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a-Synuclein is an intrinsically unstructured protein that
binds to membranes, forms fibrils, and is involved in neurode-
generation. We used a reconstituted in vitro system to show that
the molecular chaperone Hsp90 influenced a-synuclein vesicle
binding and amyloid fibril formation, two processes that are
tightly coupled to a-synuclein folding. Binding of Hsp90 to
monomeric a-synuclein occurred in the low micromolar range,
involving regions of a-synuclein that are critical for vesicle
binding and amyloidogenesis. As a consequence, both processes
were affected. In the absence of ATP, the accumulation of non-
amyloid a-synuclein oligomers prevailed over fibril formation,
whereas ATP favored fibril growth. This suggests that Hsp90
modulates the assembly of a-synuclein in an ATP-dependent
manner. We propose that Hsp90 affects these folding processes
by restricting conformational fluctuations of a-synuclein.

a-Synuclein (AS)? is an intrinsically unstructured 14-kDa
protein with the propensity to form proteinaceuos inclusions
known as Lewy Bodies (LBs) in the substantia nigra of dopa-
minergic neurons (1). LBs have a spherical morphology and are
surrounded by radially oriented amyloid fibrillary tangles gen-
erated by self-assembly of AS (2).

The physiological function of AS is still elusive (3, 4).
Research is mainly focused on the etiology of a series of neuro-
logic disorders known as synucleinopathies, first among them is
Parkinson disease.

In vitro folding and/or aggregation of AS is influenced by a
plethora of different factors, including (poly)cations, polyan-
ions, alcohols, and lipids. Notably, AS adopts an a-helical-fold
when bound to artificial lipid membranes (5), whereas it forms
B-sheets in amyloid fibrils (6). By varying the experimental in
vitro conditions, AS forms oligomeric species differing in size
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and shape (4), some of them displaying a pronounced cytotox-
icity (7-9).

In the cell, such a high degree of conformational freedom
requires a stringent control that counteracts the formation of
undesired or toxic folding species. Most likely, the breakdown
in folding control leads to the occurrence of synucleinopathies.
This raises the question of how living organisms manage pro-
ductive folding and assembly of AS, and avoid the accumulation
of noxious folding intermediates. Yet, the factors that modulate
this balance are unclear.

This issue provides a conceptual link to the protein class of
molecular chaperones, which assist the formation of the native
structure of proteins over unproductive and potentially danger-
ous folding populations (10, 11). These proteins usually act in
concert creating a sophisticated cellular folding machinery.
Several studies suggest that molecular chaperones are inter-
laced to AS folding and the insurgence of neurotoxic folding
species. Torsin A, Hsp70, Hsp40, and a-crystallins were shown
to co-localize and generally reduce AS amyloid spreading
(12-15).

Among this class of proteins, Hsp90 has been recently iden-
tified as the predominant chaperone implicated in AS-evoked
pathologies (16). Although the generally accepted role of Hsp90
is to stabilize functionally immature proteins, this chaperone
seems also to possess decisional power on whether to direct a
non-native folding substrate toward maturation or degradation
(17, 18). Such an overlap might represent a pivotal mechanism
for controlling the delicate folding balance of an intrinsically
unstructured protein such as AS in a cell. In this context, Uryu
et al. (16) showed Hsp90 together with ubiquitin to massively
co-localize in vivo with soluble AS as well as amyloid filaments,
suggesting a possible commitment of Hsp90 in modulating
folding and the suppression of incorrectly folded AS. A pro-
teomic survey identified Hsp90 associated with AS in oxidative
damaged dopaminergic neurons (19). Hsp90 was further found
to suppress AS toxicity in yeast genetic screenings (20). Finally,
Hsp90 was shown to regulate rablla-dependent secretion and
recycling of AS (21).

To analyze the relationship between these two proteins, we
investigated how Hsp90 influenced two folding-related pro-
cesses of AS, namely aggregation and vesicle binding. Our anal-
ysis reveals that Hsp90 binds to AS and abolishes binding of this
polypeptide to small unilamellar vesicles. Hsp90 further pro-
motes fibril formation in an ATP-dependent manner via oligo-
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meric intermediates. These results suggest that Hsp90 critically
influences hallmark features of AS interaction and assembly.

EXPERIMENTAL PROCEDURES

Unless specified otherwise, all reagents were from Sigma.

Protein Expression and Purification—The expression vector
containing the N-terminal His,-fused HSP90 gene (a kind gift
of Sophie Jackson, Cambridge, UK) was transformed into
BI21DE3(Star) cells (Invitrogen). The protein was expressed in
LB medium containing 100 pg/ml ampicillin. Cultures were
grown at 37 °Ctoan A, of 0.8. Protein expression was induced
by addition of 1 mwm isopropyl 1-thio-B-p-galactopyranoside.
After 45 h, cells were harvested by centrifugation at 6,000 X g
for 15 min at 4 °C. The cells were resuspended in 20 mm Tris-
HCl, 300 mm NaCl, pH 7.4 (buffer A), containing an EDTA-free
Complete® protease inhibitor mixture (Roche Applied Sci-
ence), and disrupted on ice by sonification. After centrifuga-
tion, the supernatant was loaded on a Ni-CAM HC column
equilibrated with buffer A, and Hsp90 was eluted with buffer
A + 300 mm imidazole. The protein was dialyzed against 20 mm
Tris, 50 mm NaCl, 5 muM dithiothreitol, pH 7.4, and loaded on a
Resource Q column (GE Healthcare). Elution was carried out
using a gradient from 50 mM to 1 M NaCl. Finally, the protein
was loaded on a Superdex 200 gel filtration column (GE Health-
care) in 20 mm Tris, 150 mm NaCl, 5 mM dithiothreitol, pH 7.4.
The purified protein was concentrated to 10 mg/ml and stored
at —80°C.

The pRSETB vector containing the AS gene was transformed
into BL21(DE3)Star cells (Invitrogen). The unlabeled protein
was expressed in LB medium containing 100 ug/ml ampicillin.
Isotope-labeled '°N-AS and '°N,'*C-AS were expressed in
minimal medium (6.8 g/liter of Na,HPO,, 3 g/liter of KH,PO,,
0.5 g/liter of NaCl, 1.5 g/liter of (**NH,),SO,, 2 g/liter of glu-
cose (or [**C]glucose for doubly labeled protein), 1 ug/liter of
biotin, 1 ug/liter of thiamin, 100 ug/ml of ampicillin, and 1 ml
of X1000 microsalts).

Cultures were grown at 37 °C to an A4, of approximately 0.8.
Protein expression was induced by addition of 1 mm isopropyl
1-thio-B-p-galactopyranoside. After 5 h, cells were harvested
by centrifugation at 6,000 X g for 15 min at 4 °C. The protein
was purified according to Ref. 22 and extensively dialyzed
against 50 mm NH,HCO,. Finally, both unlabeled and labeled
AS were aliquoted, lyophilized, and stored at —80 °C. Each
reconstituted AS solution was centrifuged and checked for
aggregation (DLS).

The Hsp70 expression plasmid was a kind gift of Johannes
Buchner (Munich, Germany). His,-fused Hsp70 was from
Affinity Bioreagents (Golden, CO). Protein concentrations
were determined by the BCA Protein Assay (Pierce).

Preparation of Fluorescent Small Unilamellar Vesicles
(SUVs)—1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine,
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine  (POPC
and POPS, both from Avanti Polar Lipids, Alabaster, AL), and
diphenyl-1,3,5-hexatriene (DPH, 20 mm stock solution in
CHCl;) were mixed in CHCI; at a ratio of 1:1:0.04 in a flat
bottomed glass vial. CHCl; was evaporated in a nitrogen
stream; the lipid film was resuspended in 20 mm Na,HPO,, pH
7.4, incubated at 42 °C for 5 min, briefly vortexed, and sonicated
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in a sonicating water bath for 3 h. SUVs (16 mM final concen-
tration) were stored in the dark at 4 °C and used within 24 h of
preparation.

Fluorescence Titrations—Fluorescence emission spectra of a
100 nm Hsp90 or Hsp70 solution in 20 mMm Tris-HCI, 150 mm
NaCl, pH 7.4, were measured using a LB50 spectrofluorimeter
(PerkinElmer Life Sciences) at 25 °C and an excitation wave-
length of 295 nm. The slit widths were 10 and 15 nm for exci-
tation and emission, respectively. Emission spectra were
recorded between 300 and 400 nm.

Aliquots of a 600 um AS stock solution in 20 mMm Tris-HCI,
150 mm NaCl, pH 7.4, were added stepwise to the Hsp90 solu-
tion. An equilibration period of 3 min was allowed after each
addition. The spectra were then background-corrected against
the corresponding spectrum of AS alone. The normalized
changes in fluorescence intensity resulting from three inde-
pendent experiments were plotted against the AS concentra-
tion. Resulting binding isotherms were fitted by non-linear
regression to supplemental Equation 1 (23).

Stoichiometric Fluorescence Titrations—The molar ratio of
AS:Hsp90 was measured using the same experimental settings
as for isothermal fluorescence titrations, except for the concen-
tration of Hsp90, which was 8.5 um.

Fluorescence Anisotropy—The fluorescence anisotropy of a 1
uMm DPH-labeled SUV preparation in 20 mm Na,HPO,, pH 7.4,
was measured at 25°C using a LB50 spectrofluorimeter
(PerkinElmer Life Sciences) at an emission wavelength of 430
nm upon excitation at 359 nm. Slits were set at 15 and 20 nm for
excitation and emission, respectively. The fluorescence anisot-
ropy is defined as r = (I, — G X L,yy)/ (I, + 2G X I,), where
I, is the fluorescence intensity recorded with excitation and
emission polarizers in vertical positions, and I, is the fluores-
cence intensity recorded with the emission polarizer aligned in
a horizontal position (24). The G factor is the ratio of the sen-
sitivities of the detection system for vertically and horizontally
polarized light G = I/l i1

A 1 um DPH-labeled SUV preparation was titrated against
increasing amounts of AS in 20 mMm Na,HPO,, pH 7.4. The
same experiment was then repeated in the presence of 5 um
Hsp90. For each point in the experiments, the anisotropy was
recorded over 30 s and the mean r values for each measurement
were used. Anisotropy changes were fitted according to supple-
mental Equation 2.

ATPase Measurements—The ATPase activity of 2.5 um
Hsp90 in 50 mm Hepes/KOH, pH 7.5, 150 mm KCl, 10 mMm
MgCl, was measured at 25 °C in a Hitachi U-2100 spectropho-
tometer (Hitachi, Krefeld, Germany) using a regenerative
ATPase assay (25).

To calculate the apparent K, the rate of hydrolysis v of ATP
was measured by varying the concentration of AS. Changes
were plotted against the AS concentration and fitted to supple-
mental Equation 3.

ThioflavinT (ThioT) Measurements—A 60 um AS solution in
20 mm Tris-HCI, 150 mm NaCl, pH 7.4, was agitated in a ther-
momixer (Eppendorf, Hamburg, Germany) at 37 °C and 900
rpm. 10-ul aliquots were taken at the time points indicated and
diluted into a 5 um ThioT solution prepared in the same buffer.
Spectra of the samples were recorded in a Cary Eclipse fluores-

JOURNAL OF BIOLOGICAL CHEMISTRY 31191


http://www.jbc.org/cgi/content/full/M109.057240/DC1
http://www.jbc.org/cgi/content/full/M109.057240/DC1
http://www.jbc.org/cgi/content/full/M109.057240/DC1
http://www.jbc.org/cgi/content/full/M109.057240/DC1
http://www.jbc.org/cgi/content/full/M109.057240/DC1

Hsp90 Modulates a-Synuclein

06 ———

A

-AF/F,

added and agitation was continued.
The reaction was monitored by the
ThioT assay.

Transmission Electron Micros-
copy (TEM)—Fibril growth was per-
4 formed as for ThioT measurements.
| Samples were agitated for 2-3
weeks. 10-ul sample aliquots were
applied onto carbon-coated grids
(Plano, Wetzlar, Germany). After 1
4  min, the samples were washed with
] water and incubated with 10 ul of
2% (w/v) uranyl acetate for 1 min.
Samples were air-dried and negative
stained images were taken using a
1 Philips CM12 electron microscope
{ operating at 120 kV.

Dynamic Light Scattering (DLS)—

Stokes radii were determined using
a DynaPro instrument (Protein
Solutions, Lakewood, NJ) in a
1.5-mm path length 12-ul quartz
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cuvette at 25 °C. Samples were cen-
trifuged before measuring.
T Pulldown Affinity Capture—10
{ mg of Hiss,-Hsp90 was incubated
with 25 pg of AS in 20 mm Tris, 50
mm NaCl, pH 7.4, for 15 min at
25 °C under gentle shaking. 25 ul of
7 Ni-CAM HC resin was added, and
1 thesolution was shaken for a further
4 30 min. The resin was centrifuged
and washed at least 5 times with 20
mM Tris, 150 mm NaCl, pH 7.4.
Bound proteins were then eluted
E 1  with 300 mMm imidazole, resolved on
4 a 4-12% NuPAGE denaturing gel
(Invitrogen), and stained with Coo-
massie Blue stain.
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FIGURE 1. A, fluorescence binding isotherms of Hsp90 (M) and Hsp70 (CJ) interacting with AS. The changes in
Hsp90 or Hsp70 fluorescence are plotted as the normalized change in fluorescence (—AF/F,, where F is the
initial fluorescence intensity before addition of AS) versus the concentration of AS. B, stoichiometric titration
curve for the AS-Hsp90 interaction. Measured values are averages including S.E. of three independent

determinations.

cence spectrometer (Varian, Palo Alto, CA) at 25 °Cand 482 nm
upon excitation at 442 nm. The slit widths were set to 10 and 20
nm for excitation and emission, respectively.

Turbidity—The turbidity of the sample solution was meas-
ured in a Cary Eclipse fluorescence spectrometer (Varian, Palo
Alto, CA) at 25 °C with excitation and emission wavelengths set
at 360 nm using a slit width of 5 nm for both excitation and
emission.

Oligomer to Fibril Transition—An AS:Hsp90 solution (1:2)
was agitated for 1 week at 37 °C, 1000 X g, until the oligomeric
species were detectable (TEM, DLS, turbidity). Then, ATP was
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NMR Spectroscopy—All spectra
were acquired at 25 °C on a Varian
Unity INOVA 600 MHz NMR
spectrometer (Varian, Palo Alto,
CA) using an HCN triple-reso-
nance probe with single axis z-gra-
dients. Data were processed using
NMRPipe (26) and analyzed in
NMRView (27). Backbone "H and '°N,**C-resonance assign-
ments of AS at the conditions used were confirmed by a three-
dimensional HNCACB NMR experiment, which correlates
backbone amide proton and nitrogen with Ca and Cp reso-
nances. Data were collected using samples consisting of 40 um
15N-, or '*C,"*N-labeled AS in 50 mm potassium P;, 100 mm
NaCl, pH 6.8. 10% D,O were added for field-frequency locking.

RESULTS

Hsp90 Binds to Monomeric AS—We first aimed to investigate
if Hsp90 was able to bind to monomeric AS. To this end, fluo-
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FIGURE 2. Pulldown affinity capture using His,-Hsp90 (bait) and AS (prey)
at different stages of amyloidogenesis (M, marker; 1, background; 2, AS
control; 3, after 0 h; 4, after 10 h; 5, after 25 h; 6, after 40 h; 7, after 0 h in
the presence of 5 mm MgATP; 8, after 0 h in the presence of 5 mm
MgATP+ 0.5 mm 17-AAG). The bands around 21 and 31 kDa correspond to
partial degradation products of Hsp90. Fibrillogenesis was performed as
described under “Experimental Procedures” (ThioT measurements), except
that the AS solution was 200 um and agitation was 1200 rpm.
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rescence titrations were performed by measuring the intrin-
sic tryptophan fluorescence emission changes of Hsp90
upon the addition of increasing amounts of AS. Because AS
lacks any tryptophan residues, it does not contribute to the
fluorescence at the given excitation wavelength. Fig. 14
shows that fluorescence quenching of a Hsp90 solution was
saturable by monomeric AS, yielding a K, value of 1.2 * 0.2
uM. As a control, AS did not quench the fluorescence of
Hsp70, in accordance to Dedmon et al. (28), who demon-
strated that this chaperone binds to pre-fibrillar, but not to
monomeric AS. As no significant turbidity changes were
observed during the titrations, we could exclude a possible
influence of oligomerization on the fluorescence signal (sup-

plemental Fig. S1).
Stoichiometric fluorescence titrations (Fig. 1B) yielded an
AS:Hsp90 ratio of 0.5:1, suggesting one AS molecule bound per
Hsp90 dimer. A similar asymmetric

substrate binding stoichiometry
was reported by ultrastructural
analysis of the kinase Cdk4 in com-
plex with Hsp90 and the co-chaper-
one Cdc37 (29).

A complex between Hsp90 and
monomeric AS could also be iso-
lated by pulldown affinity capture
(Fig. 2, lane 3). We were not able to
isolate AS using Hsp70 as bait (sup-
plemental Fig. S2), confirming that
Hsp90, but not Hsp70 bound to
monomeric AS. The modest recovery
is explainable as the pulldown proce-
dure favors the dissociation of a pre-
existing equilibrium in the direc-
4  tionofthe free components (e.g when

transferring the complex from an
originally saturated solution into an
unsaturated wash solution), whereas
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FIGURE 3. A, specific activity of Hsp90 ATPase with increasing amounts of AS. B, specific ATPase activity of: 1) AS
in the absence of Hsp90 (control); 2) Hsp90; 3) AS:Hsp90; 4) AS:Hsp90:17-AAG; and 5) Hsp90:17-AAG. Measured

values are averages including S.E. of three independent determinations.
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titrations shift the equilibrium to-
ward the complex by increasing the
amount of one reaction partner.

In the presence of ATP, we could
not detect any alteration of the pull-
down recovery of the Hsp90-AS
complex (Fig. 2, lane 7). Also,
the small macrocylic compound
17-AAG (17-(allylamino)-17-deme-
thoxygeldanamycin), which com-
petes with ATP and inhibits the
ATPase activity of Hsp90 (30), did
not visibly alter the affinity of this
interaction (Fig. 2, lane 8).

We then moved on to explore
how AS might affect the ATPase
activity of Hsp90. The measured
slow turnover (0.12 min~?!) is in
accordance to previous reports (31,
32). As shown in Fig. 34, the rate of
ATP turnover of a Hsp90 solution

4 5
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107 Hsp90 Influences Amphipatic and
:182 Hydrophobic Segments of AS—To
L 110 trace the topology of the Hsp90-AS
L 111 interaction, we exploited hetero-
- L2 nuclear correlation NMR spectros-
= b3 copy. The 'H-">N HSQC spectrum
[ 14 of AS recorded at 25 °C showed lim-
:11: ited signal dispersion typical for
[ 117 N intrinsically unstructured proteins
[ 118 ; (Fig. 4). 116 of the 135 non-prolyl
L 119 backbone residues could be unam-
F120 p  biguously assigned by a three-di-
r121 p mensional HNCACB (supplemen-
Ei M tal Fig. S3).
L 124 Upon the addition of a 2.5-fold
L 125 molar excess of unlabeled Hsp90, we
L 126 observed a pronounced decrease of
127 several peak intensities (Fig. 5A).
[ 128 Affected residues were located
:gg along a segment of AS spanning
[ 131 from the amphipatic N-terminal
L 132 (1-60), over the highly hydropho-
' r 133 bic NAC (“non-AB component”)
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FIGURE 4. "> N-HSQC NMR spectra of AS in the absence (blue) and presence (yellow with red borders) of a

2.5-fold excess of Hsp90. See supplemental Fig. S1 for the assignments.
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FIGURE 5. HSQC signal intensity ratio I/l of ">N-AS residues (A) in relation
to the residue hydrophobicity of AS (B) (50). /, is the signal intensity of
>N-AS residues in the absence of Hsp90, / is the signal intensity of '>N-AS
residues in the presence of Hsp90.

was increased up to 1.6-fold by increasing the concentration of
monomeric AS, which showed a negligible ATPase activity by
itself (Fig. 3B). The stimulatory effect of AS was saturable and
could be suppressed by 17-AAG (Fig. 3B). The resulting satu-
ration curve yielded an apparent K, value of 1.56 = 0.40 um,
which was comparable with the value obtained by fluorescence
titrations (Fig. 1A4).
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core region (61-95), up to residues
96-105 of the upper C-terminal
region. The remaining residues
(106-140) were not significantly
affected.

The most affected residues formed a pattern located around
two basic residues on amphipatic repeats (AAXKTK) on the
N-terminal domain (Lys*' and Lys®?), a T/G-rich region in the
NAC region (Thr®*, Gly*”, Thr”?, Thr®, and Gly*®), and two
acidic residues in the upper C-terminal domain (Asp®® and
Asn'%). These findings suggest multiple contacts between AS
and Hsp90 rather than a localized interaction occurring. The
hydrophobicity plot of AS (Fig. 5B) further suggests that among
these patterns, the primary binding site of Hsp90 might be the
hydrophobic stretch constituting the NAC region, as it coin-
cides with the most prominent perturbations.

An issue that has been correlated to the decrease in peak
intensity is the occurrence of a disorder to order transition (5,
33, 34). Our observed perturbation pattern is reminiscent to
what was previously observed for AS upon lipid binding, which
induces an « helical conformation of the amphipatic N-termi-
nal region (5, 33, 34). An analogous decrease in peak intensities
was also observed upon folding of other intrinsically unstruc-
tured proteins, such as Salmonella typhimurium FlgM and the
thyroid cancer-related protein TC-1 (35, 36). This raises the
possibility of secondary structural rearrangements of the N-ter-
minal and the middle domain taking place when Hsp90 binds to
AS. Bona fide support for this notion comes from circular
dichroism measurements (supplemental Fig. S4), which suggest
that AS undergoes conformational rearrangements in complex
with Hsp90.

Hsp90 Prevents AS from Vesicle Binding—The observation
that Hsp90 affected regions that were shown to be critical for
lipid binding (the N-terminal amphipatic region) (5) and for
amyloid formation (the hydrophobic NAC core) (6) led us to
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investigate how this chaperone might influence the two
processes.

First, we tested the binding of AS to SUVs. We prepared
POPC:POPS vesicles containing DPH, which is a fluorophore
that shows a strong fluorescence emission at 430 nm when
incorporated within lipid assemblies. We then measured the
fluorescence anisotropy change of the vesicle probe upon the
addition of AS. Fig. 6 shows that upon titration with increasing
amounts of AS, the anisotropy of a fluorescent SUV preparation
increased up to a saturable value (K, = 4.56 = 1.18 um). In the
presence of Hsp90, the addition of AS no longer caused signif-
icant anisotropy changes. Similarly, the anisotropy of fluores-
cence-labeled vesicles did not change in the presence of ATP or
17-AAG (see supplemental Fig. S6), implying that the
Hsp90-AS complex was not altered in the presence of these
molecules.

As Hsp90 did not bind to vesicles (supplemental Fig. S5), we
could exclude competition between Hsp90 and AS for binding
to the vesicle surface. We also excluded that the increase in
anisotropy is due to the binding of free fluorophore to the pro-
tein, as the fluorescence emission of DPH was not significant in
the presence of proteins and in the absence of lipids (data not
shown).

ATP Drives Hsp90-mediated AS Assembly—Next, we studied
the influence of Hsp90 on AS fibril formation. We induced AS
amyloidogenesis by agitation using a standard procedure (see
“Experimental Procedures”) and assayed its progression in the
absence and presence of Hsp90. Kinetics of fibril formation
were monitored by ThioT, a dye that exhibits pronounced flu-
orescence emission intensity at 482 nm when bound to amy-
loids (37). In addition, the turbidity (i.e. the formation of light
scattering particles) of the samples was measured, which mir-
rors the overall aggregation of a solution in relation to the
size of the aggregating species, independently of their
conformation.

Under our experimental conditions, AS converted to a
ThioT-binding species after a lag phase, emphasizing the accu-
mulation of amyloids in solution (Fig. 7). Consistently, we
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FIGURE 7. Kinetics of AS amyloid formation in the absence (A) and pres-
ence of Hsp90 (®, AS:Hsp90 = 1:2; [], AS:Hsp90:MgATP = 1:2:10; M,
AS:Hsp90:AMPPNP = 1:2:10; ¢, AS:Hsp90:MgATP:17-AAG = 1:2:10:5).
Measured values are averages including S.E. of three independent
determinations.

observed a concomitant increase in turbidity (supplemental
Fig. S8). The presence of Hsp90 caused a significant suppres-
sion of ThioT fluorescence intensity, attesting to the efficient
inhibition of fibril formation by this heat shock protein over our
experimental time interval.

Binding and hydrolysis of ATP are critical for the Hsp90
chaperone cycle (38-40). Intriguingly, Hsp90-ATP strongly
accelerated fibril formation (see Fig. 7). This effect was not
observed when the non-hydrolysable nucleotide analogue
AMPPNP was used instead of ATP. Also, the Hsp90-specific
ATPase inhibitor 17-AAG counteracted the effect of ATP.
These results indicate that the observed effect was related to
ATP hydrolysis. Thus, in the presence of ATP, Hsp90 promoted
amyloidogenesis, whereas in the absence of ATP, fibril forma-
tion was suppressed. To reconcile these two opposites, we
hypothesized that, in the absence of ATP, Hsp90 might stabilize
soluble pre-fibrillar oligomeric AS intermediates, which might
not accumulate in the presence of ATP due to their accelerated
conversion into fibrils.

In agreement with this notion, partition analysis/SDS-PAGE
showed that during the agitation, AS remained soluble exclu-
sively in the presence of ATP-free Hsp90, whereas it accumu-
lated into the unsoluble fraction in the presence of Hsp90-ATP
and in the complete absence of Hsp90 (supplemental Fig. S7).
Furthermore, in the absence of ATP we noticed an increase of
AS turbidity despite the efficient attenuation of fibrillogenesis
by Hsp90 (supplemental Fig. S8).

We addressed this issue in more detail by TEM imaging.
Under our experimental fibril growth conditions, AS assembled
into needle-like fibers with a size of 100-300 nm (Fig. 84). In
accordance to the ThioT data, these were also obtained in the
presence of Hsp90-ATP (Fig. 8C). In the presence of Hsp90
alone, fibrils were no longer detectable. Instead, granular spe-
cies with a radius of 10—-20 nm appeared (Fig. 8B). In agree-
ment, oligomers with a mean Stokes radius of 14.8 nm were
observed in solution by DLS (Table 1 and supplemental Fig. S9),
whereas soluble species of similar size were not detectable in
preparations of mature fibrils (data not shown).
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(X% 33,000 magnification).

TABLE 1

Stokes radius r for 50 um monomeric AS, 50 um Hsp90, and soluble
oligomers obtained by agitation of AS in the presence of Hsp90
(AS:Hsp90 = 1:2)

For preparations of mature fibrils, little residual monomeric AS and no higher sized
species were detectable in solution after sample centrifugation (data not shown).

Stokes radius r

nm

Monomeric AS 3.0 0.2
Hsp90 7.1*0.6
AS agitated in the presence of Hsp90 14.8 = 1.7

“Value reported in literature: 3.2 nm (41).

As the current opinion is that Hsp90 stabilizes protein fold-
ing intermediates pending ATP-driven maturation (42), we
investigated the effect of ATP on the Hsp90-stabilized oli-
gomers. To this end, we added ATP to an oligomeric solution
generated by agitation of AS and Hsp90 (see “Experimental
Procedures”). This provoked the conversion of oligomers into
fibrils (Fig. 9). This effect was reduced in the presence of AMP-
PNP and 17-AAG (Fig. 9B). We conclude that, in the presence
of ATP, Hsp90 restored the conversion of soluble intermediate
oligomers into mature fibrils.

We finally asked ourselves whether an interaction existed
between Hsp90 and mature AS fibrils. For this purpose, we
employed a pulldown affinity capture assay, in which Hsp90
was bound to Ni-CAM beads via its N-terminal His, tag, and
aliquots of AS withdrawn during different stages of fibril for-
mation were added. Fig. 2 shows binding of Hsp90 to AS as fibril
formation proceeds. The ability of Hsp90 to capture AS
decreased as the amount of fibrillar fraction increased. AS was
not recovered out of aliquots containing mature fibrils. In con-
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FIGURE 8. TEM images of AS (A), AS:Hsp90 = 1:2 (B), AS:Hsp90:MgATP = 1:2:10 (C), and Hsp90 (D)

trast, a modest amount was recov-
ered from an aliquot drawn preced-
ing fibrillary growth, suggesting an
inverse correlation between Hsp90
binding and fibril progression.
Therefore, Hsp90-binding AS spe-
cies were present predominantly in
the early phase preceding the onset
of fibrillogenesis, then decrease as
soon as AS interconverted into the
fibrillar species. This suggests that
mature fibrils do not bind to Hsp90
and is consistent with the addition
of Hsp90 being ineffective to an
advanced fibril solution (data not
shown).

DISCUSSION

One major challenge in under-
standing Parkinson disease is to
pinpoint the factors regulating the
conformational flexibility and the
assembly of its signature protein
AS. The predisposition of AS to
adopt different conformations
leads to the key question of how
the cell controls folding of this
polypeptide.

Lipid binding and amyloid formation are two hallmark prop-
erties of AS, which are tightly coupled to folding of this
polypeptide both in vivo and in vitro. Using a reconstituted in
vitro system, we showed that Hsp90 affects regions in AS that
are responsible for vesicle binding and amyloid formation, con-
sequently interfering with both processes. We could further
show that Hsp90 promotes fibril formation in an ATP-depend-
ent manner via oligomeric intermediates, which we were able to
resolve in vitro due to their accumulation in the absence of
ATP.

It was shown, separately, for AS and Hsp90 that both pro-
teins are related to vesicular trafficking, although with oppo-
site roles. Whereas Hsp90 is an essential component of intra-
cellular vesicle transport (43), AS has a deleterious effect by
directly inhibiting lipid docking to Golgi membranes (44).
Recently, Liu et al. (21) demonstrated that Hsp90 regulates
the rablla-mediated recycling of AS. Our results support a
functional tie between these two proteins, whereupon Hsp90
binds to AS and thus suppresses vesicle binding.

The mechanisms controlling oligomerization and amyloid
formation of AS in vivo are scarcely explored. Based on the
present data, we propose a model (Fig. 10), where in a first
step Hsp90 binds to and restricts conformational fluctua-
tions of monomeric AS, most likely by stabilizing a partially
folded ensemble that then favors the further assembly of AS.
According to NMR data, Hsp90 seems to interact primarily
with the highly hydrophobic fibril forming NAC region of AS
(see Fig. 5), as the majority of the affected residues was situ-
ated in this particular region. Further changes observed by
NMR around the charged NAC region might correspond to
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FIGURE 9. A, kinetics of the oligomer to fibril transition of pre-fibrillar Hsp90-stabilized AS oligomers in the absence (M) and presence (@) of MgATP. B, effects
of MgATP, AMPPNP, and 17-AAG on oligomer to fibril transition (t = 140 h). Measured values are averages including S.E. of three independent determinations.
C, TEM image of pre-fibrillar AS oligomers generated by agitating an AS:Hsp90 solution for 1 week. D, amyloid fibrils obtained after MgATP was added to the

same oligomeric solution.

secondary binding events, in accordance to the high flexibil-
ity of this polypeptide, which, because of its intrinsically
unstructured nature, might be reshaped to generate a
Hsp90-binding surface patchwork.

Our model further proposes that, as a consequence of AS
binding, Hsp90 promotes fibril maturation in an ATP-de-
pendent manner via an intermediate oligomeric pathway. In
the presence of ATP, oligomers do not accumulate due to
their rapid conversion into fibrils (Fig. 10, a), whereas in the
absence of ATP, the oligomer to fibril transition (Fig. 10, ¢) is
stalled. This leads to populating of the intermediate oligo-
meric state (Fig. 10, b), which consequently can be detected
empirically (TEM and DLS). We speculate that in the cell
this state might be evoked by ATPase modulating co-chap-
erones. Under given circumstances, inhibition (p23 or HOP)
might promote soluble oligomers, whereas stimulation
(Ahal) might trigger amyloid fibrils.

ACEEVEN
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As the addition of ATP to Hsp90-stabilized AS oligomers
restores their conversion into mature fibrils (Fig. 10, c), we con-
clude that, rather than “dead-end” aggregates, these oligomers
represent pre-fibrillar intermediates located on the AS amyloid
pathway. This supports the current view of Hsp90 to stabilize
intermediately folded polypeptides until maturation (42).

Given that AS fibrils are a signature of Parkinson disease,
one question emerging in the light of our results is whether
Hsp90 favors Parkinson disease by promoting fibril forma-
tion. Against this hypothesis, growing indications show that
the neurotoxic agents of the disease are not the amyloid
fibrils. Instead, the toxicity is ascribed to soluble, intermedi-
ate AS-oligomers that accumulate in vivo (8, 9, 45). Under
these premises, Hsp90 might accomplish a scavenging role
by favoring the conversion of potentially dangerous interme-
diate oligomers into less noxious fibrils. Alternatively,
Hsp90 might maintain a correct in vivo homeostasis of AS by
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FIGURE 10. Anin vitro model for the Hsp90 modulated AS assembly. In the
presence of ATP, Hsp90 promotes the rapid conversion of monomeric AS into
fibrils. Stable oligomeric intermediates do not accumulate (a). In the absence
of ATP, Hsp90 stabilizes intermediate pre-fibrillar oligomers, which conse-
quently accumulate in solution (b). The addition of ATP restores their conver-
sion into unsoluble fibrils (c).

discriminating “productive” from “non-productive” and
potentially lethal AS intermediates in collaboration with
other chaperones or degrading enzymes. Strong support
comes from the observation that (a) the chaperone Hsp70
also influences fibril formation (28, 46, 47), and () the ubiq-
uitin ligase CHIP acts for the disposal of toxic AS aggregates
(48). Because both proteins cooperate with Hsp90, patho-
logic uncoupling of folding and degradation would contrib-
ute to the accumulation of a noxious AS phenotype, and
finally to the outbreak of Parkinson disease. Although the in
vivo validity of our model remains to be established, such an
early acting chaperone identifies the particular susceptibility
of AS to misfolding and misassembly, which implies a strin-
gent requirement to prevent such derangements in the cell.

In vivo, substrate binding and maturation probably depends
on conformational rearrangements that Hsp90 undergoes dur-
ing the ATPase cycle (40). However, it remains elusive how
these events are coupled mechanistically.

We could not discriminate an immediate influence of the
nucleotide at the level of the AS-Hsp90 complex. This apparent
indifference might be explained by the observation that confor-
mational changes of Hsp90 are only weakly linked to ATP
hydrolysis (49). This might impede the efficient coupling of
ATP turnover and AS binding.
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