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Abstract

Heat shock protein 90 (Hsp90) is a molecular chaperone that assists protein folding in an Adenosine
triphosphate (ATP)-dependent way. Hsp90 has been reported to interact with Alzheimer´s disease asso-
ciated amyloid-b (Ab) peptides and to suppress toxic oligomer- and fibril formation. However, the mech-
anism remains largely unclear. Here we use a combination of atomic force microscopy (AFM) imaging,
circular dichroism (CD) spectroscopy and biochemical analysis to quantify this interaction and put forward
a microscopic picture including rate constants for the different transitions towards fibrillation. We show that
Hsp90 binds to Ab40 monomers weakly but inhibits Ab40 from growing into fibrils at substoichiometric con-
centrations. ATP impedes this interaction, presumably by modulating Hsp90’s conformational dynamics
and reducing its hydrophobic surface. Altogether, these results might indicate alternative ways to prevent
Ab40 fibrillation by manipulating chaperones that are already abundant in the brain.
� 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

Heat shock protein 90 (Hsp90) is a ubiquitously
expressed, evolutionarily conserved, and highly
dynamic molecular chaperone, which mainly
consists of three structural domains: an N-terminal
ATP-binding domain, a middle domain for client
protein binding, and a C-terminal dimerization
domain.1 Hsp90, including yeast Hsp90 (Hsp82)
used in this study (Table S1), usually locate intracel-
lularly,2,3 but can also be secreted into extracellular
space.4 It participates in a variety of cellular pro-
cesses including cell survival, hormone signaling,
cell cycle control and response to cellular (heat)
stress,5–9 as well as in assisting folding, maturation
rs. Published by Elsevier Ltd.This is an open acc
and degradation of more than 200 ‘client proteins’ in
eukaryotes.10–13 These functions of Hsp90 are
achieved in concert with different co-chaperones
and adaptor proteins and often with the help of
ATP.8,14

Amyloid-b (Ab) peptide fibrillation and
accumulation are usually triggered by a
conformational transition from random coil to b-
sheet secondary structures and progresses via
the classical lag-, elongation-, and plateau-
phases, in which hydrophobic interactions are
involved.15,16,75 These processes usually take place
extracellularly and play central roles in the progres-
sion of Alzheimer’s disease according to the amy-
loid cascade hypothesis.15,17 However, Ab can be
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produced intracellularly or taken up from extracellu-
lar space to the cytoplasm through receptor binding
and subsequent internalization and accumulates
intracellularly including inmitochondria.18 Intracellu-
lar Ab accumulation influences a variety of physio-
logical activities like autophagy, degradation and
apoptosis, indicative of the crucial role of intracellu-
lar Ab in Alzheimer’s disease.19,20 Recent evidence
suggests that lipid raft and lipid membranes play
crucial roles in Alzheimer’s disease by promoting
the production and oligomer formation of Ab pep-
tides, while Ab oligomers can bind to lipid mem-
branes and induce the aberrant clustering of lipid
raft and membranes.21,22 As the disease pro-
gresses, intracellular Ab oligomers may interact
with lipid membranes, induce neuronal dysfunction,
or pass into the extracellular space as a source of
fibril deposits.18 Changes in the raft-lipid composi-
tion or membranes of the cells can induce the
release of heat shock proteins, like Hsp90, from
cytoplasm to modulate intercellular signalling.23,24

In vivo studies indicate that intracellular chaperones
can play a role in modulating intracellular Ab meta-
bolism and toxicity.25 Thus interactions between
Hsp90 and Ab can possibly take place both extra-
cellularly and intracellularly, while Ab aggregation
mainly occur extracellularly. The In vivo interaction
between Hsp90 and Ab and the physiological rele-
vance of this interaction remain to be explored.
Molecular chaperones such as Hsp90 are in the first
line of the cellular defense system against protein
aggregation. A growing body of evidence indicates
that Hsp90 inhibits amyloid protein aggregation, cel-
lular toxicity, or clearance of Alzheimer’s Ab,10,26–29

but the molecular mechanism of Hsp90 modulating
Ab remains unknown. For instance, does Hsp90
interfere with Ab fibrillation in an ATP-dependent
and/or specific way? How do different Hsp90 con-
formations influence Ab fibrillation? In which phase
does Hsp90 interfere with Ab fibrillation?
To answer these questions, we investigated how

Ab40 fibrillation is affected by dimeric wild type
Hsp90 (WT), Hsp90 tetramer, and the ATPase
defective mutant E33A also lacking the charged
linker region between the N-terminal and middle
domains.30 We assumed that each one has a differ-
ent dynamics in equilibrium, therefore exposing var-
ied time-dependent hydrophobic surfaces as
possible client binding sites. The fibrillation of Ab
was observed with atomic force microscopy (AFM)
imaging under various environmental conditions,
by Thioflavin T (ThT) fluorescence, circular dichro-
ism (CD) spectroscopy and SDS-PAGE. AFM
imaging has already revealed a variety of structural
information about Ab40 aggregation31–34 and its
interaction with small molecules.35–37 Furthermore,
AFM imaging was also previously used to support
that the chaperones Hsp6038, GroEL39 and
HspB140 inhibit Ab40 aggregation. However, to the
best of our knowledge neither the role of Hsp90
on the Ab40 aggregation, nor the effect of ATP on
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this system have been studied by AFM experiments
yet. In addition, our specific modulation of Hsp90
allows us to put forward a mechanism for the inhibi-
tion of fibril growth. We observed that all three
Hsp90 forms inhibit Ab40 fibrillation to different
degrees and this effect of Hsp90 can be impeded
by the addition of ATP, which can induce a change
in the conformation dynamics and hydrophobicity of
Hsp90. We therefore suggest that Hsp90 inhibits
Ab40 fibrillation through themodulation of conforma-
tional dynamics and hydrophobic surfaces. Our
results provide a new perspective for the mecha-
nism of inhibition of amyloid fibrillation by Hsp90
and other chaperones.
Results

Hsp90 inhibits Ab40 fibrillation

We used AFM in air to investigate the morphology
changes of the Ab40 peptides in the absence or
presence of Hsp90 dimers (wild type), tetramers,
and an ATPase-deficient E33A mutant. Figure 1
shows the AFM images recorded after an
incubation of 10 lM Ab40 alone or with 0.5 lM
Hsp90 variants at 37 �C for 24 h. The Ab40
sample alone forms fibrils in an unbranched,
twisted helical morphology while the Ab40 samples
in the presence of three Hsp90 forms display
other distinct morphologies. In the presence of
Hsp90 proteins, the Ab40 peptides aggregated into
irregular small amorphous aggregates. Likely, the
larger Ab40 aggregates observed in the presence
of the Hsp90 tetramer may result from the co-
aggregation with the Ab40 peptides and the
aggregation-prone tetramer. This result indicates
that Hsp90 proteins suppress the formation of
Ab40 fibrils, but to different degrees depending on
their forms, WT induced the formation of smaller
amorphous aggregates compared with tetramer
and E33A, suggesting that WT is probably the
most efficient one to inhibit the Ab40 fibrillation.
Hsp90 inhibits Ab40 peptide secondary
structure transitions during fibrillation

To investigate the influence of Hsp90 proteins on
Ab peptide secondary structure, we carried out CD
spectroscopy measurements. CD spectra were
recorded over time to quantify the secondary
structure transition of the Ab40 peptides with or
without the different Hsp90 forms. The
aggregation of 10 lM Ab40 in the presence or
absence of 0.04 lM Hsp90 was monitored in the
far-UV region from 190 to 260 nm after 0, 0.5, 1,
1.5, 2, 3, 4, 5, 6, 7, 8, and 22 h incubation at
37�C. Figure 2 and Figure S1 illustrate that the
CD spectrum of Ab40 at time zero is characterized
by a typical random coil conformation, with a
characteristic minimum at ~198 nm. As the
incubation time increases, the random coil
conformation of Ab40 converts gradually into the



Figure 1. Hsp90 inhibits fibril formation of Ab40. AFM images of 10 lM Ab40 in the presence or absence of 0.5 lM
Hsp90 forms (WT, tetramer, or E33A mutant) after incubation at 37�C for 24 h at 300 rpm, show that Hsp90
morphologically inhibits the fibril formation of Ab40. The color scales indicate height values.

Figure 2. Hsp90 inhibits secondary structure transition of Ab40. CD spectroscopy of 10 lM Ab40 in the presence or
absence of 0.04 lM Hsp90 (WT, tetramer, and E33A mutant) after incubation at 37�C and measured immediately
after mixing with a pipette, indicates that Hsp90 prevents the secondary structural transition of Ab40 from random coil
to b-sheets.
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typical b-sheet structure showing the characteristic
curve with a minimum at ~220 nm and a
maximum at ~195 nm via an isodichroic point at
~210 nm, similar to the result in our previous
study.41 However, in the presence of Hsp90 pro-
teins, no signal corresponding to a b-sheet sec-
ondary structure conformation is observed and the
signal of the initial Ab40 random coil secondary
structure conformation decreases step by step as
the incubation carries on and finally disappears.
The latter might, to a large extent, be caused by
some large aggregates formed by Hsp90 and
Ab40. Three Hsp90 forms at a low concentration of
0.04 lM are similarly efficient in inhibiting the sec-
ondary structure transition of the Ab40 peptides.
Based on our AFM and CD spectroscopy results,
we suggest that Hsp90 structurally modulates the
transition pathway of Ab40 aggregation andmorpho-
logically impedes the formation of Ab40 fibrils.
Hsp90 impedes the secondary pathways of
Ab40 fibrillation

By using a ThT kinetics assay, we investigated
how Ab40 amyloid fibrillation kinetics is modulated
by Hsp90 proteins. ThT is a commonly used
fluorescence dye to monitor the formation of
amyloid fibrils, as its fluorescence intensity sharply
increases when bound to amyloid fibrils.42 Figure 3
3

and Figure S2(A) show the results of the ThT kinetic
fluorescence assays. In non-agitating condition, all
Hsp90 proteins inhibit Ab40 fibrillation in a
concentration-dependent manner, with WT being
the most efficient, probably because it is more
dynamic than the other forms. The general aggre-
gation course of amyloid protein aggregation is
shown in Figure 3(A). Calculated from sigmoidal
curve fitting, the phenomenological parameters t lag
and t1=2 of the fibrillation of 10 lM Ab40 alone were
estimated to t lag ¼ 8.6 ± 1.56 h and t1=2 ¼ 10.8 ± 0.
95 h and Hsp90 significantly prolongs the t lag and
t1=2 of the fibrillation, as the concentration of
Hsp90 increases (Figure 3(B) and (C)).
To get further insight into the microscopic

mechanisms of Ab40 fibrillation in the presence of
Hsp90, global fit analysis of the kinetic data was
performed with an integrated rate law43–46 by using
the AmyloFit online software server.47 It has been
reported that amyloid proteins usually aggregate
through either primary or secondary dominated
pathways44,48 and Ab40 undergoes fibrillation
mainly via secondary nucleation processes.41,48

Therefore, we selected the secondary nucleation
dominated model and first fitted the ThT data of
Ab40 alone, obtaining a set of parameters including
the primary nucleation rate constant (kn) = 0.00174
in concentration�nc+1 time�1 (nc is the reaction
order of primary nucleation that simply interpretates



Figure 3. Ab40 aggregation kinetics. (A) General aggregation course of amyloid protein fibrillation. Typically, this
process goes through the lag-, elongation-, and plateau- phases, in which primary nucleation (rate constant, kn),
secondary nucleation (rate constant, k2), and/or elongation (rate constant, kþ) processes are involved. (B) and (C)
The t lag and t1=2 of the fibrillation of 10 mM Ab40 in the absence or presence of different Hsp90 forms (WT, tetramer,
and E33A) at concentrations of 0.02, 0.04, 0.08, and 0.1 mM, were derived from sigmoidal fitting of ThT data of each
repeat. Error bars represent standard deviation of at least three replicates (D) Secondary processes of Ab40 fibrillation
are influenced by Hsp90. Aggregation kinetics of 10 mM Ab40 in the absence or presence of different Hsp90 forms
were monitored by ThT fluorescence over time (the raw data can be found in Figure S2(A)) and then globally fitted by
using the AmyloFit online software server.47 For the fitting procedure, the data of Ab40 alone were first fitted (the result
is shown in Figure S3) with a secondary nucleation dominated model, from which a set of parameters including
kn = 0.00174 in concentration�nc+1 time�1, k2 = 7.11e+7 in concentration�n2 time�1, and kþ = 9.22e+6 in
concentration�1 time�1 of Ab40 fibrillation were obtained and used as the initial guess values for the following global fit.
Each one of the rate constants kn , k2, or kþ was fitted freely, while the other two were set as initial guess values, by
choosing the secondary nucleation dominated model. When k2 and kþ, but not kn , were freely fitted then the data was
well described (see main text for details).❖ The mean square error (MSE) values for each set of Ab40 /Hsp90 samples
were normalized against the one with the best fit (lowest MSE value). (E) Relative rate constants (relative to the rate
constants of Ab40 alone) derived from global fitting for different concentrations of Hsp90.

H. Wang, M. Lallemang, B. Hermann, et al. Journal of Molecular Biology 433 (2021) 166717

4



H. Wang, M. Lallemang, B. Hermann, et al. Journal of Molecular Biology 433 (2021) 166717
a nucleus size), the secondary nucleation rate con-
stant (k2) = 7.11e+7 in concentration�n2 time�1 (n2 is
the reaction order of secondary nucleation that sim-
ply interpretates a nucleus size), and the elongation
rate constant (kþ) = 9.22e+6 in concentration�1

time�1 of Ab40 fibrillation process, which were used
as the initial guess values for the following fit. Each
one of the three rate constants (kn,k2,k±) was fitted
freely, while the other two were kept as initial guess
values. The result of the global fit analysis is shown
in Figure 3(D) and the relative rate constants
derived from the global fit are presented in Figure 3
(E). The global fit analysis depicts that if the rate
constants k2 and kþ, rather than the kn, were freely
fitted, the results can describe the Hsp90-
dependent aggregation data, suggesting that the
secondary pathways (the secondary nucleation
and/or elongation processes) of Ab40 aggregation
are the ones mostly affected by Hsp90 proteins.

Hsp90 modulates the hydrophobic surface of
Ab40 peptides

To determine which microscopic rate constant, k2

or kþ, of Ab40 is most influenced by Hsp90, we
performed seeding experiments of Ab40 peptide
fibrillation kinetics in the presence and absence of
Hsp90 proteins. Pre-formed Ab40 seeds were
added at time zero to the samples with Ab40
monomers and Hsp90 proteins. In the presence of
seeds, the primary nucleation processes are
nearly negligible compared to the secondary
processes. At a high seed concentration, with a
concave ThT aggregation kinetic curve, the
growth of fibrillary aggregates mainly originates
from elongation processes. The results of the
seeding assays in Figure 4(A) and Figure S2(B)
show the absolute and normalized signal
corresponding to the aggregation concentration,
respectively. It illustrates that the addition of Ab40
seeds to Ab40 monomers (the Ab40 + seeds curve)
significantly speeds up the Ab40 fibrillation,
reaching the plateau phase within the time the
unseeded Ab40 sample remains in the lag phase.
Notably, the seeded kinetic curve shows a
concave shape in opposite to the sigmoidal curve
for unseeded Ab40. The unseeded samples with
Ab40 supplemented with Hsp90 proteins
dramatically slow down the process with slower
aggregation kinetics with sigmoidal curves. This is
consistent with the results of ThT assay in
Figure 3 that all variants inhibit Ab40 fibrillation,
with WT being the most efficiently. In both Figures
3(D) and 4(A), the mutant E33A without ATPase
activity inhibits Ab40 fibrillation, suggesting that
Ab40 may not only bind to one specific site on
Hsp90, and that the ATPase activity is also not
the only determinant in the effect of Hsp90 on
Ab40 fibrillation. In the presence of both Ab40
seeds and Hsp90, the fibrillation process of Ab40
is prolonged as compared to Ab40 alone without
seeds. This indicates that the elongation process
5

of Ab40 fibrillation with seeds is significantly
inhibited by Hsp90.
As both hydrophobic and electrostatic

interactions play an important role in the
aggregation process of amyloid proteins,16 we per-
formed ANS (8-anilino-1-naphthalenesulfonic
acid)49 fluorescence studies (see methods) to
understand the effect of Hsp90 protein on the sur-
face hydrophobic reorganization of Ab40 peptides.
The ANS assay was conducted for 10 lM Ab40 in
the presence or absence of 0.1 lM Hsp90 protein
forms, to check how Hsp90 influence the hydropho-
bic surface and the fibrillation behavior of Ab40
(Figure 4(B)). The decrease of the fluorescence sig-
nal after the addition of Hsp90 WT, tetramer or
mutant (E33A) compared to that of Ab40 alone, sug-
gests that the hydrophobic surface of Ab40 to inter-
act with ANS is decreased. Among these Hsp90
proteins, Hsp90 WT is the most effective one to
reduce the hydrophobic surface of Ab40, which is
in line with our ThT data, with Hsp90 WT as the
most effective inhibitor against the fibrillation. This
suggests that the accessible hydrophobic surfaces
of Ab have a crucial role in Ab fibrillation.15 But if this
was the only effect, a red-shift of the emission peak
would have been expected. Therefore, some elec-
trostatic interaction will also be involved.50

To further investigate the aggregation behavior, a
photo-induced crosslinking experiments was
carried out to stabilize 90 lM Ab40, in the absence
or presence of 2 lM Hsp90. The data in Figure 4
(C) and (D) suggest that Ab40 alone aggregates
into a series of different oligomer sizes, but that
Hsp90 significantly retains Ab40 as monomers on
the SDS-PAGE gel, with the wild type Hsp90
being the most efficient.
Therefore, we can propose that the Hsp90 slows

down the elongation process of Ab40 fibrillation
presumably by decreasing the accessible
hydrophobic surfaces of Ab40 and thus keeping
the peptides as monomers or small oligomers.
To further confirm this observation, we continued

with a photo-induced cross-linking assay51,52 to sta-
bilize Ab40 samples but this time at the end point of
the ThT assay (Figure 4(E). Results of reference
experiments conducted with samples at 0 h are
shown in Figure S4(B), indicating that Hsp90s
almost show no effect on Ab40 fibrillation at time
zero of ThT experiment). In the presence of
Hsp90, Ab40 monomers were observed, while
almost no Ab40 monomers were found in the
absence of Hsp90 on the SDS-PAGE gel after the
cross-linking assay, which might be caused by the
formation of the fibrils that are too large to go
through the SDS-PAGE gel.
Figure 4(C) also shows some higher-molecular-

weight proteins, which probably are Hsp90
aggregates after the cross-linking at a high
concentration (2 mM), which is less present at a
low concentration (0.5 mM) (Figure 4(E)). In
Figure 4(E), the bands above 170 kDa can be



Figure 4. Hsp90 inhibits the elongation process of Ab40 fibrillation by attenuating hydrophobic interactions among
the Ab40 peptides. (A) The seeding experiments of 10 lM Ab40 in the presence of 1 lM Ab40 seeds without (gray) or
with 0.1 lM Hsp90 protein WT (blue), tetramer (cyan) or mutant E33A (light green), monitored by ThT fluorescence at
37 �C without agitation. As controls, 10 lM Ab40 fibrillation kinetic assays were conducted without the seeds in the
absence (purple) or presence of 0.1 lM Hsp90 protein WT (green), tetramer (yellow) or mutant E33A (orange). (B)
ANS fluorescence assay performed with 10 lM Ab40 in the presence or absence of 0.1 lM Hsp90 protein variants at
37 �C. (C) SDS-PAGE of the photo-induced cross-linking samples of 90 lM Ab40 in the presence or absence of 2 lM
Hsp90 after 15 min incubation at room temperature. (D) Quantitative comparison of oligomers from the cross-linking
experiment. (E) SDS-PAGE of the photo-induced cross-linking samples of 10 lM Ab40 with or without 0.5 lM Hsp90
after the ThT assay shown in Figure S4(A).
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SDS-resistant wild-type or E33A Hsp90 tetramers
and Ab40 fibrils do not run into the page because
of the insolubility. 10 mM Ab40 peptides in the
presence of 0.5 mM Hsp90 likely remain as
monomers before (Figure S4(B)) or after (Figure 4
(E)) the ThT assay, supporting that 0.5 mM Hsp90
WT or variant completely suppresses Ab40
fibrillation in Figure S4(A). These results also
show that Hsp90 retains Ab40 as mainly
monomeric species and slows down the fibril
formation in vitro.
ATP modulates the hydrophobic surface of
Hsp90 and thereby Ab40 fibrillation

To investigate the potential mechanism by which
ATP affects the protective activity of Hsp90 protein
6

against Ab40 fibrillation, we conducted kinetic
aggregation studies with 10 lM Ab40 and 0.1 lM
Hsp90 (WT) in the absence or presence of 2 mM
ATP or AMP-PNP. It is well known that ATP
slightly shifts Hsp90 towards a closed
conformation and AMP-PNP mainly locks Hsp90
in the closed conformation.1,53 The aggregation
kinetics observed in Figure 5(A) and Figure S2(C)
indicate that ATP or AMP-PNP on its own (i.e. in
the absence of Hsp90) does not significantly influ-
ence Ab40 fibrillation, but that both negatively regu-
late the effect of Hsp90 on Ab40 fibrillation.
Again, we used the ANS fluorescence assay to

test for hydrophobic surfaces, this time of 6 lM
Hsp90 (WT) on its own, in the absence or
presence of 2 mM ATP or AMP-PNP. Figure 5(B)
shows the reduction of the hydrophobic surface of



Figure 5. (A and B) ATP negatively regulates the inhibitory efficiency of Hsp90 against Ab40 fibrillation by
modulating the conformation dynamics and reducing hydrophobic surfaces of Hsp90. (A) Aggregation kinetics of Ab40
fibrillation monitored by ThT fluorescence. The experiment was conducted with 10 lM Ab40 and 0.1 lM Hsp90, in the
presence or absence of 2 mM ATP or AMP-PNP at 37 �C without agitation, and the averaged data were normalized
with AmyloFit. The normalized data of individual curves were shown in Figure S5. (B) ANS fluorescence experiment
performed with 6 lM WT Hsp90 in the presence or absence of 2 mM ATP or AMP-PNP at 37 �C. (C–H) Results of
AFM imaging in liquid. (C) Ab40 peptides only. (D) Ab40 peptides with Hsp90 (10:1). (E) Ab40 peptides with Hsp90
(10:1) and ATP (5.0 mM). All samples (Ab40 concentration: 75 mM) were incubated for 92 h at 300 rpm at 30 �C. The
respective sample was deposited on a flat mica surface and measured in HEPES pH 7.0 with 10 mM MgCl2 with a
scan size of 3 mm � 3 mm and a scan rate of 2.44 Hz. In total, about 5 images of each sample were taken and the
experiments were performed twice. (F) Height histograms of Ab40 structures, showing height values of 5 (±1) nm in all
cases. (G) Contour length histogram (bin width 28 nm) of the Ab40 structures, showing values of (546 ± 464) nm (Ab40
incubation only), (37 ± 23) nm (Ab40 peptides incubated with Hsp90), (72 ± 106) nm (Ab40 peptides incubated with
Hsp90 and ATP). The large error for the latter is due to the bimodal distribution (monomers and oligomers). (H) Zoom
into the first part of (G) with a bin width of 10 nm. Please note that longer structures (>100 nm) are only visible in the
absence of Hsp90 (red) or if Hsp90 + ATP are present (blue).
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Hsp90 upon the addition of the nucleotides, which
likely has the negative regulatory inhibition
efficiency of Hsp90 against Ab40 fibrillation. Our
7

hydrophobicity assay agrees with the observed
fibrillation kinetics: the accessible hydrophobic
surface decreases from apo Hsp90 to ATP/Hsp90
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to AMP-PNP/Hsp90, similar to the inhibitory effects
of Hsp90 on Ab40 fibrillation in Figure 5(A). The
decrease of Hsp90 inhibition by AMP-PNP is not
as strong as for ATP, indicating that the
hydrophobicity is not the only determinant, but that
conformational dynamics likely also plays a
significant role.
We then further confirm the inhibitory effect of

Hsp90 on Ab40 fibrillation and the influence of ATP
on this effect by using AFM imaging in aqueous
environment under various conditions. First Ab40
was incubated for 92 h at 300 rpm and 30 �C at a
concentration of 75 mM to form mature fibrils
(Figure 5(C)). The same experiment was repeated
in the presence of Hsp90 (Ab40: Hsp90 ratio of
10:1). Figure 5(D) shows that no fibrils were
formed, i.e. that Hsp90 efficiently inhibited Ab40
fibrillation at substoichiometric concentrations,
consistent with previously reported experiments.28

Finally, the same experiment was repeated with
Hsp90 in the presence of 5 mM ATP. In this case,
some fibrils could be observed, but to a much lower
extent as with Ab40 alone (Figure 5(E)). Figure 5
(F)–(H) show the heights and contour lengths of
Ab40 aggregates under the various conditions. The
AFM images show straight and spiral fibrils, with
contour lengths around 500 nm, which were formed
in the absence of Hsp90 and ATP. The height of the
fibrils is around 5 nm in agreement with previous
reports.32,34 In the presence of Hsp90 and absence
Figure 6. (A) Fluorescence polarization (FP) assays
(WT, 0–100 lM, two-fold serial dilution) in the absence or
induced cross-linking samples of 2 mM Hsp90 (WT) and 90 m
at room temperature. Hsp90 and Ab40 form complexes in th

8

of ATP, mainly monomers and oligomers with con-
tour lengths below 50 nm were observed represent-
ing most likely monomers or small co-aggregates of
Ab40 and Hsp90. In the presence of Hsp90 and
ATP, monomers, oligomers as well as fibrils were
observed, indicating a suppressing effect of ATP
on the capability of Hsp90 to inhibit the fibrillation
process.
Binding mode between Hsp90 and the Ab40
peptides

To investigate the binding affinity between Hsp90
and Ab peptides, fluorescence polarization (FP)
experiment was carried out. The result shown in
Figure 6(A) indicates that Hsp90 does not display
any strong affinity (Kd is estimated to be lower
than 100 lM) for the Ab40 peptides (monomers) in
the absence or presence of AMP-PNP. Both
closed and open Hsp90 proteins presumably
protect the Ab40 peptides from the fibrillation via
surface hydrophobic solubilization rather than a
specific interaction, in agreement with our ANS
assays where Hsp90 stabilizes Ab with changed
hydrophobic surface. As shown in Figure S6,
Hsp90 with open conformation offers more
hydrophobic surfaces than that in closed state,
supporting Figure 5(A) and (B) where Hsp90
without AMP-PNP has more hydrophobic surfaces
and better inhibition efficiency than the one with
conducted with 30 nM HL488-Ab40 and Hsp90
presence of AMP-PNP. (B) SDS-PAGE of the photo-
M Ab40 with or without AMP-PNP after 15 min incubation
e presence or absence of 2 mM AMP-PNP.
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AMP-PNP (closed state). The weak/unspecific
interaction between Hsp90 and Ab40 can be
converted to covalent connection through
PICUP.54 To further investigate if Hsp90 offers the
surfaces for Ab solubilization, the PICUP experi-
ments were conducted (Figure 6(B)), followed by
the LC/MS analysis in Figure S7(A) and (B).
Hsp90 forms more higher-molecular-weight bands
in the presence of Ab40 on the SDS-page gel than
these without Ab40 in Figure 6(B), suggesting that
Hsp90 forms several complexes with different num-
bers of Ab40 monomers. Followed by liquid chro-
matography, ESI–time-of-flight (TOF) mass
spectrometry enables to determine the spectrum
m/z of the Hsp90 complexes from the PICUP assay.
As shown in Figure S7(A), PICUP products eluted
from the column with different elution times indicate
the formation of Hsp90 complexes with different
polarities. Hsp90 without PICUP gives a single peak
in the m/z spectra in Figure S7(B). After PICUP,
Hsp90 with the Ab40 peptides (in green and red
curve, Figure S7(B)) seems to form more com-
plexes in comparison to the one without the pep-
tides (in purple curve, Figure S7(B)). Altogether
this data indicates that Hsp90 solubilizes Ab pep-
tides to large degree through hydrophobic surfaces
as suggested by the ANS assay, although the bind-
ing to monomers is weak, which we conclude from
our fluorescence polarization assay. This is consis-
tent with the interaction of Hsp90 with several disor-
dered proteins like tau via a transient and weak
binding on the extended substrate binding surfaces
that crosses the domain boundaries.14
Discussion

Here we report how wild type Hsp90 and Hsp90
variants slow down Ab40 peptide fibril formation at
substoichiometric ratios in vitro. Our AFM and CD
experiments further show that Hsp90 proteins
alter the conversion of secondary structure
conformations of Ab40 during fibrillation and
induce formation of amorphous Ab40 aggregates.
Our global fit analysis of the kinetic data suggests
that Hsp90 proteins influence both the secondary
nucleation and elongation processes. The seeding
assay confirms the finding that the elongation
process of Ab40 is significantly modulated by
Hsp90. The cross-linking assay further shows
that, in the presence of Hsp90, Ab40 even remains
predominantly in its monomeric state compared to
in the absence of Hsp90 proteins. In order to
elucidate the molecular mechanisms behind the
interaction between Hsp90 and Ab40, an ANS
fluorescence assay was conducted, from which
we conclude that Hsp90 decreases the accessible
hydrophobic surfaces of the Ab40 peptides.
The Hsp90 protein is intrinsically flexible with a

number of accessible hydrophobic surfaces55 and
coexists in various conformations. Furthermore,
the conformational transition of Hsp90 can be mod-
9

ulated upon the binding of diverse substrates, co-
chaperones, adaptor proteins, or nucleotides.10,56–59

Here we investigated the effect of nucleotides by
repeating the experiments in the presence of ATP
or the non-hydrolysable AMP-PNP. In particular,
our ThT kinetics experiments show that ATP alone
hardly inhibits the aggregation of Ab40, which is con-
sistent with a previous study.60 On the contrary, the
inhibitory effect of Hsp90 on Ab40 fibrillation is signif-
icantly attenuated by the addition of ATP, while
AMP-PNP reduces this effect of Hsp90 to a lower
extent, confirming that our observations are related
to the conformational dynamics of Hsp90 proteins.
To study the influence of ATP on the hydrophobicity
and electrostatic interactions of Hsp90, an ANS flu-
orescence assay was conducted, which shows that
ATP or AMP-PNP decreases the total hydrophobic
surface of Hsp90. Thus, ATP diminishes the inhibi-
tory effect of Hsp90 on Ab40 fibrillation also by
decreasing the hydrophobic surface of Hsp90. Nev-
ertheless, this is likely not the only effect, as ATP
reduces the inhibitory effect of Hsp90 more than
AMP-PNP, despite AMP-PNP having a larger effect
on the hydrophobic surface (Figure 5(A) and (B)).
Therefore, we speculate that also the large confor-
mational dynamics of Hsp90s plays a crucial role.
In addition, ATP hydrolysis might displace Ab40
monomers from Hsp90, further reducing the inhibi-
tory potency of Hsp90.
We briefly summarize in a schematic model in

Figure 7 how Ab40 fibrillation can be influenced by
Hsp90 as well as ATP at the microscopic and
molecular levels: (1) Hsp90 inhibits the fibrillation
(mostly the elongation process) of Ab40 monomers
by interfering with the hydrophobic interactions
between Ab40 monomers and/or oligomers; (2)
ATP suppresses the inhibitory effect of Hsp90 on
Ab40 fibrillation. Conceivably, ATP triggers a
conformational conversion of Hsp90’s quaternary
structure even in the presence of Ab40 and thus
reduces the global hydrophobic surfaces of
Hsp90, leading to the release of the Hsp90-bound
Ab40 peptides and/or less binding of free Ab40. In
other words, ATP hydrolysis would lead to
something considered as a ‘clean cycle’ to leave
the relatively bare Hsp90 and more unbound Ab40
available for fibrillation. AMP-PNP on the other
hand is known to close the Hsp90 dimer and
therefore stably reduce the accessible
hydrophobic surface of Hsp90. This is consistent
with the concept that Hsp90 usually interacts with
its clients via a large number of low energy
contacts in a dynamic and transient way.61 Similar
to the hydrophobic surfaces of Hsp90 for Ab40, the
binding site of Tau on the Hsp90 mainly consists
of hydrophobic residues.10 The binding surface of
Ab40 or Tau

10 on Hsp90 are generally in accordance
with how Hsp90 interacts with the other amyloid
proteins, like the misfolded transthyretin
monomer,62 the GR-LBD (glucocorticoid receptor-
ligand binding domain),57 or the unfolded kinase



Figure 7. Schematic diagram of the inhibitory effect of Hsp90 on Ab40 fibrillation in the presence and absence of
ATP. The fibrillation of Ab40 peptides occur via primary nucleation, elongation and secondary nucleation mechanisms,
here described as the rate constants, kn, k+, and k2. Secondary nucleation is the dominating process for an increase
of aggregate mass during Ab40 amyloid formation, after which the pre-fibrils undergo several (n) elongation/secondary
nucleation processes, to become mature fibrils. The presence of Hsp90 provides exposed hydrophobic surfaces to
which various Ab40 species can bind, leading to a decrease of free Ab40 monomers and/or oligomers that are available
to form new nuclei and for the subsequent elongation and secondary nucleation processes. ATP modulates the global
conformation and surface hydrophobicity of Hsp90, and therefore reduces the activity of Hsp90 against, mostly, the
elongation process of Ab40 fibrillation.
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Cdk4.63 Since Ab40 is 10 times size smaller than
Tau, Hsp90 may stoichiometrically bind to more
Ab40 compared to Tau or other amyloid protein.
Tau takes 106-�A-long binding patch of Hsp90 for
the low-affinity interaction,10 while Hsp90 forms
several complexes with different numbers of Ab40
monomers as observed by the PICUP in Figure 6
(B) and the following LC-MS assay (Figure S7(A)
and (B)) with low binding affinity (Figure 6(A)).
We still do not fully understand the molecular

action of the tetramer and E33A mutant, as shown
in Figure 4(A) and (B), because the tetramer and
E33A show similar effects regarding the reduction
of Ab40 hydrophobicity but a different effect of
Ab40 fibrillation. Nevertheless, the tetramer and
E33A helped us to delineate factors that
determine the interaction between Hsp90 and
Ab40. It became clear, that the ATPase activity is
very important, but not the only determinant. One
other determinant is a reduction of Hsp90
hydrophobicity. Besides, we are convinced that a
third determinant is the conformational dynamics/
flexibility of Hsp90, but this is a point of further
investigation.
Taken together, the different behaviors of Ab40

fibrillation in the presence of wild type Hsp90 and
the variants are presumably caused by Hsp90
conformation dynamics, ATPase activity,
hydrophobicity, and the heterogeneity of Ab40
aggregation process. This can also explain the
differences in the behavior of Ab40 aggregation
10
kinetics in the presence of different Hsp90
isoforms in Figures 3(D) and 4(A). Like other
oligomeric proteins64,tetrameric Hsp90 may equili-
brate to dimer or monomer. The equilibria might
cause the interface change65 of tetrameric Hsp90,
therefore changing the different hydrophobic sur-
faces for Ab40 and leading to the similar effect with
that of E33A mutant. The tetrameric equilibria and
Ab40 aggregation can be further explored but are
not an aim of our study. Oligomer equilibria can be
dependent of sample preparation conditions, like
temperature. The different equilibrium of Hsp90 tet-
ramer may explain the slight different effects of the
tetramer on Ab40 fibrillation shown in Figures 3(D)
and 4(A).
On the physiological relevance, we can only

speculate. In Alzheimer’s disease, mitochondrial
electron transport chain is severely affected by Ab
aggregation, leading to a decrease of ATP
production.66 With less ATP, there might be less
Hsp90-client complexes. Instead, there could be
more accessible hydrophobic surfaces on client-
free Hsp90 available for binding Ab, inhibiting the
aggregation, and further restoring the function of
ATP production. Although the direct physiological
relevance of Hsp90 and ATP for modulating Ab fib-
rillation remain to be explored, increasing evidence
indicates that Ab can be produced and can aggre-
gate inside cells and that there is a communication
between the extracellular and intracellular Ab
pools.67–70 Furthermore, our study provides a
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potential mechanism how Hsp90 and variants may
regulate Ab fibrillation. These shed light on the mul-
tiple facets of the chaperone Hsp90 interaction with
amyloid proteins.
Materials and Methods

Purification of recombinant Hsp90 from E. Coli

Gene expression and subsequent protein
purification was performed following established
protocols with minor modification.71 The construct
used in this study were yeast Hsp90 WT carrying
an N-terminal His6-tag and yeast Hsp90 E33A with
a substituted charged linker region and a cleavable
His6-SUMO-tag.1 In short, pET28 derived expres-
sion constructs were transformed with BL21 Star
(DE3) cells. Gene expression was induced at
OD600 = 0.7 with 1 mM IPTG in cells grown in lyso-
geny broth media at 37 �C. The cells were har-
vested 4 h after induction.
Cells were resuspended in HEPES buffer ‘pH7.5’

containing 150 mM NaCl and 20 mM Imidazole and
lysed with a Cell Disrupter (Constant Systems) at
1.6 kbar. Cleared lysate was then applied to
HisTrap HP column followed by anion exchange
chromatography with HiTrap Q and gel filtration on
S200 (all columns GE Healthcare). Fractions
corresponding to the dimer and to a higher
oligomer were pooled separately. The protein was
flash frozen in liquid nitrogen in concentrations of
130–315 mM and stored at �80 �C. Cleavage of
the SUMO-tag was done by dialysis of the
HisTrap eluate in the presence of 1/100 mol
SENP protease against imidazole free buffer and
removal of free SUMO and uncleaved fusion-
protein by a second HisTrap.
The oligomeric state of the higher oligomer was

examined with right angle light scattering and
refractive index analysis (Viscotek TDA 305) after
separation on a S200 10/300 GL increase column
(GE Healthcare) confirming a predominantly
tetrameric composition.
Other materials and sample preparation

Concentrated Hsp90 protein stock solutions were
diluted to working concentration in 40 mM Hepes
buffer supplemented with 150 mM KCl, pH 7.5.
Ab40 was purchased from (Alexo Tech) and
Adenosine 50-triphosphate disodium salt hydrate
(ATP, CAS: 34369-07-8), Adenylyl-
imidodiphosphate (AMP-PNP, CAS: 25612-73-1),
8-Anilino-1-naphthalenesulfonic acid (ANS, CAS:
82-76-8), Thioflavin T (ThT, CAS: 2390-54-7), Tris
(2,20-bipyridyl) dichlororuthenium(II) hexahydrate
(Ru(Bpy), CAS: 50525-27-4), and Ammonium
persulfate (APS, CAS: 7727-54-0) were
purchased from Sigma-Aldrich. Ab40 stock
solutions were prepared by dissolving the
lyophilized powder in 10 mM NaOH to a
concentration of 2 mg/mL and then sonicated in
11
an ice-water bath for 1 min, as described
previously in our publications75,76. ATP and
AMP-PNP stock solutions were prepared at a
concentration of 100 mM in 50 mM Tris-HCL, pH
7.5. ThT and ANS stocks were prepared to 3 and
10 mM in 50 mM Tris buffer pH 7.4 and DMSO,
respectively. The concentrations of Ru(Bpy) and
APS were 1 and 20 mM in 10 mM sodium phos-
phate buffer, pH 7.4, respectively. All of the buffers,
10 mM NaOH, ThT and ANS stocks were filtered
with 0.2 lm (micrometer) syringe-driven filters.

ThT fluorescence assays

To study the effect of Hsp90 (WT, tetramer, and
E33A mutant) on the fibrillation kinetics of the
Ab40 peptides, Hsp90 solutions at the different
concentrations (0, 0.02, 0.04, 0.08, and 0.1 uM)
were prepared with 40 lM ThT and 10 lM Ab40 in
the assay buffer (20 mM sodium phosphate buffer,
pH 7.4, 0.2mMEDTA, 0.02%NaN3) on ice. 40 lL of
each sample was then transferred into a 384-well
black plate with transparent bottom (NUNC) and
sealed with a piece of foil film. The plate was
incubated in a microplate reader (PHERAstar
FSX, BMG LABTECH, Germany) and the
fluorescence kinetics of Ab40 was monitored at
37 �C without agitation every 5 min, using
wavelengths of 430 nm and 480 nm for excitation
and emission, respectively.
To investigate how ATP and AMP-PNP affect the

activity of Hsp90 on Ab40 fibril formation, we
conducted another ThT assay with 40 lM ThT,
10 lM Ab40, 0.1 lM Hsp90 (WT, tetramer, or
E33A mutant), in the presence or absence of
2 mM ATP and AMP-PNP. The samples were
prepared and the kinetics was monitored in the
same way as mentioned above. As a control, the
effect of ATP and AMP-PNP on Ab40 fibrillation
kinetics was studied as well.
In a seeding assay, 10 lM Ab40 seeds were

freshly prepared from a monomeric solution
allowed to incubate for ~15 h at 37 �C in a 384-
well black plate (NUNC) without agitation. The
seeds were then sonicated in ice-water bath for
2 min. The samples were prepared as described
above in the presence of 1 lM Ab40 seeds. These
ThT assays were conducted with at least three
replicates.
All of the original ThT data were plotted with

Prism7.0 (GraphPad Software). The averaged
ThT data were normalized with equation (1) and
globally fitted in AmyloFit,47 the sigmodial fitting
were performed with data of individual curves by
using equation (2). The averaged data of seeding
assays and the data of individual curves obtained
from ThT assays with ATP or AMP-PNP were nor-
malized with equation (1) in AmyloFit.

ynorm;i ¼ 1�M0;fracð Þ y i � ybaseline

yplateau � ybaseline

þM0;frac ð1Þ
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y ¼ ybaseline�yplateau

1þ eðt�t0Þ=dt þ yplateau ð2Þ

whereybaseline and yplateau are the values of the data at the

baseline and the plateau, M0;frac is the relative initial

concentration of aggregates (i.e., a value between 0
and 1). t is the time of amyloid aggregation course and
t0 is the time when the fluorescence intensity reaches
half of the plateau value, while dt is the time constant.
ynorm;i is the normalized value of y i , the original value

of the i th data point, and y was the fitted value of the
data at time t . The lag time t lag and aggregation half

time t1=2 were given as follows.

t1=2 ¼ t0 ð3Þ

t lag ¼ t1=2 � 2dt ð4Þ

The normalized data, t lag and t1=2 were plotted with

Prism7.0 (GraphPad software).
Global fitting

To identify which microscopic rate processes of
Ab40 aggregation are the ones most influenced by
Hsp90, the ThT data of Ab40/Hsp90 (0, 0.02, 0.04,
0.08, and 0.1 lM) were fitted globally with an
integrated rate law43,44 in AmyloFit online software
server.47 The secondary nucleation dominated
model was selected, the data of Ab40 alone was first
fitted, obtaining a set of parameters, which were
used as the initial guess values for the following fits.
Among these obtained parameters, the primary
nucleation rate constant (kn ; with units of time�1-
concentration�nc+1, where nc is the reaction order
of primary nucleation that simply interpretates a
nucleus size), the secondary nucleation rate con-
stant (k2, with units of time-1concentration-n2, where
n2 is the reaction order of secondary nucleation that
simply interpretates a nucleus size), or the elonga-
tion rate constant (kþ, with units of of time-1concen-
tration

-1

) was fitted freely while the other two rate
constants were set as fixed initial values. For
detailed definitions of these parameters and fitting
procedure, please refer to the nature protocol.47
Atomic force microscopy (AFM) imaging in air

For AFM measurement in air, 10 lM Ab40, with or
without 0.5 lM Hsp90 (WT, tetramer, or E33A
mutant) were incubated at 37 �C in 1.5 mL
microcentrifuge tubes for 24 h at 300 rpm. 15 lL
of each sample was then added onto the freshly
cleaved muscovite mica (Electron Microscopy
Sciences) and incubated for 5 min at room
temperature. The excess sample was removed
with filter paper and the mica plate with the
sample was rinsed once with 150 lL of Milli-Q
water. The excess water was removed with filter
paper and the mica plate with the sample was
dried under nitrogen gas. The images were
obtained with the Bruker Dimension Icon
Scanning Station (Bruker, USA) in intermittent
12
contact mode in air and processed with the WSxM
4.0 software.72

Atomic force microscope imaging in liquid

For AFM imaging, Ab40 peptides were diluted with
PBS buffer (Dulbecco’s Phosphate Buffered Saline,
pH 7.2, 500 mL, Sigma-Aldrich, USA) to a final
concentration of 75 mM with 7.5 mM Hsp90 (WT),
5.0 mM ATP or 7.5 mM BSA. The peptides were
incubated at 30 �C for 92 h at 300 rpm (Eppendorf
Thermotop, Germany). A flat mice surface
(muscovite, diameter 10–12 mm, Plano,
Germany) was cleaved, immobilized on an AFM
specimen (diameter: 15 mm) using UV curable
glue (NOA 63, Norland Products, USA) and
washed with ultrapure water (30 mL, 18.2 MX cm,
Purelab Chorus 1, Elga LabWater, Germany) and
the Ab40 solution was incubated on the mica
surface at 60 �C for 30 min. Finally, the surface
was washed with ultrapure water (30 mL).
AFM imaging was performed on a Cypher ES

(Asylum Research, an Oxford Instruments
Company, USA) using a heating/cooling sample
stage set to 25 �C and AC mode based on the
blueDrive (photothermal excitation). The
measurements were performed in HEPES buffer
(pH 7.0) with 10 mM MgCl2. The images were
obtained with the BioLever-AC40TS cantilevers
(Olympus, Japan) with a resonance frequency of
about 20–25 kHz in liquid. The following
parameters were chosen for the measurements: a
scan size of 5 mm, a scan rate of 2.44 Hz, a
setpoint of 300–400 mV and a scan angle of 0�.
The images were processed with the Gwyddion

Free SPM analysis software (Petr Klapetek,
version 2.53).73 To correct the recorded height
image (using the trace image), the data was levelled
bymean plane subtraction, the rows were aligned to
the median value and the minimum data value was
shifted to 0.
Grain analysis using Gwyddion Free SPM

analysis software was performed to obtain height
values of the imaged structures. First, the
threshold of grain-like features was marked. Then,
the generated grain data was exported and the
height values of the grains were taken to provide
histograms, mean and error values using Origin
(Version 2019, OriginLab, USA).
The contour length of the structures was

determined by Easyworm 1.74 The respective AFM
images were loaded into the software and 100 indi-
vidual chains were marked using cursors. Then,
Easyworm2wasused togenerate thecontour length
values for each individual chainmarked inEasyworm
1 and the raw data was exported to provide his-
tograms, mean and error values using Origin.

Circular dichroism (CD) spectroscopy

In CD spectroscopy, the sample was performed
with 10 lM Ab40 supplemented with or without
0.04 lM Hsp90 proteins (WT, tetramer, or E33A
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mutant) in 20 mM potassium phosphate buffer, pH
7.0. The CD spectra were recorded in the far-UV
region from 190 to 260 nm with a Chirascan plus
CD spectrometer (Applied Photophysics Limited,
U.K.). The samples were measured in a quartz
cuvette with a pathlength of 10 mm at 37 �C
immediately after stirred manually with a pipette,
using a step size of 1.0 nm, a bandwidth of
1.0 nm, and a time per point of 0.5 s. The spectra
were recorded at 0, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8,
and 22 h. The curves were replotted and
smoothed by 20 times with the Origin (Version
2018, OriginLab, USA).
Photo-induced cross-linking of unmodified
proteins (PICUP)

In the PICUP experiment, 18 ll of 90 lMAb40 with
or without 2 lM Hsp90 (WT, tetramer, or E33A
mutant) in 10 mM sodium phosphate buffer,
pH7.4, were incubated for 15 min at room
temperature, followed by the addition of 1 lL of
1 mM Ru(Bpy) and 1 lL of 20 mM APS, obtaining
a reaction volume of 20 lL in PCR tubes. The
samples were then irradiated for 2 s and
quenched by the addition of 2 ll of 0.5 M 1,4-
Dithiothreitol (DTT). These cross-linked samples,
together with the 90 lM unlinked Ab40, were
subjected to the SDS-PAGE with a 4–20% gel
and imaged with the Amersham Imager 600 (GE
Healthcare Life Sciences, US). The bands
corresponding to Ab40 monomers and different
kinds of oligomers were quantified and plotted
with ImageJ and Prism 7.0 (GraphPad software),
respectively.
The same experiments were carried out for 10 lM

Ab40 in the presence or absence of 0.5 lM Hsp90
proteins (WT, tetramer, or E33A mutant) after the
ThT kinetics experiments in Figure S4(A), as well
as for control samples (at time zero of Ab40
aggregation kinetics), the results of which are
shown in Figure S4(B).
The similar experiment was also carried out for

2 lM Hsp90 and 90 lM Ab40 in the absence or
presence of 2 mM AMP-PNP with irradiation time
of 5 s. The cross-linked samples were then
subjected to the SDS-PAGE with a 4–20% gel
and imaged with the EPSON Scanner.
LC-MS experiemnts

To check how Hsp90 interacts with Ab40 and how
conformation dynamics will influence this
Table 1 HPLC Method description

Time (min) Solvent A (acetonitrile with 0.1% formic acid)

0 2%

2 25%

25 50%

30 80%

The result of MS experiment was given as the spectrum m/z.
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interaction, Liquid chromatography-mass
spectrometry (LC-MS) experiments were
performed with 10 lM Hsp90 in native state, 2 lM
Hsp90/2 mM AMP-PNP (cross-linked), 2 lM
Hsp90/90 lM Ab40 (cross-linked), and 2 lM
Hsp90/2 mM AMP-PNP /90 lM Ab40 (cross-
linked). LC/MS analysis was performed on a LCT
Premier mass spectrometer and HPLC Waters
2795 (Waters, US). Samples were
chromatographed on a Reprosil-PUR 2000 C18-
AQ column (3 mm, 100mmX2mm) heated to 50 �C
using the following condition (see Table 1):
Fluorescence polarization (FP) assay

To investigate the binding affinity of Hsp90 with
Ab40. FP assays were performed with Hsp90 (WT,
two-fold serial dilution, with a highest
concentration of 100 lM, the results are shown in
Figure 6(A)) and 30 nM HL488-Ab40 in the
absence or presence of 2 mM AMP-PNP with
480 nm and 520 nm as the excitation and
emission wavelengths, respectively. The
measurements were performed with a microplate
reader (PHERAstar FSX, BMG LABTECH,
Germany) at 37 �C. The data were plotted with
Prism7.0 (GraphPad software). To confirm these
results, we performed the experiments once more
with WT at the highest concentration of 160 lM
with the same method, and obtained similar
results (data not shown).
ANS experiments

To study the effect of ATP and AMP-PNP on the
hydrophobic surface of the Hsp90 proteins, the
samples were prepared in the presence or
absence of 6 lM WT Hsp90 with 2 mM ATP or
AMP-PNP and then incubated for 1 h at room
temperature. ANS fluorescence dye was added to
the prepared samples at a final concentration of
30 lM. ANS is believed to binding to (buried)
hydrophobic sites of proteins. The observed
features of ANS, a blue shift of fluorescence
emission maxima and the increase of
fluorescence intensity and lifetime, are generally
attributed to the hydrophobicity of a binding site
and the restricted mobility of ANS. 40 lL of each
mixed sample was then transferred into a 384-well
white plate (PerkinElmer, USA). The samples
were measured using a multi-mode microplate
reader from BioTek at 37 �C, with an excitation
wavelength of 400 nm and an emission
Solvent B (water with 0.1 % formic acid) Flow (mL/min)

98% 0.5

75% 0.5

50% 0.5

20% 0.5
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wavelength region of 440–580 nm. The obtained
values were averaged, plotted and smoothed with
Origin (Version 2018, OriginLab).
We also conducted the ANS experiment to

investigate whether Hsp90 (WT, tetamer, and
E33A) influence the hydrophobic surface of Ab40.
Samples containing 10 lM Ab40 in the presence of
0.1 lM Hsp90 (WT, tetamer, or E33A) were
prepared, incubated, and measured in the same
way as mentioned above.

CRediT authorship contribution
statement

Hongzhi Wang: Conceptualization,
Investigation, Validation, Project administration.
Max Lallemang: Investigation, Validation. Bianca
Hermann: Investigation. Cecilia Wallin:
Validation. Rolf Loch: Validation. Alain Blanc:
Investigation. Bizan N. Balzer: Conceptualization,
Validation. Thorsten Hugel: Conceptualization,
Validation. Jinghui Luo: Conceptualization,
Validation, Project administration.

Acknowledgment

We appreciate Natacha Olieric for her kind help with the
CD experiment and acknowledge the use of the PSI
SPM Userlab at PSI.

Funding

M.L., B.N.B. and T.H. were funded by the
Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) under Germany’s
Excellence Strategy – EXC-2193/1 – 390951807.
H.W. was sponsored by the State Scholarship
Fund (China Scholarship Council (CSC):
201806200097) and J.L. was supported by the
Brightfocus foundation (A20201759S) and Swiss
National Science Foundation (310030_197626).

Declaration of Competing Interest

The authors declare that they have no known
competing financial interests or personal
relationships that could have appeared to
influence the work reported in this paper.

Appendix A. Supplementary material

Supplementary data to this article can be found
online at https://doi.org/10.1016/j.jmb.2020.11.016.

Received 7 June 2020;
Accepted 11 November 2020;

Available online 19 November 2020
14
Keywords:
Hsp90;
Ab40;

fibrillation;
conformation;

hydrophobic interaction

Abbreviations:
Hsp90, heat shock protein 90; ATP, adenosine

triphosphate; AFM, atomic force microscopy; CD, circular
dichroism; ThT, Thioflavin T; ANS, 8-anilino-1-

naphthalenesulfonic acid; Ab, amyloid-b; WT, wild type
Hsp90; GR-LBD, glucocorticoid receptor-ligand binding

domain; ETC, mitochondrial electron transport chain;
UPR, unfolded protein response; PICUP, photo-induced
cross-linking of unmodified proteins; ER, endoplasmic

reticulum; AMP-PNP, Adenylyl-imidodiphosphate; APS,
Ammonium persulfate

References

1. Ali, M.M., Roe, S.M., Vaughan, C.K., Meyer, P., Panaretou,

B., Piper, P.W., et al., (2006). Crystal structure of an

Hsp90-nucleotide-p23/Sba1 closed chaperone complex.

Nature, 440, 1013–1017.

2. Huh, W.K., Falvo, J.V., Gerke, L.C., Carroll, A.S., Howson,

R.W., Weissman, J.S., et al., (2003). Global analysis of

protein localization in budding yeast. Nature, 425, 686–691.

3. Didelot, C., Lanneau, D., Brunet, M., Bouchot, A., Cartier,

J., Jacquel, A., et al., (2008). Interaction of heat-shock

protein 90 beta isoform (HSP90 beta) with cellular inhibitor

of apoptosis 1 (c-IAP1) is required for cell differentiation.

Cell Death Different., 15, 859–866.

4. Suzuki, S., Kulkarni, A.B., (2010). Extracellular heat shock

protein HSP90beta secreted by MG63 osteosarcoma cells

inhibits activation of latent TGF-beta1. Biochem. Biophys.

Res. Commun., 398, 525–531.

5. Borkovich, K.A., Farrelly, F.W., Finkelstein, D.B., Taulien,

J., Lindquist, S., (1989). hsp82 is an essential protein that is

required in higher concentrations for growth of cells at

higher temperatures. Mol. Cell. Biol., 9, 3919–3930.

6. Csermely, P., Schnaider, T., Soti, C., Prohaszka, Z.,

Nardai, G., (1998). The 90-kDa molecular chaperone

family: structure, function, and clinical applications. A

comprehensive review. Pharmacol. Therap., 79, 129–168.

7. Richter, K., Haslbeck, M., Buchner, J., (2010). The heat

shock response: life on the verge of death. Mol. Cell, 40,

253–266.

8. Schopf, F.H., Biebl, M.M., Buchner, J., (2017). The HSP90

chaperone machinery. Nature Rev. Mol. Cell Biol., 18, 345–

360.

9. Zhao, R., Davey, M., Hsu, Y.C., Kaplanek, P., Tong, A.,

Parsons, A.B., et al., (2005). Navigating the chaperone

network: an integrative map of physical and genetic

interactions mediated by the hsp90 chaperone. Cell, 120,

715–727.

10. Karagoz, G.E., Duarte, A.M., Akoury, E., Ippel, H., Biernat,

J., Moran Luengo, T., et al., (2014). Hsp90-Tau complex

reveals molecular basis for specificity in chaperone action.

Cell, 156, 963–974.

https://doi.org/10.1016/j.jmb.2020.11.016
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0005
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0005
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0005
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0005
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0010
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0010
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0010
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0015
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0015
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0015
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0015
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0015
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0020
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0020
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0020
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0020
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0025
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0025
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0025
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0025
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0030
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0030
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0030
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0030
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0035
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0035
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0035
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0040
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0040
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0040
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0045
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0045
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0045
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0045
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0045
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0050
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0050
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0050
http://refhub.elsevier.com/S0022-2836(20)30635-5/h0050


H. Wang, M. Lallemang, B. Hermann, et al. Journal of Molecular Biology 433 (2021) 166717
11. McClellan, A.J., Xia, Y., Deutschbauer, A.M., Davis, R.W.,

Gerstein, M., Frydman, J., (2007). Diverse cellular

functions of the Hsp90 molecular chaperone uncovered

using systems approaches. Cell, 131, 121–135.

12. Picard, D., (2002). Heat-shock protein 90, a chaperone for

folding and regulation. Cell. Mol. Life Sci.: CMLS, 59,

1640–1648.

13. Pratt, W.B., Toft, D.O., (1997). Steroid receptor

interactions with heat shock protein and immunophilin

chaperones. Endocrine Rev., 18, 306–360.
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Colchero, J., Gómez-Herrero, J., Baro, A.M., (2007).

WSXM: A software for scanning probe microscopy and a

tool for nanotechnology. Rev. Sci. Instrum., 78, 013705
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