual solid-
phase peptide synthesis
All the reactions involved were agitated in plastic syringe tubes

equipped with filters on an automated shaker, on Rink Amide resin

(0.2mmol scale, loading 0.327mmol/g, 600mg).

Removal of Fmoc group was performed in 20% (v/v) piperidine/

DMF for 20min twice. Capping steps were performed by treating the

resin with the mixture of acetic anhydride (0.25M) and NMM (0.25M)

in DMF solution for 20min. After each reaction, the resin was washed

with DMF (3 × 10mL), MeOH (3 × 10mL) and DCM (3 × 10mL)

successively.

Rink Amide resin (600mg, 0.2mmol/g) was swelled by DMF for

1 h before using. The loading was performed by suspending the resin

with DMF (4mL) and collidine (17 eq). Fmoc-AA-OH (5 eq), DIC (5 eq),

and Oxyma pure (5 eq) were solubilized in DMF/DCM 33% (v/v) (3mL)

and let under magnetic stirring for 7min. Afterward, the solution

containing the amino acid was poured into the reactor containing the

resin and the mixture shaked for 16 h at room temperature. Every

following coupling using Fmoc-protected natural amino acid was

carried out twice to get satisfactory yields using Fmoc-AA-OH/HCTU

(2.5/2.5 eq) in NMM/DMF (20%V/V, 4ml).

Peptides were cleaved from the resin by shaking for 2 h with an

acidic mixture (TFA/water/TIPS/Thioanisole; 95%/2.5%/1.25%/1.25%)

and repeated the same procedure explained in General procedure.

Fmoc loading Test phase (Fmoc-test)
From 5 to 10mg of dry resin was shaken in DMF/Piperidine 20% solu-

tion (1mL) for 30min. The resinwas sedimented by centrifugation and

1mL of the supernatant was added to 9mL of DMF and mixed well.

This final solution was used for the UV analysis measuring the absor-

bance at 301 nm versus a DMF blank (triplicate analysis).

For the quantification of resin loading, we used the general for-

mula: L = (A301 × V × d)/(Ec ×w×M). Where: L = Resin loading; A301 =UV

Absorbance at 301 nm; V = Volume of the cleavage solution =1 mL; d =

Dilution = 10; Ec = Extinction coefficient = 7800mL/mmol*cm; w =

Width of the cuvette = 1 cm; M = Weight of the resin sample in g.

Substituting the extinction coefficient, volume, dilution and cell width

into the general formula results in this formula, which can be used to

calculate the resin loading.

L = ð100×A301Þ=ð7:8×MðmgÞÞ in units of mmols=gram:

Circular Dichroism Spectroscopy
Peptidomimetics were dissolved in MQ water to a concentration of

500μM as stock solutions. Before measurement, each compound was

diluted to 125 µM concentration with 20mM PB (pH 7.2) buffer or

MeOH into a cuvette with a pathlength of 1mm. The CD spectra were

recorded on a J-815 spectropolarimeter (JASCO, Tokyo, Japan) from

190 to 260nm at 20 and 37 °C and a scan rate of 50nm/min (accu-

mulation n = 3). Each CD spectrum was corrected by subtracting the

corresponding baseline (PB buffer 20mM or MeOH). Data processing

was performed using Solver in Excel software (Microsoft). The

deconvolution process was executed according to literature56.

Fluorescence-detected ThT binding assay (Ac-PHF6*-NH2)
Thioflavin-T and Heparin sodium salt (H-3149, average MW 18 kDa)

were obtained from Sigma-Aldrich. Ac-PHF6*-NH2 was self-produced

according to the general SPPS protocol of S4short and S7short and pur-

ified by HPLC. The purity was confirmed by LC-MS and HRMS. Ac-

PHF6*-NH2 was dissolved in pure hexafluoro-isopropanol (HFIP) at a

concentration of 1mM and incubated for 10min at room temperature

to dissolve any preformed aggregates. Next, HFIP was evaporated

under a stream of dry nitrogen gas, followed by vacuum desiccation

for at least 3 h. The resulting thin film was dissolved in 20mM MOPS

buffer (pH 7.4), sonicated for 1min and vortexed for 2min to get fully

disperse clean solution of AcPHF6*-NH2 (500 µM). Stock solutions of

compounds to test were dissolved in water (10, 2 and 0.2mM).

Thioflavin-T binding assays were used to measure the formation of

fibrils in solution using a plate reader (Fluostar Optima, BmgLabtech)

and standard 96-wells flat-bottomblackmicrotiter plates (final volume

200 µL) in combinationwith a 440 nmexcitation and 480 nmemission

filters. ThT assay was started by adding 2 µL of a 100 µM heparin

solution (Heparin sodiumsalt H-3149, averageMW18 kDa) to amixture

containing 25 µMof Ac-PHF6*-NH2, 20μMThT in 20mMMOPS pH 7.4

buffer. The concentration of Ac-PHF6*-NH2was held constant at 25μM
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for all experiments, and inhibitors were added to yield compound/ Ac-

PHF6*-NH2 ratios of 5/1, 1/1 and 0.1/1. The ThT assays were performed

in triplicate.

Production and purification of recombinant Wt-Tau and
Tau-ΔK280
Prokaryotic expression plasmids were based on human adult Tau

(Tau441wt) in a pET-3d vector84,85. pET-3d-tau plasmids expressing

human Tau protein (Wt-Tau) and the ΔK280 deletion variant (Tau-

ΔK280), were transformed into Escherichia coli BL21(DE3)pLysS cells

for expression. Cells were grown, induced and harvested as previously

described86. For TEM analysis, native Tau was purified from the cell

extract by sequential anion exchange and phosphocellulose chroma-

tography as previously described84. The Tau protein eluate was dia-

lyzed against water and concentrated with Vivaspin® (15 R, 2000

MWCO, Sartorius, UK). Protein concentrations were determined by a

bicinchoninic acid (BCA) assay (Thermo-Fisher Scientific, USA) using

bovine serum albumin as a standard. For the ThT assays, Tau441wt

proteinwas alsopurifiedusingheatdenaturation following established

protocols85 and dialyzed against 50mM ammonium bicarbonate buf-

fer before being lyophilized.

Fluorescence-detected ThT binding assay (Wt-Tau441 and
Tau441-ΔK280)
Thioflavin-T andHeparin sodiumsalt (H-3149, averageMW18kDa)were

obtained from Sigma-Aldrich. Lyophilized full-length Wt-Tau441 and

Tau441 ΔK280 were diluted to 40μM in NaPi 25mM, NaCl 25mM, and

EDTA 2.5mMpH 6.8. Stock solutions of compounds to test were dis-

solved in water. ThT fluorescence was measured to evaluate the

development of Tau fibrils over time using a fluorescence plate reader

(Fluostar Optima, BMG labtech) with 384-wells flat-bottom black plates

(final volume in thewells of 40μL). Experiments were started by adding

Heparin (0.0625μM) to each well containing the resulting Tau solution

(final Tau concentration equal to 10μM), thioflavin-T (25μM) with and

without the compounds to test at different concentrations (50, 10 and

1μM, ratios compounds/Wt-Tau equal to 5/1, 1/1 and 0.1/1) in NaPi

25mM, NaCl 25mM, EDTA 2.5mMpH 6.8. The ThT fluorescence

intensity of each sample (performed in triplicate) was recorded over

time with 440/480nm excitation/emission filters set for 30h under

continuous agitation (orbital shaking) at 37 °C on plates sealed with a

transparent film. The ability of compounds to inhibit Wt-Tau aggrega-

tionwas assessed considering the timeof thehalf-aggregation (t1/2) and

the intensity of the experimental fluorescence plateau (F), both values

were obtained by fitting the obtained kinetic data to a Boltzmann sig-

moidal curve using GraphPad Prism 5. The relative t1/2 is defined as the

experimental t1/2 in the presence of the tested compound relative to the

one obtained without the compound and is evaluated as the following

percentage: [t1/2 (Tau + compound)] / t1/2 (Tau) × 100. The relative F is

defined as the intensity of experimental fluorescence plateau observed

with the tested compound relative to the value obtained without the

compound and is evaluated as the following percentage: (F(Tau +

compound) / F(Tau) × 100.Curvesof the tested compoundsarefitted to

a Boltzmann sigmoidal model and represented relative to the maximal

fluorescence of the control experiment.

Fluorescence-detected ThT binding assay (Aβ1−42)
Aβ1−42 was purchased from Bachem, and Thioflavin-T was obtained

from Sigma. The peptide was dissolved in a 1% aqueous ammonia

solution to a concentration of 1mM and then, just prior to use, was

diluted to 0.2mM with 10mM Tris-HCl and 100mM NaCl buffer (pH

7.4). Stock solutions of compounds to test were dissolved in water.

ThT fluorescencewasmeasured to evaluate the development of Aβ1−42
fibrils over time using a fluorescence plate reader (Fluostar Optima,

BMG labtech) with standard 96-well black microtiter plates (final

volume in thewells of 200μL). Experimentswere started by adding the

peptide (final Aβ1−42 concentration equal to 10μM) into a mixture

containing 40μMThT in 10mMTris-HCl and 100mMNaCl buffer (pH

7.4) with and without the compounds at different concentrations (100

and 10μM, compound/ Aβ1−42 ratios of 10/1 and 1/1) at room tem-

perature. The ThT fluorescence intensity of each sample (performed in

duplicate) was recorded with 440/480nm excitation/emission filters

set for 42h, performing a double orbital shaking of 10 s before the first

cycle. The ability of compounds to inhibit Aβ1−42 aggregation was

assessed considering the time of the half aggregation (t1/2) and the

intensity of the experimental fluorescence plateau (F), both values

were obtained by fitting the obtained kinetic data to a Boltzmann

sigmoidal curve using GraphPad Prism 5. The relative t1/2 is defined as

the experimental t1/2 in the presence of the tested compound relative

to the one obtained without the compound and is evaluated as the

following percentage: [t1/2 (Aβ + compound)] / t1/2 (Aβ) × 100. The

relative F is defined as the intensity of the experimental fluorescence

plateau observed with the tested compound relative to the value

obtained without the compound and is evaluated as the following

percentage: F(Aβ + compound) / F(Aβ) × 100. Curves of the tested

compounds are fitted to a Boltzmann sigmoidalmodel andnormalized

to the maximal fluorescence of the control experiment.

Fluorescence-detected ThT binding assay (hIAPP)
Thioflavin-T was obtained from Sigma. hIAPP, purchased from

Bachem, was dissolved in pure hexafluoro-isopropanol (HFIP) at a

concentration of 1mM and incubated for 1 h at room temperature to

dissolveanypreformedaggregates.Next,HFIPwasevaporated under a

streamof dry nitrogen gas, followedby vacuumdesiccation for at least

3 h. The resulting peptide film was then dissolved in DMSO to obtain

stock solutions of hIAPP (0.2mM), and stock solutions of compounds

to test were dissolved in water. Thioflavin-T binding assays were used

to measure the formation of fibrils in solution or in the presence of

membranes over time. A plate reader (Fluostar Optima, BmgLabtech)

and standard 96-wells flat-bottom black microtiter plates in combi-

nation with a 440 nm excitation and 480nm emission filters were

used. The ThT assay was started by adding 5μL of a 0.2mM hIAPP

stock solution to amixture of 10μMThT and 10mMTris/HCl, 100mM

NaCl at pH 7.4, containing the compounds to test (50 and 5μM,

compound/ hIAPP ratios of 10/1 and 1/1) at roomtemperature. TheThT

assays were performed once. The curves of the tested compounds are

fitted to a Boltzmann sigmoidal model and normalized to the maximal

fluorescence of the control experiment.

Transmission electron microscopy (TEM) for Wt-Tau441
Wt-Tau441 solubilization immediately before use: Lyophilized Tau was

dissolved in buffer NaPi (Na2HPO4 and NaH2PO4 25mM, NaCl 25mM,

EDTA 2.5mM, pH 6.6) to a final concentration of 40 µM (stock

solution).

Sample preparation: Experiments were started by adding 10 µL of

Buffer, 10 µL of Tau solution (Final concentration of 10 µM), 10 µL of

desired active compound (either 200 µM or 40 µM to evaluate 5:1 and

1:1 ratios), and 10 µLHeparin solution0.25 µMsolubilized inNaPi buffer

(final concentration 0.0625 µM). In blank analysis, 10 µL of active

compound was replaced by 10 µL MQ H2O. These solutions were

maintained at 37 °C for 96 h at 1400 rpm.

The samples were prepared on carbon-coated copper grids

(ECF200- Cu, 200 mesh, Science Services, Munich, Germany). The

grids were pre-treated with argon in a plasma cleaner (Diener Elec-

tronics, Ebhausen, Germany). The sample (1.2 µL) was applied onto the

grids, and after a sedimentation time of 5min, the excess suspension

was removed with filter paper. Grids were then stained with 1% acetate

uranyl solution (1.2 µL) for 5min, excess stain was removed with filter

paper and washed thoroughly with 3 × 10 µL of Milli-Q water. The

prepared grids were analyzed with a JEOL JEM-2200FS electron

microscope (JEOL, Freising, Germany), a cold field emission electron

Article https://doi.org/10.1038/s41467-025-63824-1

Nature Communications |         (2025) 16:8756 13



gun, and an applied acceleration voltage of 200 kV. A bottom-

mounted Gatan OneView camera (Gatan, Pleasanton, CA, USA) was

used for digital recording. The images were processed using the

image-processing system Digital Micrograph GMS3 (Gatan, Plea-

santon, CA, USA) and the image editing software ImageJ.

Transmission electron microscopy (TEM) for Aβ1-42

Aβ1-42 Pre-treatment for storage: Aβ1-42 was dissolved in 1mg/mL in

NaOH 60mM and sonicated for 5min. Afterward the solution was

centrifugated at 5000 rpm for 5min and lyophilized87.

Aβ1-42 Pre-treatment immediately before use: pre-treated Aβ1-42
was dissolved in an HCl 60mM obtaining a final concentration

of 200 µM.

Sample preparation: Experiments were started by adding the

peptide (final Aβ1−42 concentration equal to 10μM) into a solution

containing the active compound in the appropriate ratio (100 or

10μM) into 20mM phosphate buffer pH 7.4, containing 1mM NaN3

and 200 µM EDTA. The mixture was then shacked for 24h at 37 °C at

700 rpm.

Transmission electron microscopy. The samples were prepared

on carbon-coated copper grids (ECF200- Cu, 200 mesh, Science Ser-

vices, Munich, Germany). The grids were pre-treated with argon in a

plasma cleaner (Diener Electronics, Ebhausen, Germany). The sample

(2 µL) was applied onto the grids, and after a sedimentation time of

5min, the excess suspensionwas removedwith filter paper. Grids were

then stained with 1% acetate uranyl solution (2 µL) for 5min, excess

stain was removed with filter paper and washed thoroughly with

3 × 10 µLofMilli-Qwater. The prepared gridswereanalyzedwith a JEOL

JEM-2200FS electron microscope (JEOL, Freising, Germany), a cold

field emission electron gun, and an applied acceleration voltage of

200 kV. A bottom-mounted Gatan OneView camera (Gatan, Plea-

santon, CA, USA) was used for digital recording. The images were

processedwith the image-processing systemDigitalMicrographGMS3

(Gatan, Pleasanton, CA, USA) and the image editing software ImageJ.

Cell lines. PC12 cells (originally obtained from J.A. Wagner, Harvard

Medical School) were cultured in serum-DMEM (DMEM supplemented

with 10% fetal bovine serum and antibiotics (100U/ml penicillin and

100 µg/ml streptomycin)) at 37 °C with 10% CO2 in a humidified incu-

bator. For live cell imaging, cells were transfected with the respective

pRc/CMV expression vector using Lipofectamine 2000 (Thermo-

Fisher Scientific, USA) as previously described88.

Metabolic activity and cytotoxicity profiling using a combined
LDH and MTT assay
PC12 cells were cultured in 96-well plates at 1 × 104 cells/well in 50 µL of

serum-reducedmedium supplementedwith 100ng/mL 7Smouse NGF

to induce neuronal differentiation. Cells were incubated for 48h, test

compounds were added in an additional volume of 50 µL, and incu-

bation was continued for 20 h. For the LDH assay, 50 µL medium from

eachwell of the assay plate was transferred to a separate 96-well plate.

To quantify LDH release, 50 µL of LDH reagent (4mM iodonitrote-

trazolium chloride (INT), 6.4mM beta-nicotinamide adenine dinu-

cleotide sodium salt (NAD), 320mM lithium lactate, 150mM of

1-methoxyphenazine methosulfate (MPMS) in 0.2M Tris-HCl buffer,

pH 8.2) was added. Absorbance was measured at 490 nm using a

Thermomax Microplate Reader operated with SoftMaxPro Version 1.1

(Molecular Devices Corp., Sunnyvale, CA, U.S.A.). For the MTT assay,

MTT reagent (3,(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium

bromide) was added to the wells of the remaining assay plate at a final

concentration of 1mg/ml MTT. Cells were incubated for 2 h before the

reaction was stopped by adding 50μl of lysis buffer (20% (wt/vol)

sodium dodecyl sulfate in 1:1 (vol/vol) N, N-dimethylformamide/water,

pH 4.7). After overnight incubation at 37 °C, optical densities of the

formazan product were determined at 570 nm. MTT conversion

measurements were normalized to the optical densities of negative

control wells. All experiments were performed in triplicate on two

independent plates.

Live-cell imaging and Fluorescence Decay After

Photoactivation (FDAP). FDAP experiments were performed essen-

tially as previously described76,89,90. Briefly, cells expressing wild-type

Tau or Tau-ΔK280 were plated on 35-mm glass-bottom culture dishes

(MatTek, USA), transfected, and neuronally differentiated by medium

exchange to serum-reduced DMEM containing 100 ng/mL 7S mouse

NGF. After 3 days, the medium was exchanged to serum-reduced

DMEMwithout phenol redwithNGF, and the respective compound (or

DMSO for carrier control) was added at the desired concentration.

After 20 h, live cell imaging was performed using a laser scanning

microscope (NikonEclipseTi2-E (Nikon, Japan)) equippedwith a LU-N4

laser unit with 488-nm and 405-nm lasers and a Fluor 60× ultraviolet-

corrected objective lens (NA 1.4) and a C2+scanner enclosed in an

incubation chamber at 37°C and 5% CO2. Photoactivation was per-

formed with a 405-nm laser using the microscope software (NIS-Ele-

ments version AR 5.02.03 (Nikon, Japan)). The following steps were

performed in a photoactivation experiment. A transfected cell with a

suitable process (minimum length 30 µm) was selected in the field of

view (50 µm×50 µm), and a pre-activation image was saved at 488-nm

excitation. The scan window was reduced to a 6-μm diameter activa-

tion spot (corresponding to 130 pixels), and photoactivation was

performed in the center of the neurite using the 405-nm blue diode

(laser intensity 1.0%; corresponding to an output of 30 µW) with two

scans at a pixel dwell time of 4.08 microseconds (corresponding to a

total activation time at the spot of 1.1 milliseconds). The scan window

was enlarged to the initial size, and the first scan was performed after

1 s with the 488-nm laser at the lowest practical laser intensity. Sub-

sequent images were acquired at a rate of 1 frame/second. 112 images

with a resolution of 256× 256 pixels were collected per activated

neurite. To ensure that the imaging conditions did not affect cell via-

bility and subsequent evaluation, neuriteswere excluded fromanalysis

if they showed retraction or drifted out of focus. Effective diffusion

constantsweredetermined by fitting the fluorescencedecaydata from

the photoactivation experiments using a one-dimensional diffusion

model function for FDAP. A reaction-diffusion model was used to

estimate the association rate k*on and the dissociation rate koff con-

stant of Tau binding according to Igaev et al.75 The model is based on

the assumptions that (1) PAGPF has no effect on the Tau-microtubule

interaction, (2) the binding probabilities of Tau protein to micro-

tubules are independent of the position, (3) the reactants are in

dynamic equilibrium before photoactivation, (4) the number of the

binding sites is not changed by photoactivation, but activation only

affects the number of photoactivated molecules, (5) during an FDAP

experiment, the transport of Tau along the neurite can be neglected,

(6) binding of Tau protein to binding sites other than microtubules is

negligible, and (7) The total concentration of tau proteins does not

significantly exceed the concentration of available binding sites. All

data sets were tested for normality using the D’Agostino-Pearson and

Shapiro-Wilk tests. Statistical outliers were identified using the ROUT

method. When necessary, data sets were logarithmically transformed

to allow for further statistical testing. Equality was assessed using an

F-test to compare variances. To compare two data sets, an unpaired

two-tailed t-test was used. In case of unequal variances, Welch’s cor-

rection was applied. To compare different concentrations, statistically

significant differences from control were determined by a one-way

ANOVA with Dunnett’s post hoc test. All statistical analyzes were per-

formed using the GraphPad Prism program.

Pronase stability assays
The assay bufferwaspreparedby combining 50mMTris, 10mMCaCl2,

150mM NaCl, and 0.05% (w/v) Brij 35, and by adjusting the pH to 7.5.
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The peptide was dissolved in 200 µL of assay buffer to achieve a con-

centration of 400 µM. The solution was placed in a thermomixer set at

37 °C with stirring. Pronase was diluted to a concentration of 5 µg/mL

in 200 µL of assay buffer. The solutionwas placed in a thermomixer set

at 37 °C with stirring. The peptide solution (200 µL) and the pronase

solution (200 µL) were combined in an Eppendorf tube. The final

concentration of pronase should be 2.5 µg/mL, and the final con-

centration of the peptide should be 200 µM. The reactionmixture was

left in the thermomixer at 37 °C. The reaction progress was mon-

itored by LC-MS at various time points: 0min, 10min, 30min, 1 h, and

2 h. At each time point, 40 µL of the reaction solution was transferred

into an HPLC vial containing 6 µL of 10% TFA (to deactivate the

enzyme). This procedure was repeated for each time point.

Preparation of Wt (2N4R) 15N-Tau
The full-length isoform of Tau (2N4R, Uniprot ID P10636) enriched

with the 15-Nitrogen stable isotopewas preparedbasedon apreviously

published method91. Cloning was accomplished with a pNG2 vector

(Novagen). The expression plasmid containing the gene encoding for

Tau was subsequently used to transform BL21(DE3) Escherichia coli

cells, which were grown to an optical density (at 600nm) of 0.8 in

Luria Broth at 37 °C. Cells werepelleted by centrifugation, washed, and

resuspended in M9 minimal medium (6 g/L Na2HPO4, 3 g/L KH2PO4,

0.5 g/L NaCl, 4 g/L glucose, pH 7.0) containing 0.5 g ISOGRO-15N

(Sigma Aldrich) and 2 g/L 15N-ammonium chloride as the nitrogen

source. Induction of protein expression was accomplished by the

addition of IPTG to 0.5mM followed by overnight incubation at 37 °C.

The cell pellet was collected and subjected to lysis using a French

cell press (lysis buffer contains 20mMMES, 1mMEGTA, 0.2mMMgCl2,

5mM DTT, 1mM PMSF, 1mg/mL lysozyme, 10 µg/mL DNAse, pH 6.8).

Salt, 500mM NaCl, was added to the lysate, which was then boiled to

denature proteins. The lysate was cleared of cell debris, DNA, and pre-

cipitated proteins by high-speed centrifugation (12700×g, 40min,

4 °C). Residual nucleic acids were precipitated by incubating the

supernatant with 20mg/mL streptomycin. The precipitated nucleic

acids were separated by centrifugation. The resulting supernatant was

incubated with 0.36 g/mL ammonium sulfate then subjected to cen-

trifugation to collect aprotein pelletmostly containingTauprotein. The

protein pellet was resuspended and dialyzed into a dialysis buffer

(20mM MES, 1mM EDTA, 2mM DTT, 50mM NaCl, pH 6.8). Tau was

purified from the mixture using cation exchange chromatography

(MonoS 10/100, 2mL/min with a buffer gradient of 50mM to 1M NaCl

in 20mM MES, 1mM EGTA, 2mM DTT, pH 6.8), and size exclusion

chromatography (Superdex 75 26/600, 2mL/min in phosphate buf-

fered salinewith additional 500mMNaCl). ThepurifiedTauproteinwas

dialyzed overnight against 50mMNaPi pH 6.8, concentrated and flash-

frozen in aliquots, and stored at −80 °C until they were used in NMR

experiments. The protein concentration was determined by bicincho-

ninic acid assay following the manufacturer’s instructions (Pierce).

NMR Spectroscopy: 2D 1H-15N HSQC titrations of 15N-Tau
The lyophilized compounds β-Tau and β-Hsp90 were resuspended in

water to a concentration of 1000 µM, followed by dilution to a final

buffer composition of 50mMNaPi pH 6.8, 10mMNaCl, 1mMDTT and

a working concentration of 400 µM compound. For each titration

series, a 200 µL solution of 2N4R 15N-Tau (20 µM) was prepared in

50mMNaP pH 6.8, 10mMNaCl, 1mMDTT, 10% D2O and incremented

with 20 µM, 40 µM, and 100 µM of β-Tau and β-Hsp90.

Heteronuclear single quantum coherence (1H-15N HSQC) spectra

of Tau with and without compounds were collected at 5 °C using

900MHz and 800MHz spectrometers equipped with cryoprobes.

HSQC spectra were processed using TopSpin version 3.6.2 (Bruker)

and analyzed using Sparky92. The Tau binding profiles were repre-

sented by peak intensity ratios (I/I0) and chemical shift perturbations

(CSP). The I/I0 ratiowas calculated bydividing thepeakamplitude (I) of

Tau amide peaks in the presence of the compound by the corre-

sponding peak intensity (I0) in the absence of the compound. CSPs

were calculated using the equation (1),

CSP =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:5 × ½ðΔδHÞ2 + ðΔδNÞ2=25�

q

, whereΔδHandΔδNcorrespond to

the chemical shift differences of H and N. CSPs were smoothed with a

3-residue averaging window. The noise level of the CSP values was

determined by the collection of the 1H-15N HSQC spectra of Tau in the

absence of compounds in duplicate and applying the CSP equation

given above to compare chemical shift differences between the two

spectra.

Preparation of 15N- Aβ1−42

Recombinant 15N-Aβ1 − 42 (rPeptide) was resuspended in 1% NH4OH at

1mg/mL concentration, lyophilized overnight and stored at -20°C.

Aliquots containing 70 µg 15N-Aβ1 − 42 were resuspended in 300 µL of

20mM NaPi pH 7.2, 10% D2O buffer, to obtain a concentration of

50 µM. 15N-Aβ1 − 42 samples containing 50 µM or 500 µM β-Hsp90

were prepared by adding the appropriate volume of a 1mM β-Hsp90

stock solution in the same buffer.

2D 1H-15N HSQC titrations of 15N-Aβ1-42

5mm Shigemi tubes were used for NMR experiments. 2D 1H-15N HSQC

spectra of 15N-Aβ1−42 in the absence and in the presence of β-Hsp90 at

1:1 and 10:1 ratios were collected at 5 °C using a 500MHz spectrometer

equipped with a cryoprobe. NMR spectra were processed with

nmrPipe and analyzed using Sparky.

Reporting summary
Further information on research design is available in the Nature

Portfolio Reporting Summary linked to this article.

Data availability
Source Data are provided with this paper as a Source Data file. All data

are available in the supporting information. Direct contact with the

corresponding authors for any additional information is possible

by email.
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