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The spread of ﬁbrillar alpha-synuclein from affected to naïve neuronal cells is thought to contribute to
the progression of synucleinopathies. The binding of ﬁbrillar alpha-synuclein to the plasma membrane is
key in this process. We and others previously showed that coating ﬁbrillar alpha-synuclein by the
molecular chaperone Hsc70 affects ﬁbrils properties. Here we assessed the effect of the two molecular
chaperones alpha B-crystallin and CHIP on alpha-synuclein ﬁbrils uptake by Neuro-2a cells. We
demonstrate that both chaperones diminish ﬁbrils take up by cells. We identify through a cross-linking
and mass spectrometry strategy the interaction interfaces between alpha-synuclein ﬁbrils and alpha Bcrystallin or CHIP. Our results open the way for designing chaperone-derived polypeptide binders that
interfere with the propagation of pathogenic alpha-synuclein assemblies.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Parkinson’s disease and other synucleinopathies are associated
with the aggregation of the protein alpha-synuclein (aSyn) into
high molecular weight ﬁbrillar aggregates [1,2]. Aggregated aSyn
trafﬁc between neuronal cells, seed the aggregation of endogenous
monomeric aSyn and amplify [3e5]. This prion-like phenomenon is
presumed to contribute to the stereotypic progression of synucleinopathies [5,6]. aSyn aggregates propagate through exosomes
[7,8], tunneling nanotubes [9,10] and following their release to the
extracellular space through export by living cells or liberation by
dying cells [11e13]. The latter aggregates bind to the cell membrane
and are internalized, primarily through endocytosis [14,15]. They
eventually compromise the endo-lysosomal integrity [16] and
reach the cytosol where they amplify by recruiting endogenous
monomeric aSyn [17,18]. The resulting aggregates ﬁnd next their
way into naive, unaffected cells, perpetuating the cycle [17,19].
Fibrillar aSyn assemblies’ formation and trafﬁcking represent targets for therapeutic interventions [20]. Those assemblies bind to
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the cell membranes through numerous protein [21e25], and lipid
[26,27] membrane partners, many of which are essential to cell
physiology.
aSyn aggregates in the crowded cellular environment in the
presence of a vast number of proteins, including molecular chaperones. Molecular chaperones, the ﬁrst line of defense in protein
homeostasis, interact with aggregating proteins [28,29]. Extensive
research has reported that various chaperones, such as Hsp90,
Hsp70, Hsp27 and alpha B-crystallin (aBc), interfere with the assembly of monomeric aSyn into ﬁbrils [30,31,32,33,34,35]. Those
molecular chaperones may bind aggregated aSyn in vivo as they
have been shown to be present within aSyn-rich deposits within
cells. This justiﬁes characterizing thouroughly the interactions between molecular chaperones and aSyn [36,37,38,39,40,41],
demonstrating chaperone binding to aSyn ﬁbrils in vitro.
We previously demonstrated that Hsc70 binds ﬁbrillar aSyn
with high afﬁnity [33,40]. Hsc70-coated aSyn ﬁbrils are less toxic to
cells compared to naked ﬁbrils [33]. We further identiﬁed intermolecular surfaces of the interaction between Hsc70 and aSyn
[39,40]. Here, we focused on human sHSP chaperone aBc and human C-terminus Hsc70-interacting protein (CHIP). aBc is one of the
2 subunits of the chaperone a-crystallin, a prominent component of
the human eye lens that prevents aggregation of lens proteins,
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including itself. It consists of a mixture of oligomers ranging in size
from 10 to 40 monomers [42]. aBc colocalizes with Lewy bodies in
Parkinson’s disease patients’ neurons [43]. In vitro, aBc slows down
the aggregation of many different proteins [30,44,34] and binds to
preformed aSyn ﬁbrils [37,41]. CHIP is a human dimeric chaperone
of 34.8 kDa per monomer with E3 ubiquitin ligase activity [45]. It
colocalizes with aSyn in Lewy bodies in Dementia with Lewy Body
patient brains [46]. CHIP also targets aSyn oligomers for degradation and has a rescue effect in aSyn-induced-toxicity in different
cellular models [46,47].
Here we assessed the uptake of aSyn ﬁbrils assembled in the
presence of aBc and CHIP by Neuro-2a cells. We demonstrate that
both chaperones diminish aSyn ﬁbrils take up by cells. Using an
optimized cross-linking and mass spectrometry strategy, we
identiﬁed the interaction interfaces between aSyn ﬁbrils and aBc or
CHIP. The two chaperones bind different aSyn polypeptides
exposed at the surface of ﬁbrils: a ﬂexible segment located just
before the ﬁbrillar core for aBc and at a solvent accessible surface of
the ﬁbrillar core itself for CHIP. Our results may allow for the
development of peptide ligands that can interfere with aSyn ﬁbril
prion-like propagation and subsequent disease progression.
2. Materials and methods
2.1. Cloning
A synthetic gene encoding aBc was purchased from GeneArt
(Thermo Fisher Scientiﬁc). The vector allowing the bacterial
expression of aBc was obtained by subcloning the corresponding
synthetic gene into a pET14b vector (Novagen) at the NcoI-XhoI
restriction sites. The pET151/D-TOPO vector (Invitrogen) allowing
the bacterial expression of His6, N-terminal-tagged CHIP with a V5
epitope was a gift from Jeffrey L. Brodsky. The His6 tag is followed
by a tobacco etch virus (TEV) protease cleavage site. Constructs
were veriﬁed by DNA sequencing (Euroﬁns Genomics).
2.2. Expression & puriﬁcation of recombinant proteins
Recombinant human wild-type a-Synuclein (aSyn) was
expressed and puriﬁed as described [48].
Recombinant human wild-type aBc was expressed at 37  C in
E.coli strain BL21(DE3) (Stratagene) upon induction with IPTG
(0.5 mM) for 3 h. Cells were harvested and resuspended in buffer A
(50 mM Tris-HCl pH 8.5, 1 mM EDTA). After sonication and
centrifugation, lysate supernatants were subjected to PEI precipitation (0.12% v/v). The supernatants were ﬁltered and loaded onto a
Q-sepharose FF column (GE Healthcare Lifesciences) equilibrated
with buffer A, and eluted with buffer B (50 mM Tris-HCl pH 8.5,
1 mM EDTA, 100 mM NaCl). Fractions containing aBc were pooled
and concentrated with a 3 kDa cutoff (Millipore), then loaded onto
a size exclusion chromatography column (Superose 6 10/300 GL, GE
Healthcare Lifesciences). aBc eluted with an apparent molecular
weight corresponding to a multimer of 20e35 monomers. Gel
ﬁltration standards from Sigma-Aldrich (MWGF1000) were used
for apparent molecular weight determination.
Recombinant His6, N-terminal-tagged CHIP was expressed at
30  C in E.coli strain BL21(DE3). Protein expression was induced by
IPTG (0.5 mM) for 2 h. The cells were harvested and resuspended in
buffer C (50 mM NaPO4 pH 8.0, 300 mM NaCl, 3 mM b-mercaptoethanol [bME]). After sonication and centrifugation, lysate supernatants were ﬁltered and loaded onto a 5 mL Talon metal afﬁnity
resin column (Clontech), equilibrated in buffer C. The protein was
eluted in buffer C supplemented with 200 mM imidazole, then
dialyzed in PBS. The His6-tag was cleaved by addition of His6-tagged tobacco etch virus (His-TEV) protease, produced using the

plasmid pRK793 (Addgene), at a 1:20 His-TEV:chaperone molar
ratio. 100% cleavage, as assessed by SDS-PAGE, was achieved upon
incubating the mixtures for 1 h at 37  C. The untagged proteins
were puriﬁed by collecting the ﬂow through of a 5 mL Talon metal
afﬁnity resin column.
After puriﬁcation, all proteins were immediately ﬁltered
through sterile 0.22 mm ﬁlters, aliquoted and stored at 80  C. The
purity of all proteins was conﬁrmed by SDS-PAGE and MALDI mass
spectrometry (not shown). Protein concentrations were determined spectrophotometrically using the following extinction coefﬁcients at 280 nm (M1 cm1): 5960 for aSyn; 13,980 for aBc and
29,380 for CHIP.
2.3. Assembly of aSyn into ﬁbrils and labeling
For kinetics and internalization experiments, monomeric aSyn
was labeled by addition the aminoreactive ﬂuorescent dye Alexa
Fluor 488 (Alexa488, Invitrogen) using a protein:dye molar ratio of
10:1 based on initial monomer concentration. Labelling was performed following the manufacturer’s recommendation. The reaction was quenched with Tris-HCl pH 7.5 (40 mM ﬁnal
concentration).
aSyn (100 mM monomer concentration) was incubated with
increasing concentrations of aBc or CHIP (0e100 mM) in PBS at 37  C
under continuous shaking in an Eppendorf Thermomixer set at
600 rpm for 2 weeks. Aliquots were withdrawn at different time
intervals from the assembly reactions and mixed with a primuline
solution (10 mM). Primuline ﬂuorescence was recorded with a Cary
Eclipse spectrofuorimeter (Varian Medical Systems Inc) using
excitation and emission wavelengths set at 400 and 480 nm,
respectively. The nature of the ﬁbrils obtained at the end of the
aggregation reaction was assessed by transmission electron microscopy (TEM) as described below. The proportion of aSyn
assembled into ﬁbrils was assessed through a partition assay by
centrifugation. To this aim, aliquots were withdrawn, subjected to
centrifugation in an eppendorf 5415R centrifuge at 20,000 g and
20  C, and the amount of protein in the supernatant and pellet
fraction determined by SDS-PAGE analysis.
2.4. Transmission electron microscopy (TEM)
Fibrils were imaged by TEM in a Jeol 1400 transmission electron
microscope (Jeol SAS) after adsorption onto carbon-coated 200
mesh grids and negative staining with 1% uranyl acetate. The images were recorded with a Gatan Orius CCD camera (Gatan Inc.).
2.5. Cell culture and internalization
Murine neuroblastoma Neuro-2a cells (ATCC) were cultured at
37  C in humidiﬁed air with 5% CO2 in Dulbecco’s modiﬁed Eagle’s
medium (DMEM, Sigma-Aldrich) containing 10% fetal bovine serum
(Gibco, Thermo Fisher Scientiﬁc), 2 mM glutamine, 100 units.ml1
penicillin (PAA Laboratories) and 100 mg ml1 streptomycin (PAA
Laboratories). All materials used for cell culture were from PAA
Laboratories.
The internalization of Alexa488-labeled aSyn (1 mM equivalent
monomer concentration) assembled in the presence or absence of
aBc or CHIP was assessed. All ﬁbrils were sonicated for 20 min in a
VialTweeter powered by an ultrasonic processor UIS250v (250 W,
2.4 kHz; Hielscher Ultrasonic) set at 75% amplitude, 0.5 s pulses
before dilution in DMEM. Neuro-2a cells cultured on 96-well plates
were then incubated with these mixtures distributed in 5 independent wells. After 2 h, the medium was removed and Hoescht
(Sigma-Aldrich), diluted at 0.2 mg/mL in serum-free, phenol redfree DMEM, was added for 30 min. The cells were washed twice
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and 0.1% Trypan Blue (Sigma-Aldrich) was added to quench the
ﬂuorescence of Alexa488-labeled aSyn ﬁbrils that were plasma
membrane-bound. For each well, Alexa488 and Hoechst ﬂuorescences were recorded on a Clariostar microplate reader (BMG
LABTECH). For each condition, the Alexa488 ﬂuorescence value was
considered and averaged over the 5 wells only if the Hoescht value
was not signiﬁcantly different from the one of untreated cells.
Three independent experiments were conducted.
2.6. Chemical cross-linking and western blotting
Cross-linking experiments of chaperones with ﬁbrillar aSyn
were performed in PBS using aSyn alone (100 mM), chaperones
alone (either 50 mM for aBc, or 33 mM for CHIP), or aSyn (100 mM)
assembled into ﬁbrils in the presence of chaperones (either 50 mM
of aBc, corresponding to an aSyn:aBc molar ratio of 2:1; or 33 mM of
CHIP, corresponding to an aSyn:CHIP molar ratio of 3:1) as
described above. After two weeks of assembly, ﬁbrillar aSyn samples were centrifuged at 100,000 g in a TL100 tabletop ultracentrifuge (Hitachi) for 30 min at 20  C. The pellets were allowed to
swell in PBS overnight before gentle resuspension. The ﬁnal concentrations of aSyn ﬁbrillar material and chaperones in the pellets
were assessed by a partition assay by ultracentrifugation as
described above.
The samples were exposed to various crosslinkers: glutaraldehyde (GA, ~5 Å spacer arm for monomeric glutaraldehyde, SigmaAldrich); bis(sulfosuccinimidyl) glutarate (BS2G, 7.7 Å spacer arm,
Pierce); bis(sulfosuccinimidyl) suberate (BS3, 11.4 Å spacer arm,
Pierce); 3,30-dithiobis(sulfosuccinimidylpropionate) (DTSSP, 12 Å
spacer arm, Pierce); or N-(3-dimethylaminopropyl)-N0 -ethylcarbodiimide
hydrochloride
(EDC)
with
N-hydroxysulfosuccinimide (Sulfo-NHS) (0 Å spacer arm, Thermo Fisher
Scientiﬁc) at a 1:1.25 EDC:Sulfo-NHS molar ratio. For GA, BS2G, BS3
and DTSSP, reactions were quenched with the addition of Tris-HCl
pH 7.5 (50 mM ﬁnal concentration). For EDC/Sulfo-NHS, reactions
were quenched with the addition of bME (20 mM ﬁnal concentration) and Tris-HCl pH 8.2 (50 mM ﬁnal concentration).
A speciﬁc aSyn-aBc cross-linked complex was obtained with GA
exposition for 30 min at RT using a total protein:GA molar ratio of
1:1, corresponding to the following GA concentrations: 32 mM for
aBc alone; 88 mM for aSyn ﬁbrils alone; and 100 mM for aSyn ﬁbrils
formed in the presence of aBc. Total protein:GA molar ratios of 1:2
and 1:5, corresponding to 77/82/100 mM and 192/408/500 mM GA,
led to the formation of higher order intermolecular cross-links
among chaperones and ﬁbrils alone.
A speciﬁc aSyn-CHIP cross-linked complex was obtained with
EDC/Sulfo-NHS exposition for 30 min at RT using a total
protein:EDC:Sulfo-NHS molar ratio of 1:10:12.5, corresponding to
the following EDC/Sulfo-NHS concentrations: 320/400 mM for CHIP
alone; 823/1029 mM for aSyn ﬁbrils alone; 1178/1473 mM for aSyn
ﬁbrils formed in the presence of CHIP. Total protein: EDC:Sulfo-NHS
molar ratio of 1:20:25 or at ﬁxed concentrations of 2945/3683 mM
corresponding to total protein:EDC:Sulfo-NHS molar ratios of
1:91:115, 1:36:45 and 1:25:31, respectively, led to the formation of
higher order intermolecular cross-links among chaperones and ﬁbrils alone.
In order to solubilize protein samples before SDS-PAGE analysis,
all samples were ﬁrst vacuum-dried then dissociated by addition of
10e20 ml of pure hexaﬂuoroisopropanol (HFIP, Sigma-Aldrich). After incubation for 1 h in HFIP at RT, samples were evaporated before
resuspension in denaturing Laemmli buffer, with the exception of
DTSSP cross-linked samples which were resuspended in the same
buffer without bME. Samples were heated for 5 min at 80  C and
loaded onto 7.5% tris-tricine gels.
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For Western blot analysis, proteins separated by SDS-PAGE were
transferred to nitrocellulose membranes (GE Healthcare). The
membranes were ﬁrst analyzed using an anti-aSyn antibody,
stripped, and then revealed with an anti-aBc or anti-CHIP antibody.
Brieﬂy, the membranes were blocked in 3% skim milk in TBS-Tween
0.5%, probed with a primary then secondary antibody and developed with the enzyme-coupled luminescence technique (ECL,
Thermo Fisher Scientiﬁc) using a ChemiDoc™ MP Imaging System
(BioRad). The primary and secondary antibodies combinations used
were the following: SYN1 antibody (1/5000, 610,787 BD Biosciences) followed by anti-mouse-HRP (1/5000, GTX 213111-01
Genetex) for aSyn detection, and rabbit polyclonal antibodies (1/
5000) we raised against aBc or CHIP followed by anti-rabbit-HRP
(1/5000, A120e101P Bethyl). For polyclonal antibody immunopuriﬁcation, 1e10 mg of puriﬁed antigen protein was separated into
a 15% SDS-PAGE gel and further transferred to a nitrocellulose
membrane (GE Healthcare). The antigen-containing membrane
was pre-incubated with 100 mM glycine pH 2.5 for 10 min before
being blocked with 5% skim milk in TBS-Tween 0.05% and further
incubated overnight in the anti-aBc or anti-CHIP antibody-containing serum. Polyclonal antibodies against aBc or CHIP were
eluted with 2 mL 100 mM glycine pH 2.5 for 2 min. After immediate
neutralization with addition of Tris-HCl pH 8.5, the immunopuriﬁed antibodies were dialyzed into PBS pH 7.4, 30% glycerol. Stripping of the membrane between two immunodetections was
achieved with 100 mM bME, 62.5 mM Tris-HCl pH 6.8, 2% SDS for
1 h at 50  C.
2.7. Peptide preparation and NanoLC-MS/MS identiﬁcation of crosslinked peptides
Bands of interest were excised and cut in pieces of about 2 mm2.
Each band was subjected to washing and in-gel tryptic digestion as
described [49], without reduction and alkylation. Tryptic digestion
was performed overnight at 37  C using Trypsin Gold (Promega) at
a concentration of 10 ng/ml in 25 mM ammonium bicarbonate.
Tryptic peptides were extracted using two volumes of 60% acetonitrile (ACN), 0.1% formic acid for 1 h. The supernatant was recovered and a second extraction was performed by addition of one
volume of 100% ACN for 30 min. The two supernatants of extracted
peptides were pooled and vacuum dried. Tryptic peptides were
resuspended in 0.1% formic acid (v/v) prior to nanoLC-MS/MS
analysis.
Tryptic peptides were analyzed with a Data Dependent acquisition method by selecting the 20 most intense precursors for CID
fragmentation using a Triple-TOF 4600 mass spectrometer
(ABSciex) coupled to a nanoRSLC ultra performance liquid chromatography (UPLC) system (Dionex, Thermo Fisher Scientiﬁc) as
previously described [50] with the following exceptions. The
analytical column was an Acclaim PepMap RSLC C18 (75 mm
i.d.  50 cm, 2 mm, 100 Å, Thermo Fisher Scientiﬁc). Peptides were
loaded at 6 ml/min and separated with a gradient of 5e35% 0.1%
formic acid in 100% ACN.
2.8. NanoLC-MS/MS data analysis
NanoLC-MS/MS raw data were converted into mgf data ﬁles
using the MS Data Converter software (Peakview, ABSciex).
Sequence coverage of the proteins was determined through database searching using the Mascot search engine (Matrix Science;
version 2.6) with the SwissProt mammalian database (SwissProt_2018_10 database release) together with a decoy database
search. Only peptides with a mascot score above 20 were considered. Inter-molecular cross-linked peptides between aSyn and
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Fig. 1. aSyn ﬁbrillation in presence of chaperones. (AeB) Time-course ﬁbrillation of aSyn-Alexa488 (100 mM) in the presence of increasing concentrations of aBc (A) or CHIP (B)
was followed by primuline ﬂuorescence. Chaperone concentrations of 0 mM, 10 mM, 20 mM, 33 mM, 50 mM are represented as aSyn:chaperone molar ratios of 1:0 (black), 10:1 (blue),
3:1 (pink) or 2:1 (orange) respectively. Means and their associated standard error values were calculated from three independent experiments. Lines through the data points are the
best sigmoidal ﬁt. (CeD) Half-time (t1/2) of aSyn-Alexa488 aggregation in the presence of increasing concentrations of aBc (C) or CHIP (D). For each independent experiment, the t1/2
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chaperones were searched using the STAVROX software (version
3.6.6.6), [51]. For GA, which exists as a mixture of monomers (free
aldehyde or cyclic hemiacetal forms) or different polymers [52], we
set the mass modiﬁcation to 64.031 or 82.042 to search for interprotein peptides cross-linked by a free aldehyde or a cyclic hemiacetal GA, respectively, on a list of potentially reactive amino acids
for sites 1 and 2 as reported in the literature, or as indicated by their
physico-chemical properties (Lysine, Serine, Threonine, Tyrosine,
Arginine, Tryptophan, Phenylalanine, Proline, and N-terminus).
One interprotein cross-link by a cyclic hemiacetal monomer of GA
was identiﬁed and conﬁrmed. For EDC, mass modiﬁcation was set
to 18.01 Da for interprotein cross-linked peptides modiﬁed on
Lysine, Serine, Threonine, Tyrosine, and N-terminus for site 1 and
Aspartate, Glutamate and C-terminus for site 2. For both Mascot
and Stavrox searches, the parent and fragment ion mass tolerances
were 25 ppm and 0.05 Da, respectively, oxidation of methionine
was set as a variable modiﬁcation, and trypsin cleavage was semispeciﬁc. Candidate cross-linked peptides were validated after
conﬁrmation of their absence in the control samples and manual
analysis of their MS/MS spectra.
3. Results
Extensive studies have reported that chaperones interact with
amyloid-forming proteins and are thus good candidates to prevent
either the aggregation reaction or the interaction of the resulting
amyloids with binding partners within the cytosol or at the plasma
membrane. Previous work in our laboratory showed that the molecular chaperone Hsc70 reduces aSyn assembly and affects preformed ﬁbrils binding and subsequent toxicity [33].
We wanted to assess if the ability to bind preformed aSyn ﬁbrils
is a generic property of molecular chaperones, in the perspective of
expanding our arsenal of chaperones able to modify aSyn ﬁbril
surfaces and interfere with their cell-to-cell propagation. We
selected two different molecular chaperones that we considered
promising based on previous data demonstrating their association
or colocalization with aggregated aSyn, either in vitro or in pathological lesions or inclusions observed in the brains of patients with
synucleinopathies [43,37,34,46,47,41]: the human sHSP chaperone
aB-crystallin (aBc) and human C-terminus Hsc70-interacting protein (CHIP).
Effect of aBc and CHIP on aSyn ﬁbrils take-up by Neuro-2a
cells.
We ﬁrst assessed the effect of aBc and CHIP on the assembly of
aSyn into ﬁbrils at different aSyn:molecular chaperone molar ratios
(Fig. 1). We used Alexa488-labeled monomeric aSyn for these assembly reactions, in order to obtain labeled aSyn ﬁbrils in complex
with unlabeled chaperones and assess the uptake of the resulting
ﬁbrils by Neuro-2a cells. The kinetics of aggregation were followed
by primuline ﬂuorescence. Notably, the assembly kinetics of unlabeled and Alexa488-labeled aSyn into ﬁbrils, as well as the ﬁbrils
abilities to seed, are comparable [53].
Fibrillation kinetics of aSyn in presence of increasing concentrations of aBc show that aBc signiﬁcantly slows down aSyn aggregation, starting from an aSyn:aBc molar ratio of 10:1 (Fig. 1A, C).
At a 2:1 aSyn:aBc molar ratio, aBc did not signiﬁcantly modify
neither the amount (Fig. 1E) nor the morphology (Fig. 1H) of
ﬁbrillar aSyn. While CHIP had no signiﬁcant effect neither on aSyn
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kinetics of aggregation (Fig. 1B,D) nor on the amount (Fig. 1F) of
aggregated aSyn, it had an effect on the morphology of ﬁbrils. They
appeared more twisted than those formed without molecular
chaperones (Fig. 1I). Increases of aBc or CHIP concentrations
induced an increase of the amount of chaperones bound to aSyn
ﬁbrils, as identiﬁed thorugh a sedimentation assay (Fig. 1E and F).
We next assessed the internalization of aSyn ﬁbrils formed in
the presence of aBc or CHIP by Neuro-2a cells (Fig. 2A and B,
respectively). Neuro-2a cells, in 96-well plates, were exposed for
2 h to Alexa488-labeled aSyn ﬁbrils (1 mM) pre-incubated or not
with aBc or CHIP (0, 2 and 10 mM), prior to Trypan blue addition and
quantiﬁcation of Alexa488 ﬂuorescence in a plate-reader. aSyn
ﬁbril ﬂuorescence quenching by Trypan blue allowed us to determine accurately the amount of internalized ﬁbrils in a dosedependent manner. We used Hoescht staining to ascertain that
the number of cells remained constant (see Material & Methods).
As a positive control for this experiment, we examined the effect of
heparin, a ligand of cell membrane heparan sulfate proteoglycans
that have been implicated in aSyn internalization [24]. When preformed aSyn-Alexa488 ﬁbrils were pre-incubated with 0.2 mg/mL
heparin, we observed an 83% reduction of their internalization
(Fig. S1), in agreement with previous reports [24]. aSyn-Alexa488
ﬁbrils assembled in presence of increasing amounts of aBc or CHIP
take-up by Neuro-2a cells decreased in a chaperone concentrationdependent manner (Fig. 2). We conclude from these experiments
that aBc or CHIP affect ﬁbrillar aSyn uptake by Neuro-2a cells, most
probably by binding the ﬁbrils and changing their surface
properties.
Identiﬁcation of interaction surfaces between ﬁbrillar aSyn,
aBc and CHIP through chemical cross-linking.
We next mapped the surface interfaces between aBc or CHIP
and ﬁbrillar aSyn to further characterize the interactions. We used
chemical cross-linking and mass spectrometric identiﬁcation of
cross-linked peptides to this aim [54,39,55,40].
aSyn ﬁbrils (100 mM) formed in presence or absence of aBc
(50 mM) or CHIP (33 mM) were exposed to different cross-linkers at
different total protein to crosslinker molar ratios. aSyn ﬁbrils, aBc
and CHIP were exposed individually to the cross-linkers in control
reactions. The cross-linkers we used had distinct structuralchemical characteristics. Three homobifunctional water soluble
NHS-ester cross-linkers speciﬁc to nucleophilic groups (predominantly primary amines e.g. proteins N-terminus and Lysine residues, but also Tyrosine, Serine and Threonine) with varying spacer
arm lengths: 7.7, 11.4 and 12 Å for BS2G, BS3 and DTSSP, respectively, were used. We further used the heterobifunctional zero
length carbodiimide crosslinker EDC that crosslinks primary
amines to carboxyl groups (e.g. Glu, Asp and proteins C-terminus)
in the presence of Sulfo-NHS. Finally, we also used GA, known for its
efﬁciency, but also its limited speciﬁcity and molecular heterogeneity with a ~5 Å spacer arm for the monomer [52]. The crosslinking reactions products were analyzed by SDS-PAGE to identify
ﬁbrillar aSyn-aBc or ﬁbrillar aSyn-CHIP complexes, observed
neither in the ﬁbrillar aSyn nor in the chaperone control samples
subjected to identical cross-linking conditions. The total protein to
cross-linker ratio was optimized. A 1:1 and 1:10:12.5 total protein
to cross-linker ratios were selected for ﬁbrillar aSyn-aBc crosslinking with GA and for ﬁbrillar aSyn-CHIP cross-linking with
EDC/Sulfo-NHS, respectively. Finally, as the reaction involved cross-

parameter was extracted from the best ﬁt to a sigmoid function. The means are their associated standard error values were calculated from three independent experiments.
Statistical signiﬁcance was determined through an unpaired student’s t-test with equal variance. Annotations indicating level of signiﬁcance are as follows: *p < 0.05; **p < 0.01.
Legends state aSyn:chaperone molar ratios. (EeF) Supernatant and pellet samples at the end of the aggregation reactions in absence or presence of aBc (E) or CHIP (F) resolved by
SDS-PAGE and coomassie blue staining. Legends state aSyn and chaperone concentrations. (GeI) TEM micrographs of aSyn-Alexa488 ﬁbrils formed alone (G), ﬁbrils formed in
presence of aBc (2:1 aSyn:aBc molar ratio, H), and ﬁbrils formed in presence of CHIP (3:1 aSyn:CHIP molar ratio, I). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the Web version of this article.)
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Fig. 2. Effect of aBc and CHIP on aSyn ﬁbril uptake by Neuro-2a cells. aSyn-Alexa488 ﬁbrils were assembled at 100 mM in the absence or in the presence of 50 or 100 mM aBc or
10 or 33 mM CHIP. After two weeks of ﬁbril formation, the mixture was diluted 100x in DMEM and incubated for 30 min at 37  C. Neuro-2a cells in 96-well plates were exposed for
2 h to aSyn-Alexa488 ﬁbrils assembled in the presence of aBc (A) or CHIP (B). Trypan blue was added after extensive washing to quench the ﬂuorescence of plasma membranebound aSyn-Alexa488 ﬁbrils. The amount of internalized aSyn-Alexa488 was measured on a ﬂuorescence plate reader. Means and their associated standard deviation values are
calculated over 5 wells. In each case we performed three independent experiments; one representative experiment is shown. The results and the associated signiﬁcances are
reported to the internalization in the absence of chaperone. Statistical signiﬁcance was determined through an unpaired student’s t-test with equal variance. Annotations indicating
level of signiﬁcance are as follows: *p < 0.05; **p < 0.01; ***p < 0.001.

linking ﬁbrillar aSyn to the molecular chaperones, the cross-linked
high molecular weight complexes were dissociated to allow their
analysis by SDS-PAGE.
Speciﬁc cross-linked complexes were observed with GA and
ﬁbrillar aSyn with aBc (Fig. 3A) upon staining the polyacrylamide
gel with Coomassie blue and on western blots using antibodies
directed against aSyn and aBc. The exposure of aSyn ﬁbrils alone to
GA yielded protein bands representing monomers, dimers, trimers
and tetramers, while that of aBc alone did not affect the intensity of
the dimeric form of the protein. Higher concentrations of GA led to
the formation of cross-linked higher molecular weight aSyn and
aBc species (Fig. S2A). When aSyn-aBc complex was cross-linked
with GA, a unique and speciﬁc protein band appears at around
40 kDa (arrow). Western blot analyses with antibodies directed
against aSyn and aBc conﬁrms that this speciﬁc band contains both
proteins and thus corresponds to a covalent aSyn-aBc complex. Its
apparent molecular mass of 40 kDa suggests it is formed of one
aSyn and one aBc monomer. The band of interest corresponding to
the aSyn-aBc complex was thus cut off the gel and subjected to
trypsin digestion. The resulting peptides were analyzed by nanoliquid chromatography coupled to tandem mass spectrometry
(nanoLC-MS/MS). For the aSyn-aBc complex, using database
searching as described in Materials & Methods, we obtained a
sequence coverage of 100% for aSyn and 97% for aBc. Using the
Stavrox software [51], we identiﬁed one aSyn-aBc inter-protein
cross-linked peptide that was absent from control bands (monomeric or dimeric aSyn or aBc with or without GA cross-linking) and
was validated manually. This peptide was identiﬁed as a quadruple
peptide ion with a mass-to-charge of 622.847, consistent with an
inter-peptide cross-link that covalently binds two peptide sequences and thus is highly charged (Fig. 3B). Its fragmentation
spectrum, presented in Fig. 3B, identiﬁed the cross-linked peptides
and sites. The y and b fragments ions series reported in Fig. 3C
identiﬁed the aSyn [33e43] and aBc [153163] sequences of the
cross-linked peptide with a cross-link between Lys-34 from aSyn
and Thr-162 from aBc. The mass deviation of 3.02 ppm measured
between the experimental and the theoretical mass of this crosslinked peptide further validated the identiﬁcation. Interestingly
the aBc peptide [153163] in which Thr-162 is cross-linked is
located in the ﬂexible, unstructured C-terminus of the chaperone
[44], and the aSyn peptide [33e43] in which Lys-34 is cross-linked

to aBc is exposed to the solvent in the ﬁbrillar structures of aSyn
(PBD code 6rt0 and 6rtb) we recently solved (Fig. 3E), [56].
Fibrillar- aSyn-CHIP cross-links obtained using EDC/Sulfo-NHS
were resolved by SDS-PAGE and detected both by coomassie blue
staining and Western blot using antibodies against aSyn and CHIP
(Fig. 4A). A dimeric for of CHIP was observed upon treatment of the
protein with EDC/Sulfo-NHS, conﬁrming its dimeric state. Higher
concentrations of EDC/Sulfo-NHS led to the formation of crosslinked higher molecular weight aSyn and CHIP (Fig. S2B). When
aSyn-CHIP complex was cross-linked with EDC, a unique and speciﬁc protein band appears at an apparent molecular mass around
55 kDa (arrow). Western blot analyses with antibodies directed
against aSyn and CHIP conﬁrm that this speciﬁc additional band
contains both proteins and thus corresponds to a covalent aSynCHIP complex. Its apparent molecular mass of about 55 kDa suggests it is constituted by one aSyn and one CHIP monomer. The
band of interest corresponding to the aSyn-CHIP covalent complex
was cut off the gel and in-gel digested using trypsin and the
resulting peptides were further analyzed by nanoLC-MS/MS as
described above. By database search as described in Material and
Methods, we obtained a sequence coverage of 100% for aSyn and
85% for CHIP. Using the Stavrox software [51], we identiﬁed one
aSyn-CHIP inter-protein cross-linked peptide that was absent from
control bands (monomeric or dimeric aSyn or CHIP with or without
EDC cross-linking) and was validated manually. This peptide was
identiﬁed as a quadruple charged ion with a mass-to-charge of
616.136 (Fig. 4B). Its fragmentation spectrum presented in Fig. 4B
unambiguously identiﬁed the cross-linked peptides and sites. The y
and b fragments ions, reported in Fig. 4C, identiﬁed the aSyn
[61e80] and CHIP [254262] sequences of the cross-linked peptide
with a cross-link between Glu-61 from aSyn and Lys-254 from
CHIP. Finally, the mass deviation of 4.17 ppm measured between the
experimental and the theoretical mass of this cross-linked peptide
further validated the identiﬁcation. Interestingly, CHIP peptide
[254262], in which Lys-254 (in purple, space ﬁll, Fig. 4D) has been
cross-linked to ﬁbrillar aSyn, is located within the CHIP U-box
domain [45] while aSyn peptide [61e80], in which Glu61 (red
sphere, Fig. 4E) was cross-linked to CHIP, is located in the nonamyloid component (NAC) region and is accessible to the solvent
in the ﬁbrillar structures of aSyn (PBD code 6rt0 and 6rtb) we
recently solved [56].
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Fig. 3. Cross-linking of aBc to aSyn ﬁbrils by glutaraldehyde. (A) Cross-linking reaction protein products were separated on a 7.5% tris-tricine SDS-PAGE and detected by
coomassie blue staining and immunodetection by Western blot using detections with either SYN1 anti-aSyn or in-house-immunopuriﬁed rabbit polyclonal anti-aBc antibodies. aBc
alone, aSyn ﬁbrils (F-aSyn) alone or aSyn ﬁbrils formed in the presence of aBc (2:1 aSyn:aBc molar ratio) were exposed to the glutaraldehyde (GA) cross-linker at the same total
protein:GA molar ratio (1:1). The arrows show the band of the aSyn-aBc complex of interest. (BeC) NanoLC-MSMS analysis and data analysis using the Stavrox software identiﬁed
the peptide [153163] from aBc cross-linked with peptide [33e43] from aSyn ﬁbrils. In B, the fragmentation spectrum of the quadruple-charged cross-linked precursor ion at the
monoisotopic m/z 622.847 (on the top) is annotated with the identiﬁed fragments and their charge state. Loss of water (asterisks) and internal fragments (i) are indicated. In C, the
identiﬁed fragments are indicated on the cross-linked sequences. The a and b sequences correspond to the aBc [153163] and aSyn [33e43] peptides, respectively. The identiﬁed
cross-link involves residues Thr-162 and Lys-34 from aBc and aSyn, respectively. (D) Location of the cross-linked threonine in a model structure of an aBc 24-mer (PDB accession
number 2ygd, 9.4 Å resolution). Thr-162 (T162) is represented by a purple sphere. (E) Location of the cross-linked lysine in aSyn ﬁbrils (PDB accession number 6rt0). Lys-34 (K34) is
in a ﬂexible portion of the sequence, not resolved by cryo-EM, and sketched by a dotted black line; K34 itself is represented by a red line. Figures DeE were generated with PYMOL
(http://www.pymol.org). . (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

4. Discussion
The aggregation of distinct proteins is hallmark of neurodegenerative disease [29]. Molecular chaperones interfere with this
process and/or are a component of the resulting aggregates
[29,34,43,44,46,57,58]. aSyn ﬁbrillar aggregates are capable of
propagating between neuronal cells and consequently contribute
to disease progression in synucleinopathies [3,4]. Therefore, identifying the contribution of molecular chaperones within this process and determining whether they bind aSyn ﬁbrils and affect
their propagation is of particular interest. It has been previously
shown that Hsc70 not only reduces aggregation of aSyn [33] into
ﬁbrils, but also binds the ﬁbrils and affects their toxicity [33].
Furthermore, we identiﬁed inter-molecular interaction surfaces

between Hsc70 and aSyn using covalent cross-linking and mass
spectrometry [39,40].
The binding of molecular chaperones to preformed aSyn ﬁbrils
have been assessed on rare occasions [36,37,38,41]. The molecular
chaperone aBc, we used here, was shown for instance to bind to
preformed aSyn ﬁbrils [37,41]. We thus went further and assessed
the take-up by cultured cells of neuronal origin of ﬁbrillar aSyn
assembled in the presence of molecular chaperones. We show that
the molecular chaperones aBc and CHIP bind efﬁciently to aSyn
ﬁbrils generated in their presence and affect their take-up by
Neuro-2a cells. We further identiﬁed the inter-molecular interaction interfaces between ﬁbrillar aSyn and aBc or CHIP.
aBc binds to ﬁbrillar aSyn through its C-terminal unstructured
domain. Our cross-linking studies show that aBc interacts with
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Fig. 4. Cross-linking of CHIP to aSyn ﬁbrils by EDC/SulfoNHS-ester. (A) Cross-linking reaction protein products were separated on a 7.5% tris-tricine SDS-PAGE and detected by
coomassie blue staining and immunodetection by Western blot using detections with either SYN1 anti-aSyn or in-house-immunopuriﬁed rabbit polyclonal anti-CHIP antibodies.
CHIP alone, aSyn ﬁbrils alone or aSyn ﬁbrils formed in the presence of CHIP (3:1 aSyn:CHIP molar ratio) were exposed with EDC/SulfoNHS-ester cross-linker at same total
protein:EDC:Sulfo-NHS molar ratio (1:10:12.5). The arrows show the band of the aSyn-CHIP complex of interest. (BeC) NanoLC-MSMS analysis and data analysis using the Stavrox
software identiﬁed the peptide [254262] from CHIP cross-linked with peptide [61e80] from aSyn ﬁbrils. In B, the fragmentation spectrum of the quintuple-charged cross-linked
precursor ion at the monoisotopic m/z 616.136 (on the top) is annotated with the identiﬁed fragments and their charge state. Loss of water (asterisks) and internal fragments (i) are
indicated. In C, the identiﬁed fragments are indicated on the cross-linked sequences. The a and b sequences correspond to the aSyn [61e80] and CHIP [254262] peptides,
respectively. The cross-link involves residues Lys-254 and Glu-61 from CHIP and ﬁbrillary aSyn, respectively. (D) Location of the cross-linked lysine in a CHIP dimer (Protein Data
Bank accession number 2C2L, of murine CHIP, sharing 98% sequence identity with human CHIP). Lys-254 (K254) is represented by a purple sphere. The helical hairpin domains are in
light orange, the tetratricopeptide repeat (TPR) domains are in yellow; the U-box domains are in bright orange. (E) Location of the cross-linked glutamate in aSyn ﬁbrils (PDB
accession number 6rt0). Glu-61 (E61) is represented by a red sphere. Figures DeE were generated with PYMOL (http://www.pymol.org).. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

aSyn ﬁbrils. A unique intermolecular peptide was identiﬁed, where
Thr-162 from aBc and Lys-34 from aSyn ﬁbrils were cross-linked by
GA. Lys-34 from aSyn is located within a ﬂexible loop exposed to
the solvent and aSyn ﬁbril binders in the aSyn ﬁbrillar structures
(PBD code 6rt0 and 6rtb) we recently solved (Fig. 3E), [56]. Thr-162
from aBc lies in the unstructured C-terminal domain of aBc
(Fig. 3D). aBc has been shown to interact with monomeric aSyn
through a different region, namely a conserved b4/b8 surface lying
within its core [59]. Indeed, aBc-core prevents the aggregation of
aSyn [37,60]. Another heat shock protein, Hsp27, prevents the aggregation of aSyn and binds aSyn ﬁbrils [37,61]. Interestingly, and
in contrast with the whole protein, truncated Hsp27 containing
only the conserved b4/b8 a-crystallin core domain loses its ability

to bind aSyn ﬁbrils [61]. Furthermore, dimeric, untruncated mutant
Hsp27 binds aSyn ﬁbrils, suggesting that residues outside of the
core region of the conserved a-crystallin domain play a role in aSyn
ﬁbril binding [61].
CHIP binds to ﬁbrillar aSyn through its C-terminal U-box domain.
As for aBc, we mapped the interfaces between aSyn ﬁbrils and the
molecular chaperone CHIP. One inter-molecular peptide was
identiﬁed, where Lys-254 from CHIP and Glu-61 from aSyn ﬁbrils
were cross-linked by EDC. Glu-61 from aSyn is located at one tip of
the aSyn non-amyloid component (NAC) region and is exposed to
the solvent (Fig. 4E), [56]. Lys-254 from CHIP is located in the Cterminal U-box domain of the chaperone (Fig. 4D), responsible for
CHIP binding to ubiquitin-conjugating enzymes [45]. This result is

Please cite this article as: M. Bendifallah et al., Interaction of the chaperones alpha B-crystallin and CHIP with ﬁbrillar alpha-synuclein: Effects
on internalization by cells and identiﬁcation of interacting interfaces, Biochemical and Biophysical Research Communications, https://doi.org/
10.1016/j.bbrc.2020.04.091

M. Bendifallah et al. / Biochemical and Biophysical Research Communications xxx (xxxx) xxx

coherent with previously published data. Indeed, a CHIP variant
devoid of the Hsp70-binding N-terminal tetratricopeptide repeat
domain (TPR, in yellow in Fig. 4D) but in which the U-box domain
was still present, was able to immunoprecipitate aSyn [47].
It is worth noting that the interaction areas we identiﬁed within
the aBc-aSyn ﬁbril or CHIP-aSyn ﬁbril complexes are not exhaustive as the cross-linking and mass spectrometry strategy we
implemented to ﬁbrillar assemblies remains challenging. Nonetheless, identifying polypeptides originating from molecular
chaperones come into close proximity with polypeptide stretches
exposed at aSyn ﬁbril surfaces may pave the way for the development of ﬁnely targeted ligands that can interfere with aSyn ﬁbril
prion-like propagation and subsequent disease progression.
Notably, peptides are tunable. Their afﬁnity for their protein targets
can be optimized and their pharmacokinetics properties can be
adjusted [62].
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