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α-Synuclein (αSyn) plays a critical role in the pathogenesis of ‘Synucleinopathies’. Although increased
nuclear αSyn localization induces neurotoxicity, its definitive physiological role remains elusive.
Previous studies on nuclear αSyn are limited to its interactions with individual histones and dsDNA,
leaving a significant gap in understanding its interactions with assembled histone H2a-H2b dimer and
(H3-H4)2 tetramer, as well as its role in chromatin regulation. Here, we demonstrate that αSyn binds
specifically to both H2a-H2b and (H3-H4)2 with high affinity. Truncation studies reveal that αSyn(1-
103) region interacts with (H3-H4)2, while the acidic (121-140) C-terminal end is crucial for H2a-H2b
binding and contains a conserved DEF/YxPmotif present in other dimer-binding histone chaperones.
High-resolution structure of αSyn(121-140) with H2a-H2b complex reveals that αSyn adopts two
binding modes (BM-1 and BM-2). Nonetheless, the αSyn C-terminal end in both modes overlap but
runs in opposite orientations, specifically interacting with the H2a-L2 and H2b-L1 loop regions of the
dimer and cap the H2a-R78 residue.Mutational analysis confirms that αSyn-Y136 and P138 residues,
part of the DEF/YxP motif, together with H2a-R78, are critical for αSyn-(H2a-H2b) interaction. The
chaperoning assay supports αSyn’s function as a histone chaperone, suggesting the potential role of
αSyn in the nucleosome assembly/disassembly process.

αSyn is a pivotal protein associated with a group of neurodegenerative
diseases referred to as ‘Synucleinopathies,’ which includes Parkinson’s
disease (PD), dementia with Lewy bodies (DLB), and multiple system
atrophy (MSA)1. It was first identified as a neuronal protein that undergoes
presynaptic and nuclear localization in electric ray fish (Torpedo
californica)2. Thoughmany cellular functions have been proposed for αSyn
over the years, its precise physiological function remains unclear. In 1997,
αSyn was identified as a main constituent of intracellular cytoplasmic
inclusion referred to as Lewy bodies (LBs), the key pathological feature in
synucleinopathies3. Since then, most studies have focused on inter-
connecting αSyn aggregation properties to disease etiology4.

Nuclear αSyn localization is associated with physio-pathology5–16, but
less emphasis is given to understanding its specific nuclear role. Multiple

lines of evidence indicate that under pathological conditions, the nuclear
αSyn level increases, eliciting neurotoxicity in dopaminergic neurons and
mouse models independent of its aggregation property5–7,15. These findings
raise a fundamental question regarding the mechanism of αSyn toxicity in
PD: the underappreciated nuclear function versus its aggregation property.
Therefore, determining αSyn’s physiological role in the nucleus is of par-
ticular interest. So far, studies on nuclear αSyn have only explored its
interactions with individual core histones, linker histones, and
dsDNA5,6,17,18. Nonetheless, how αSyn interacts with assembled histone
H2a-H2b dimer, (H3-H4)2 tetramer, nucleosome, and its role in chromatin
regulation remains unknown.

In this study, we have unveiled that αSyn functions as a histone cha-
perone. Histone chaperones are a family of proteins that faithfully guard the
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histone supply chain and dynamics during replication, transcription, and
DNA repair processes throughout cellular life19. Here, we investigated αSyn
interaction with H2a-H2b, (H3-H4)2, and nucleosome core particle (NCP)
using biochemical and biophysical approaches. Additionally, we deter-
mined theX-ray crystal structure of αSynwith theH2a-H2b dimer complex
to 1.72 Å resolution. Remarkably, our structure revealed that the dimer
recognition by αSyn overlaps with that of other chromatin regulators,
suggesting a potential role in the nucleosome assembly/disassembly process.
Together, these studies have providedmolecular-level details and structural
insights into αSyn nuclear physiological function. Based on these results, we
discussed possible models for αSyn’s role in the physio-pathological
conditions.

Results
αSyn forms complex with both H2a-H2b dimer and (H3-H4)2
tetramer
αSyn belongs to the intrinsically disordered protein (IDP) family composed
of 140 amino acids (14.46 kDa, pI 4.6). It consists of three domains: the
positively charged amphipathic N-terminal region (1-60 residues),
aggregation-prone central non-amyloid-β component (NAC)region (61-95
residues), and the highly acidic C-terminal tail (104-140 residues)20. The
individual core histones (H2a, H2b, H3, and H4) comprise the N-terminal
flexible tail and C-terminal histone-fold region and are assembled into
heterodimers with complementary histones21. We have recombinantly
expressed and purified human αSyn(full-length; FL), a series of C-terminal
truncated αSyn constructs, and individual human core histones with/
without N-terminal flexible tail as previously reported18 (Fig. 1A).

Additionally, we have purified a single-chain tailless Xenopus laevis H2a-
H2b dimer (ScH2a-H2b) generated by linking the C-terminal end of
H2b(34-126) with the N-terminal of H2a(13-102) for structural studies22. It
is worth noting that ScH2a-H2b dimer precipitates below 1.0M NaCl
concentration, whereas the H2a-H2b dimer and (H3-H4)2 tetramer
assembled using individually purified core histones under denaturing
conditions are soluble at physiological salt concentration (150mM).Hence,
except for structural studies, the H2a-H2b dimer and (H3-H4)2 tetramer
used in biochemical and biophysical studies were individually purified and
assembled as reported23,24.

To examine whether αSyn(FL) binds assembled H2a-H2b dimer and
(H3-H4)2 tetramer, we independently reconstituted αSyn(FL) with these
assembled histones and analyzed the complex formation using size-
exclusion chromatography (SEC). During reconstitution, the complex
mixture remained soluble at physiological salt concentration (150mM
NaCl), showing no precipitation due to non-specific interactions. As αSyn
belongs to the IDP family, it eluted as a higher molecular weight protein
compared to the H2a-H2b dimer in the SEC. Intriguingly, αSyn formed a
ternary complex with both the H2a-H2b dimer and (H3-H4)2 tetramer,
resulting in peak shift compared to individual components (Fig. 1B and
Supplementary Fig. 1).

To further confirm αSyn association with histone assemblies, we car-
ried out αSyn co-localization studies with H2b and H3 in SH-SY5Y cells.
Only 3-7% of control SH-SY5Y cells showed αSyn in the nucleus. Previous
studies have indicated an increasednuclear localizationofαSyn inparaquat-
treated mice, an herbicide linked with PD5. So, to elevate αSyn’s nuclear
level, we treated the SH-SY5Y cells with paraquat at 10 and 25 μM con-
centrations. Interestingly, in both control and paraquat-treated cells, αSyn
co-localizes withhistoneH2b andH3 (Supplementary Fig. 2). In the cellular
system, individual core histones (H2a,H2b,H3, andH4) are assembled into
heterodimers, H2a with H2b and H3 with H4, immediately after protein
synthesis. These assembled histones are not free; they are bound by the
histone chaperones and other chromatin factors that help to prevent toxic
effects caused by unregulated DNA binding, leading to aggregation and
interference with nuclear processes19,25. Consequently, the observed αSyn
co-localization with histone H2b and H3 suggests that it is possibly asso-
ciated with the assembled H2a-H2b dimer and (H3-H4)2 tetramer in the
cellular system, hinting at a role in chromatin regulation.

αSyn has distinct binding sites for H2a-H2b dimer and (H3-H4)2
tetramer
To identify the αSyn region important for interactions with H2a-H2b and
(H3-H4)2, we measured αSyn(FL) and truncated αSyn proteins binding
affinity (Kd) using MicroScale Thermophoresis (MST) and Isothermal
titration Calorimetry (ITC) at physiological salt concentration. MST
requires Cys/Lys-labelling of target proteins for kinetic studies. Both αSyn
and core histones have many Lys residues and no Cys residues except
histone H3. Previously we have observed interference in binding kinetic
between Lys-labeled-αSynwith the individual core histones18. Therefore, we
introduced a Cys-residue in the H2a C-terminal tail (G129C) and used this
mutant protein to assemble H2aG129C-H2b dimer, which was Cys-labeled
for binding studies. Upon addition of αSyn to fluorescently labeled
H2aG129C-H2bdimer/(H3-H4)2 tetramer, we observed apparent changes in
thermophoresis. Intriguingly, αSyn(FL) showed a robust binding affinity
with H2aG129C-H2b dimer (Kd = 515.4 nM). Whereas αSyn(1-131) con-
struct showed a binding affinity of Kd = 32.4 μM, which is 64-fold lower
than αSyn(FL) (Fig. 2A; i and ii). To further validate these results, we
explored the αSyn(FL) and αSyn(1-121) interaction with H2a-H2b dimers
using ITC. Consistent with our MST result, αSyn(FL) binds to H2a-H2b
with an affinity of Kd = 530 nM. Conversely, the αSyn(1-121) construct
exhibits no binding, indicating that the αSyn(122-140) region is critical for
H2a-H2b dimer interaction (Fig. 2A; iii and iv).

Next, we conducted binding studies on αSyn’s interaction with Cys-
labeled (H3-H4)2 tetramer. αSyn(FL) and truncated αSyn(1-103) construct
lacking a complete acidic C-terminal tail showed binding affinities of

Fig. 1 | αSyn forms complex with assembled histone H2a-H2b and (H3-H4)2.
A Schematic representation of αSyn and histone constructs used in this study. The
red arrow indicates the H2a andH2bN-terminal tail truncation boundary, while the
G129C mutation introduced in histone H2a is marked in red. B Size-exclusion
chromatography shows αSyn(FL) forms a complex with (H2a-H2b) dimer and (H3-
H4)2 tetramer.
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Kd = 50 nM and 107 nM to (H3-H4)2 tetramer, respectively (Fig. 2B; i and
ii). This study suggests that, unlike theH2a-H2b dimer, the acidic stretch of
αSyn is not critical for (H3-H4)2 tetramer binding.Histone chaperones such
as human SET/TAF-Iβ/INHAT26, yeast CIA/ASF127,28, and Xenopus
NO3829 have shown similar observations, where the acidic stretch is not
necessary for (H3-H4)2 binding or histone chaperone activity. Although
αSyn is an IDP, its N-terminal αSyn(1-103) region, critical for H3-H4 tet-
ramer binding, adopts an amphipathic α-helical secondary structure (PDB:
1XQ8) upon binding to phospholipid membrane or in the presence of
detergents30,31. Whether αSyn(1-103) undergoes a disorder-to-order tran-
sition upon H3-H4 binding remains unclear. Nonetheless, the αSyn(1-103)
helical conformation features negatively charged residues aligned on one
side, suggesting that this regionmay engage in electrostatic interactionswith
(H3-H4)2 tetramer (Supplementary Fig. 3).

Our earlier study demonstrated that αSyn(FL) has binding affinities of
Kd = 4 μM to histone H3 and H4, linker histone H1.1 with a Kd of 21 μM,
H2awith aKdof 278 μM, and forH2bwith aKdof 122 μM(Jos et al., 2021).
In the current study, theαSyn showed10- to 100-foldhigher binding affinity
for assembled H2a-H2b/(H3-H4)2 complexes than individual core and
linker histones, suggesting αSyn preferential binding to histones assemblies
over individual counterparts. Furthermore, truncation studies revealed two
distinct binding sites in αSyn: the αSyn(1-103) region binds to (H3-H4)2,
while the acidic C-terminal region (121-140) is critical for the interaction
with H2a-H2b.

αSyn(121-140) regionhasDEF/YxPmotif andbindsspecifically to
the globular domain of H2a-H2b dimer
To delineate the structural elements, we employed a crosslinking approach
to study the interaction between αSyn and H2a-H2b dimer. Cross-linking
assay is a valuable technique for studying protein-protein interactions, as
theycovalently link two aminoacid residues inprotein complexes that are in
proximity. This technique is widely applied in histone chaperoning
studies32–34. Here, we standardized experiments using Disuccinimidyl
suberate (DSS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

hydrochloride (EDC) crosslinkers. DSS reacts with the primary amine
group at the N-terminus of polypeptide and in the side-chain of lysine
residue, whereas EDC is a carboxyl- and amine-reactive zero-length
crosslinker.

The assembled H2a-H2b heterodimer consists of N-terminal flexible
tails and a C-terminal globular domain21. Initial experiments were per-
formed to investigate whether the flexible tail or the globular domain is
important for αSyn interaction. Using DSS we crosslinked αSyn(FL) with
H2a-H2b and tailless (H2a-H2b)TL dimers to trap their respective com-
plexes. αSyn(FL) remains a monomer in the presence and absence of DSS.
TheH2a-H2band (H2a-H2b)TLdimers runas individual bands (~ 16 kDa)
in the absence of DSS, but in its presence, two bands (~ 16 kDa and 30 kDa)
corresponding tomonomer and heterodimer are seen. Subsequent titration
of αSyn(FL) with H2a-H2b and (H2a-H2b)TL dimers in the presence of
DSS resulted in three bands (~ 16 kDa, 30 kDa, 43 kDa) corresponding to
monomer, heterodimer, and their respective complexes. Interestingly, no
precipitation or additional bands corresponding to higher-order complexes
or aggregateswerenoticedevenwith a 2-fold excessαSyn, indicating that the
αSyn interactionwith theH2a-H2b dimer is specific and not driven by non-
specific electrostatic interactions. Furthermore, the H2a-H2b dimer with
and without N-terminal flexible tail exhibited complex formation with
αSyn(FL), highlighting the importance of the globular domain over the
N-terminal tail for αSyn interaction (Fig. 3A; i).

Subsequently, we characterized the αSyn region that specifically
associates with (H2a-H2b)TL dimers. The αSyn(1-131) showed binding,
whereas the αSyn(1-121) did not bind to (H2a-H2b)TL dimers (Fig. 3A; ii).
This study further reiterated our MST and ITC data and unambiguously
demonstrated that the αSyn acidic C-terminal tail (121-140) is essential for
H2a-H2b interaction, and its removal abolishes complex formation. To
validate the above findings, we custom synthesized αSyn(121-140) peptide
and analyzed its interaction with (H2a-H2b)TL using DSS and EDC
crosslinkers. The αSyn(121-140) region that lacks lysine residue and has an
NH2-group only at the polypeptideN-terminal, showed aminor shift in the
dimer band with DSS and a clear shift with EDC (Fig. 3A; iii).

Fig. 2 | Biophysical studies of αSyn with H2a-H2b and (H3-H4)2. AMST analysis
of αSyn(FL) (i) and αSyn(1-131) (ii) withfluorescently labeledH2aG129C-H2b dimer.
iii-iv. ITC analysis of the αSyn(FL) and αSyn(1-121) with H2a-H2b dimer,

respectively. BMST analysis of the αSyn(FL) (i) and αSyn(1-103) (ii) with fluores-
cently labeled (H3-H4)2 tetramer. Error bars represent SD (N = 3). TheKd values are
displayed in individual panels and summarized in table (C).
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Fig. 3 | Crosslinking assay, HSQC NMR spectra, and sequence analysis. A SDS-
PAGE gel of DSS and EDC mediated cross-linking experiment (Lane M- protein
marker along with the indicated protein concentrations at the top). i. αSyn(FL) with
both (H2a-H2b) and (H2a-H2b)TL, ii. αSyn(1-131) and αSyn(1-121) with (H2a-
H2b)TL, and iii. αSyn(121-140) with (H2a-H2b)TL. The cross-linking assays were
performed in the presence of 150 mM NaCl. B HSQC NMR spectra of 15N-labeled

αSyn(FL) in the absence (blue) and presence (red) of (H2a-H2b) dimer (1:1 ratio)
showed significant chemical shift perturbations for αSyn C-terminal (120-140)
residues. C Sequence alignment of the human αSyn-dimer recognition region (121-
140) with Swc5 in yeast (top) and multiple sequence alignment with other species
(bottom). The DEF/YxP motif is indicated by (*) on top of the sequence analysis.
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To corroborate our findings further, we performed NMR chemical
shift perturbationmapping and compared the 1H-15N heteronuclear single-
quantum coherence (HSQC) spectra of the uniformly 15N-labeled αSyn(FL)
in the absence and presence of unlabeled H2a-H2b dimer. The results
indicated that the N-terminal part of αSyn(1-120) remains largely unaf-
fected,whereas a change inpeak intensity and chemical shiftwas observedat
the αSyn C-terminal end. Specifically, the residues in the αSyn(121-140)
region underwent structural reorganization upon binding to H2a-H2b,
which correlates with the cross-linking and biophysical data (Fig. 3B).

Most canonical and variant dimer-specific H2a-H2b/H2a.Z-H2b his-
tone chaperones share the conserved DEF/Y motif and a variable proline
residue located one residue away from the motif 35–37. Sequence analysis of
αSyn(121-140) region revealed that it shares similaritieswith the Swc5DEF/
Ymotif, a subunit of ATP-dependent SWRchromatin remodeler that binds
preferentially to canonical H2a-H2b dimer37. Unlike Swc5, which has two
consecutive DEF/Y motifs, αSyn has a single DEF/Y motif and a proline
residue. Further analysis reveals that the acidic αSyn(121-140) C-terminal
end iswell conserved across a broad range of organisms, including primates,
rodents, bats, and some aquatic mammals, indicating a similar function
across these species (Fig. 3C). Together, sequence analysis has shown that
the αSyn dimer-binding region is conserved across various organisms and
contains a DEF/YxP motif, common to evolutionarily unrelated dimer-
binding chromatin regulators.

αSyn(121-140) with single-chain H2a-H2b dimer complex
structure
To elucidate the mechanism of H2a-H2b dimer recognition by αSyn, we
determined the crystal structure ofαSyn(121-140) in complexwith theH2a-
H2bdimer at 1.72 Åresolution (Fig. 4AandTable 1).The rationale forusing
ScH2a-H2b for structural studies has been well established35,38–40. The
αSyn(121-140)- ScH2a-H2b complex structure was solved by molecular
replacement using PDB ID: 6W4L as a search model, and the refined final
model has Rwork/Rfree of 19.0/22.0. There were two molecules in the
asymmetric unit,which is superimposedwith an r.m.s.d value of 0.43 Å.The
αSyn(136-140) region from bothmolecules in the asymmetric unit overlaps
but runs in an opposing direction (Fig. 4B). Intriguingly, αSyn(121-140)
adopts two binding modes (BM-1 and BM-2) when interacting with the
dimer. Biophysical studies on H2aG129C-H2b dimer with αSyn(121-140)
peptide using MST supported our structural data, revealing two binding
sites with Kd values of 0.5 and 2.6 μM (Supplementary Fig. 4A). For BM-1
andBM-2, the electron density ismissing for residues 121-130 and 121-127,
respectively. Overall, the electron density for BM-1 is relatively weak and
localized, whereas BM-2 shows good density for both main- and side-
chains. However, in both binding modes, the electron density gradually
wanes after the Y133 residue as we proceed toward the N-terminal region
(Supplementary Fig. 4B, C). The resulting complex structure shows that the
negatively chargedαSyn acidic tail runs over the highly basic surfaceofH2a-
H2b, specifically interacting with the H2a-L2 and H2b-L1 loop regions of
the dimer (Fig. 4C, D).

αSynDEF/YxPmotif anchors to the L2-L1 region of H2a-H2b and
its recognition pattern overlaps that of other dimer-specific his-
tone chaperones
Structural analyses showed that the αSyn DEF/YxP motif in both binding
modes interacts with the H2a-H2b dimer in the L2-L1 loop regions and
makes extensive contact with the H2a-R78 residue. In BM-1, the buried
surface area between αSyn and H2a-H2b dimer is 450.4 Å. In the case of
BM-1, intermolecular interaction between αSyn with H2a-H2b is localized,
involving the main-chain CO of E137 and P138, as well as both the main-
and side-chainofY136; thus, only these residues showed reasonable density.
The αSyn Y136 and E137 form a hydrogen bond with H2a-R78 NH2 and
P138 CO with H2a-R78 NH1, respectively, while the main chain of αSyn
E137 CO forms a hydrogen bond with H2b-S57 NH. Additionally, the side
chain ofαSynY136 is buried in the shallowhydrophobic pocket surrounded
byA39, I40, and Y43 in theH2b-α1 helix andM60 in theH2b-α2 helix, and

forms aπ-π interactionwithH2b-Y43 (Fig. 5A). InBM-2, the buried surface
area between αSyn and H2a-H2b dimer is 382.8 Å2. The main-chain CO of
αSyn E137 and P138 form hydrogen bonds with H2a R78 side-chain NH1
and NH2, while the αSyn COOH group at the C-terminal end forms salt
bridges with H2a R78 NE. Similarly, the main-chain CO of αSyn G132 and
E130 form hydrogen bonds with the side-chain of H2a R82 NE and NH1,
respectively. Additionally, the side chain of αSyn E131 OE1 forms a
hydrogen bond with H2a N74 ND2. Furthermore, the side-chain of αSyn
E137OE1 andOE2 formhydrogenbondswithmain-chainK58N andwith
side-chain H2b S56 OG in the H2b-L1 loop (Fig. 5B). Overall, the αSyn
DEF/YxPmotif interacts extensively with the L2-L1 region of the H2a-H2b
dimer, and their interactions are stabilized through an electrostatic anchor
flanked by polar and hydrophobic interactions.

To further investigate the significance of the αSyn DEF/YxP motif in
H2a-H2b binding, we generated αSyn Y136A, P138A, and double Y136A-
P138A mutants, and histone H2a(R78A) mutant based on the crystal
structure for binding analysis. Consistent with the structural data, all three
αSynmutants exhibited a significant loss of binding to the H2a-H2b dimer.
TheY136Amutant displayed a binding affinity ofKd=20 μM,while P138A
had Kd = 62 μM, which is 40-fold and 124-fold lower binding affinity
compared to αSyn(FL) (Fig. 5C). The higher binding defect observed for
P138A compared to Y136A suggests that conformational rigidity provided
by P138 could play a role in stabilizing the αSyn interaction. The double
αSyn mutant Y136A-P138A further reduced binding affinity to Kd = 90 μ
M, 180-fold less compared to αSyn(FL), underscoring the crucial role of the
hydrophobic anchor within the DEF/YxP in H2a-H2b binding. Since αSyn
in both binding modes (BM-1 and BM-2) overlaps and caps the H2a-R78
residue, we next assessed the importance of this residue in αSyn interaction.
αSyn(FL) showed a binding affinity of Kd = 37 μM with the H2a(R78A)-
H2b dimer, a 74-fold reduction compared to the H2a-H2b dimer,
emphasizing the electrostatic component to αSyn binding. The Y136A and
P138A mutants showed significantly reduced affinities, Kd = 109 μM and
80 μM, representing 218-fold and 160-fold decreases compared to theH2a-
H2bdimer.Notably, the double Y136A-P138Amutant displayed onlyweak
binding to H2a(R78A)-H2b, further reinforcing the importance of these
residues.Overall, these studies establish thatY136andP138within theDEF/
YxP motif, together with H2a-R78, are critical for αSyn-(H2a-H2b)
interaction.

Overlay of αSyn(121-140)–ScH2a-H2b dimer structure with other
H2a-H2b specific chaperones, such as Spt1636 and Swc537, and H2a.Z-H2b
variant specific YL140,41, Chz138, and Anp32e39,42 revealed that they all have
an overlapping dimer recognition site. In αSyn BM-1, the positions of E137
and Y136 residues are conserved across other dimer-specific histone cha-
perone structures (Fig. 5D). Mutational studies of Swc5-F29 and Spt16-
Y97236,37, corresponding to αSyn-Y136 residue, showed a substantial
reduction in binding affinity due to the loss of specific hydrophobic contact.
In BM-2, although the position of αSyn E137 is conserved, the αSyn
interaction with dimer is rather distinct, with its COOH group at the
C-terminal end also involved in capping H2a-R78 residue (Fig. 5E). These
findings further reiterate that although negative charges of αSyn are crucial
for histone binding, specific recognition via an aromatic anchor αSyn-Y136
together with the conserved P138 residue is important for interaction with
H2a-H2b dimer and capping H2a-R78 residue.

αSyn(121-140) interacts with the DNA binding region of H2a-H2b
TheH2a-H2bdimer in the assemblednucleosomeprotects its entry/exit site
by interacting with nucleosomal DNA on one side and (H3-H4)2 tetramer
on the other. There are threemain nucleosomal DNA interaction interfaces
onH2a-H2b referred to as ‘DNAbinding region (DBR)’: the L1-L2 binding
sites at superhelix locations (SHL) ± 5.5 (DBR-1) and±3.5 (DBR-3)flanking
the α1-α1 middle binding site at SHL ± 4.5 (DBR-2)43. Superimposition of
αSyn(121-140)–ScH2a-H2b dimer with human nucleosome core particle
(NCP; PDB: 3X1S) shows that αSyn has two distinct interaction sites within
the nucleosome. In BM-1, αSyn exploits the nucleosomal DNA binding
surface, while in BM-2, αSyn interacts with both the DNA-binding surface
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and competes for the H3 interaction surface with the H2a-H2b dimer
(Fig. 6A). However, crystal packing analysis suggests that αSyn in BM-1 is
not involved in crystal contacts, whereas αSyn in BM-2 is partially influ-
enced by crystal contacts, particularly the region involved in histone H3
interaction (Supplementary Fig. 5). Notably, in both binding modes (BM-1
and BM-2), the αSyn(136-140) region overlaps and exclusively targets
DBR1, capping the side chain of the conserved H2a-R77 residue (the
equivalent of Xenopus H2a-R78 residue), which otherwise anchors to the
minor groove of DNA at SHL ± 5.5 within the nucleosome.

To validate the functional relevance of the αSyn-(H2a-H2b) interac-
tion, we assessed the histone chaperone activity of αSyn(FL) in vitro. As a
histone chaperone, αSyn(FL) should be able to prevent non-specific inter-
action between theH2a-H2bdimer toDNA.Using a native PAGEassay, we
examined whether αSyn could rescue DNA by inhibiting histone-DNA
aggregation. In the control, incubation of 145 bp 601LDNAwith H2a-H2b
at a 1:12 DNA: H2a-H2b ratio resulted in DNA loss due to precipitation.
However, preincubated H2a-H2b with increasing amounts of αSyn(FL)
prevented DNA precipitation, allowing free DNA as well as soluble DNA

Fig. 4 | αSyn with ScH2a-H2b complex structure. A The overall structure of
αSyn(121-140)-ScH2a-H2b complex is shown in cartoon representation. The
asymmetric unit contains two molecules, and αSyn has different binding modes for
each unit of ScH2a-H2b. TheDEF/YxPmotif is indicated in blue.B Superimposition
of αSyn(121-140)-ScH2a-H2b complex within asymmetric unit shows that

αSyn(136-140) overlaps and runs in opposing directions and is highlighted in a
circle. C, D The electrostatic interface between αSyn(121-140) and ScH2a-H2b.
ScH2a-H2b is shown in the surface model and colored according to its electrostatic
potential, and αSyn is shown in stick representation.
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complexes to be observed (Fig. 6B). These findings confirm a specific and
functional interaction between αSyn and H2a-H2b, strongly supporting its
role as a histone chaperone. Additionally, we have tested αSyn’s interaction
with the nucleosome core particle (NCP) using electromobility shift assay
(EMSA). No shift in NCPmobility was observed with increasing αSyn(FL)
concentration, suggesting no binding between the two molecules (Fig. 6C).
This suggests that αSyn binding sites on histone H2a-H2b/(H3-H4)2 are
inaccessible when assembled within the NCP. Furthermore, our earlier
study demonstrated that αSyn’s interaction with dsDNA is weak, non-
specific, and length-dependent and showednobinding to the shorter 145 bp
601L DNA18. Collectively, our findings establish that αSyn functions as a
histone chaperone. Furthermore, the overlapping dimer recognition site of
αSyn with other histone chaperones suggests that αSyn may function as a
gatekeeper during the histone eviction/deposition steps in the nucleosome
assembly/disassembly process.

Discussion
The nuclear αSyn role is coupled with gene expression6, DNA repair17,
and transcriptional regulation13,14,44. Under pathological conditions, αSyn
exhibits excessive nuclear localization, which adversely impacts gene
expression in vulnerable neurons through transcriptional dysregulation,
altered splicing, and compromised DNA repair processes6,44–46. None-
theless, the molecular basis of how αSyn regulates chromatin functions
under physiological conditions—and how these are altered in

pathological states—remains poorly understood. Even the precise nuclear
function of αSyn remains unclear. In this study, we discovered the crucial
nuclear physiological roles of αSyn as a histone chaperone. Recently, the
involvement of histone chaperone Anp32e in memory formation, tran-
scription, and dendritic morphology in neurons was reported47, high-
lighting the functional significance of our findings. However, the precise
role of αSyn in the cellular context—whether it acts as a histone shuttler,
a histone depositor, facilitates histone variant exchange, or regulates
nucleosome dynamics—remains an open question and requires further
investigation.

The brain development in vertebrates necessitates a complex interplay
between developmentally dynamic alternative splicing and gene
expression48. Both transcription and alternative splicing (AS) are coupled
processes49, and studies indicate that neuronal cells expand their tran-
scription diversity by AS of precursor mRNA (pre-mRNA)44. AS is highly
conserved and prevalent, contributing significantly to the functional com-
plexity of the nervous system. Studies suggest that the balance of AS can be
modulated by the availability of histones during transcriptional elongation
by RNA polymerase II (Pol II). A fast transcription elongation rate favors
exon skipping, whereas a slow rate allows recognition of weak splice sites.
Therefore, establishing an optimal elongation rate is a prerequisite for
normal co-transcriptional pre-mRNA splicing50,51. Even modest changes in
the elongation rate, either increase or decrease, can have substantial effects
on splicing, a phenomenon widely documented in cancer and other dis-
eases. Intriguingly, issues with transcription dysregulation and defects inAS
are also reported across various neuropsychiatric and neurodegenerative
diseases, including PD52–57. Nonetheless, how αSyn-induced transcriptional
and splicing deregulation occurs and the underlying nuclear pathological
mechanism remains unclear.

Drawing on our research and that of others, we propose a model
outlining nuclear-localized αSyn’s role in physio-pathological conditions
(Fig. 7). During eukaryotes gene transcription, the nucleosome must dis-
assemble ahead and reassemble behind Pol II as elongation progresses. This
highly regulated process necessitates physical interaction between histone
chaperones and chromatin assembly factors to ensure a timely and accurate
supply of histones during the nucleosome assembly and disassembly58,59.
Noticeably, decreasing canonical histone availability canaccelerate thePol II
elongation rate, leading to splicing defects50,51,60–63. In this study, we
demonstrated thatαSynbinds to the assembledhistoneH2a-H2bdimer and
(H3-H4)2 tetramer with high affinity and specificity. Furthermore, our
structural study also shows that αSyn and other dimer-binding chromatin
regulators share a common overlapping histone recognition site, high-
lighting its potential role in chromatin dynamics. Based on these findings,
we contemplate that excessive nuclear accumulation of αSyn under
pathological conditions might deplete the available histone pool during
transcription. This depletion could lead to aberrant splicing, shifting sus-
ceptible neuronal cells from producing physiologically relevant isoforms to
generating inactive or aberrant protein isoforms, thereby depriving neurons
of vital transcripts.

Second, studies have shown that DNA damage foci and DNA breaks
significantly increase during aging63,64. This DNA damage could pro-
gressively alter chromatin structure, impacting genome integrity and
stability, thereby affecting gene expression patterns as aging progresses.
Cells may use transcription machinery to monitor DNA integrity and
activate DNA damage signaling65. Since blockage in transcription due to
DNA lesions can trigger apoptosis, it is crucial for cells to quickly resolve
these blockages and restore RNA synthesis. Studies show that the PD
brain tissue from the substantia nigra has altered αSyn splice variant
expression; it exhibits higher levels of C-terminally truncated αSyn
transcripts (SNCA-112 and SNCA-98) compared to normal
conditions66,67. Our studies strongly suggest that these pathological αSyn
splice variants do not interact with the H2a-H2b dimer; instead, they
might aberrantly bind (H3-H4)2 tetramer, which could alter the histone
availability during the nucleosome reassembly post-transcription and

Table 1 | Data collection and refinement statistics

αSyn(121-140)–ScH2a-H2b dimer complex
structure (PDB code: 8ZVY)

Data collection and processing

Space group P212121

Cell dimension

a, b, c (Å) a = 61.0, b = 68.2, c = 102.5

α, β, γ (°) α = β = γ = 90˚

R-merge (%) 3.0 (85.7)

Resolution range (Å) 68.24–1.72 (1.75–1.72)

No. of unique reflections 46,279 (2444)

Completeness (%) 100 (99.9)

CC1/2 100 (87.9)

Multiplicity 12.1 (12.1)

I/σ(I) 37.1 (3.2)

Structure refinement

Rwork 0.1907

Rfree 0.2205

No. of non-H atoms 3284

ScH2bH2a chains/atoms 3054

Water 228

Ligand 2

R.m.s deviations

Bonds lengths (Å) 0.006

Angles (°) 0.89

Ramachandran

Favored (%) 98.41

Allowed (%) 1.59

Outlier (%) 0

Average B-factor 47.6

Highest resolution shell is shown in parenthesis. One crystal was used for the data. cRfree is the R
factor for a subset of 5% of the reflections that were omitted from refinement.
r.m.s. root mean square.
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Fig. 5 | The interface between αSyn with H2a-H2b complex. A, B αSyn binding
mode-1 and 2; close-up view of residues involved in the αSyn-ScH2a-H2b interface
interactions are shown in stick representation. C Binding analysis of αSyn(FL) and
αSyn mutants (Y136A, P138A, Y136A-P138A) with H2aG129C-H2b dimer and
H2a(R78A)G129C-H2b dimer using MST (i-vii). The Kd values are summarized in
the table. D, E Superimposition of αSyn BM-1 and BM-2 with other known dimer-

specific chaperone structures. αSyn (BM-1, green), αSyn (BM-2, orange), Anp32e
(PDB: 4CAY, pink), YL1 (PDB: 5CHL, red), Swc5 (PDB: 6KBB, purple), Chz1 (PDB:
6AE8, yellow), Spt16 (PDB: 4WNN, cyan), YL1 (PDB: 5FUG, brown), Spt16 (PDB:
8I17, blue) and H2a-H2b/H2a.Z-H2b dimer (gray). In BM-1, the position of Y136
and E135 is conserved with other histone chaperones, whereas in BM-2, the position
of E137 is conserved, indicated in a dotted circle.

https://doi.org/10.1038/s42003-025-08138-0 Article

Communications Biology |           (2025) 8:712 8

www.nature.com/commsbio


DNA repair. Specifically, subtle changes in chromatin caused by a deficit
in the pool of available histones have deleterious consequences on gen-
ome integrity.

Third, the acidic αSyn C-terminus serves as a central hub for
protein-protein interactions68 and harbors various post-translation
modifications (PTM) sites69. Among the αSyn PTMs, S129-
phosphorylation holds physio-pathological significance; only 4% of
αSyn is phosphorylated at the S129 position in the normal brain70,71,
compared to 90% under pathological conditions72. The αSyn(S129A)
mutant, which blocks phosphorylation, forms cytoplasmic inclusion,
suggesting that this PTM acts as a molecular switch controlling αSyn
nuclear localization16. Likewise, toxic familial PD mutants (G51D, E46K,
A30P, and A53T) exhibiting varying aggregation propensity73, share a
common characteristic of enhanced nuclear accumulation11,12,16. In var-
ious biological contexts, adding or removing a dianionic phosphate

group often alters the protein’s structural properties and modulates
protein-protein interactions74,75. Our study has revealed that the DEF/
YxP motif at the αSyn C-terminal end is critical for anchoring the H2a-
H2b dimer. Given that the S129-phosphorylation site is adjacent to the
DEF/YxP motif, this PTM might induce conformational changes at the
C-terminus, thus potentially regulating its interaction with the H2a-H2b
dimer. While studies linking αSyn-S129 phosphorylation with LB for-
mation have been extensively explored, our finding suggests that this
PTM might also significantly impact its interaction with histone
assemblies. Therefore, investigating how PD-specific αSyn-S129 phos-
phorylation regulates H2a-H2b dimer binding could provide insights
into its nuclear physio-pathological role. In conclusion, future studies
aimed at molecular-level understanding of αSyn’s role in chromatin
regulation—including gene expression, transcription, and DNA repair—
are crucial for gaining detailed insights into its physio-pathological roles.

Fig. 6 | αSyn(121-140) competes with the DNA
binding region of H2a-H2b. A Superimposition of
αSyn(121-140)-ScH2a-H2b complex structure with
the NCP structure (PDB ID: 3X1S)85. The H2a-L2
loop R77 residue anchored to a minor groove of the
DNA at SHL ± 5.5 in the nucleosome shown in
spheres. The αSyn(136-140) region in both binding
modes (BM-1 and BM-2) overlaps, exclusively binds
to DBR1 (H2a-L2 and H2b-L1 loop), and caps
conserved H2a-R77 residue. In BM-1, αSyn peptide
clashed with the DNA-binding site of H2a-H2b in
the nucleosome. In BM-2, αSyn peptide clashed with
both DNA-binding sites of H2a-H2b and competes
for the H3 binding site. B Native PAGE analysis of
histone chaperoning assay shows that αSyn(FL)
competes with 145 bp Widom 601L DNA nucleo-
some positioning sequence for binding to H2a-H2b
dimer. Lane M: 100 bp DNA ladder. Lane 1: DNA
alone. Lane 2: DNA + H2a-H2b dimer. Lanes 3-5:
Increasing H2a-H2b: αSyn(FL) ratios (1:1, 1:4, 1:8).
C Electrophoretic mobility shift assay (EMSA) with
NCP and αSyn(FL) shows no mobility shift, indi-
cating no binding. Lane M: 100 bp DNA ladder.
Lane 1: NCP alone. Lanes 2-5: Increasing NCP:α-
Syn(FL) ratios (1:1, 1:2, 1:3, 1:4).
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Methods
Cloning, expression, and purification of human core histone
proteins
Human full-length core histones H2a, H2b, H3, and H4 constructs, along
with theN-terminal tail truncated core histonesH2a andH2b, were cloned,
expressed, and purified using established protocols18,23. In brief, the full-
length (FL) and N-terminal tail less (TL) core histones with (His)6-tag at
N-terminus were expressed in E.coli expression strains BL21(DE3) (histone
H2a, H2b, H3, H2aTL, and H2bTL) or JM109(DE3) (histone H4) cells as
inclusion body. The harvested bacterial cells were lysed, and the pellet was

collected and dissolved in an unfolding buffer containing 7M Guanidium-
HCl. Thedissolvedpelletwas centrifuged, and the collected supernatantwas
passed through the IMAC FF 5ml column (GE Healthcare) using buffers
containing 6M Urea. The purified core histones were then treated with
Thrombin (GE Healthcare) to cleave the (His)6-tag. Subsequently, the
protein sample was loaded onto the ion-exchange Resource S column (GE
Healthcare) using buffers containing 6M Urea. The eluted fractions were
assessedbasedon their 260/280 absorbance ratio: fractionswith a ratio of 0.6
for H2a and H2b, and less than 0.76 for H3 and H4 were pooled. The
purified histones were dialyzed against Milli-Q water, lyophilized, and

Fig. 7 | Model of nuclear αSyn role in physio-pathological conditions. Under
physiological conditions, the nuclear-localized αSyn possibly regulates nucleosome
assembly/disassembly during transcription and DNA repair, which is essential for

normal gene expression. Conversely, excessive nuclear αSyn localization depletes the
histone pool, increasing the nucleosomal gap and adversely affecting gene expres-
sion under pathological conditions.
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stored at -80 °C until further use. The H2aG129C mutant was generated for
labeling purposes during microscale thermophoresis (MST) studies using
core histone H2a in pET28a as a template. Similarly, the H2a(R78A)G129C
mutant was synthesized de novo and cloned into pET28a (GeneScript,
USA). Themutants were expressed and purified using the standard histone
H2a purification steps.

Cloning, expression, and purification of αSyn proteins
αSyn(FL) was used as a template to create C-terminal truncated αSyn(1-
131),αSyn(1-121), andαSyn(1-103) constructs and sub-cloned intopET28a
vector (Novagen) at NdeI and BamHI restriction sites. The human
αSyn(FL) was expressed and purified from periplasmic space using estab-
lished protocols18. Whereas αSyn truncation constructs with (His)6-tag at
N-terminus were transformed in E.coli BL21(DE3) cells, induced with
0.5mMisopropylβ-d-1-thiogalactopyranoside (IPTG)with post-induction
at 37 °C for 5 hours. The cells were lysed and centrifuged, and the super-
natant was loaded onto the affinity chromatography using IMAC FF 5ml
column (GEHealthcare), followed by ion-exchange purificationusing theQ
FF column (GE Healthcare). The His-tag was cleaved with thrombin
digestion overnight, and the sample was then purified using a Superdex 75
HiLoad 16/600 gel filtration column (GE Healthcare). All purified αSyn
constructs were lyophilized and stored at -80 °C until further use. The
αSyn(Y136A), αSyn(P138A), and αSyn(Y136A-P138A) mutants were
synthesized de novo and cloned into pET28a (GeneScript, USA), and they
were expressed and purified following the αSyn truncation protocol.

Reconstitution of the H2a-H2b, (H3-H4)2 and αSyn with histone
assembly complexes
Reconstituted H2a-H2b, (H2a-H2b)TL, H2aG129C-H2b, H2a(R78A)G129C-
H2b dimers, and (H3-H4)2 tetramer using previously publishedmethods24.
The purified individual core histones were dissolved in unfolding buffer
(6M Guanidium chloride, 20mM Tris-HCl (pH 7.5), and 5mM DTT),
mixed at 1:1 stoichiometry, and dialyzed overnight against the refolding
buffer containing 20mM Tris-HCl pH 8.0, 150mM NaCl, 1mM EDTA,
and 5mM β-mercaptoethanol (β-ME). The reconstituted histone assem-
blies were purified by loading into size-exclusion chromatography (SEC)
using Hiload 16/60 Superdex 200 (GE Healthcare). Then, αSyn(FL)-(H2a-
H2b) and αSyn(FL)-(H3-H4)2 complexes were assembled by mixing
αSyn(FL) with H2a-H2b in 1:1.1 stoichiometry, likewise αSyn(FL) with
(H3-H4)2 tetramer in 1.1:1 stoichiometry and analyzed using SEC for
ternary complex formation. The individual components, αSyn(FL), H2a-
H2b dimer, (H3-H4)2 tetramer, and respective αSyn-histone assembly
complexes were injected independently to SEC equilibrated in 20mM Tris
pH 8.0, 150mM NaCl, and 2mM β-ME buffer.

MicroScale thermophoresis (MST)
The MST experiments were performed according to the NanoTemper
technologies protocol, and affinities were calculated using the Monolith
NT.115 (Red/blue) instrument (NanoTemper Technologies GmbH,
Munich, Germany). For MST experiments, the target proteins (H2aG129C-
H2b) dimer, H2a(R78A)G129C-H2b dimer, and (H3-H4)2 tetramer were
labeled using cysteine reactive Monolith NT™ Protein Labeling Kit RED-
MALEIMIDE (NanoTemper Technologies) as per manufactures protocol,
for interaction studieswith variousαSyn constructs. Thefinal concentration
of NT-647 labeled H2aG129C-H2b dimer, H2a(R78A)G129C-H2b dimer and
(H3-H4)2 tetramer was 150 nM each. The above-labeled concentrations
were chosen based on fluorescence intensities from the pretest assay setup
usingMO.Control 1.5.3 software (NanoTemper Technologies GmbH). For
this study, all the samples were prepared as previously described18. Data was
acquired at 25 °C using LED power in the range of 50%-90% and MST
powerat 40% (medium).The experimentswere performedby serial diluting
the respective αSyn(FL), αSyn(1-131), αSyn(1-103), αSyn(Y136A),
αSyn(P138A), αSyn(Y136A-P138A) constructs from 1.0mM or 0.5mM
down 16 points. The varying concentrations of αSyn proteins were incu-
bated with a constant 150 nM concentration of the respective labeled target

proteins. Incubation was done at room temperature before recording the
measurement using NT.115 standard treated capillaries (NanoTemper
Technologies). Individual data was further analyzed with MO.Affinity
Analysis 2.2.7 NanoTemper Technologies GmbH and the Kd values were
determined. The manuscript figures were prepared using GraphPad Prism
9.0 (GraphPad, San Diego, California).

Isothermal titration calorimetry (ITC)
The purified αSyn(FL), αSyn(1-121), and H2a-H2b dimer proteins were
buffer exchanged with PBS buffer. Then, ITC experiments were performed
with the above sample using a MicroCal ITC 200 instrument at 25 °C on
high feedback mode with a stirring speed of 800 rpm and a filter period of
5 s. 200 μL of 50 μMH2a-H2b dimer was titrated with 350 μMof αSyn(FL)
andαSyn(1-121). The titration experimentswere performed in 16 injections
with 2.5 μL per injection and 150 second intervals between each injection. A
control experiment was also performed by replacing H2a-H2b dimer with
buffer to account for the heat of dilution and subtracted from the titration
data. The resulting isothermswerefitted using one sitemodel by varying the
parameters N, Ka, and ΔH.

Crosslinking assay
The purified αSyn(FL), αSyn(1-131), αSyn(1-121), and assembled and
purified H2a-H2b and (H2a-H2b)TL dimers were used for crosslinking
studies. Additionally, αSyn(121-140) peptide synthesized to >95% purity
from GL Biochem (Shanghai, China) was used in this assay. The cross-
linkers, DSS and EDC (G-Biosciences), were dissolved in DMSO at stock
concentrations of 12.5mM and 120mM, respectively. All proteins used for
cross-linking studies were buffer exchanged with 20mM HEPES pH 6.5
buffer before the experiments. Initially, for all assay combinations, histone
complexes at a concentration of 2 μM and 2–4 μM of αSyn proteins were
mixed and incubated for 15minutes at room temperature. Subsequently,
corresponding crosslinkers were added to the protein mixtures at a final
concentration of 1.25mM for DSS and 12mM for EDC. The reaction
mixture was further incubated at room temperature for 20minutes. The
reaction was quenched using 1.0M Tris pH 7.5 buffer with a final con-
centration of 50mM in the assay, and samples were analyzed byNuPAGE™
4 to 12%Bis-Tris 1.0mmMini Protein Gels (Invitrogen) in 1XMES pH 6.5
running buffer. The protein bands were visualized by Coomassie Brilliant
Blue staining.

Nuclear magnetic resonance spectroscopy
Uniformly 15N-isotopically labeled αSyn(FL) was produced and stored as
reported previously18. The 1H-15N HSQC spectra were collected at 290 K
with 2048 points and 256 t1 increments, 8 scans per t1 point, and a 1.5 s
recycle delay with sweep widths of 7211Hz (1H) and 1702Hz (15N). The
experiments were performed with 100 μM of αSyn(FL) in PBS supple-
mented with 10% (v/v) D2O on a 600MHz Bruker Avance III HD spec-
trometer equipped with a cryoprobe. The data were processed with Bruker
TopSpin software and analyzed with NMRFAM-SPARKY76. Backbone
amide resonance assignmentwasperformedbasedon the reported structure
(BMRB 19337)77. In the interaction study with H2a-H2b dimer, a required
volume of about 250 μM of 15N-αSyn(FL) and unlabeled H2a-H2b dimer
was mixed to obtain a final solution with 100 μM of αSyn(FL) and H2a-
H2b dimer.

Crystallization and data collection
The single-chain Xenopus H2a-H2b dimer (ScH2a-H2b) construct was
provided by Dr. David Shechter, Department of Biochemistry, Albert
Einstein College of Medicine, USA. The expression and purification of the
ScH2a-H2b dimer were performed using established protocols22. The pur-
ified ScH2a-H2b was mixed with αSyn(121-140) peptide at 1: 2 molar ratio
in the 25mM Tris pH 8.0 buffer, 0.5mM EDTA, 1.0M NaCl. Then, the
samplewas gradually diluted using 25mMTris pH 8.0, 0.5mMEDTA, and
1.0mM NDSB-256 to achieve a final salt concentration of 375mM NaCl.
The resulting complex was concentrated to 11mg/ml, and the crystal was
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obtained in a couple of days by sitting-drop vapor diffusionmethod at 18 °C
by mixing equal amounts of complex and reservoir solution containing
100mM Tris pH 8.0 and 10% PEG 8000. The crystal was optimized for
cryoprotection using an in-house X-ray diffractometer at NIMHANS,
Bangalore. The final dataset was collected at the XRD2 beamline at the
Elettra synchrotron-radiation source, Trieste, Italy, using a Dectris PILA-
TUS 6M detector at 100 K by cryoprotecting the crystals in reservoir
solution supplemented with 20% glycerol. The data sets were indexed and
scaled using iMOSFLM and AIMLESS from the CCP4 program package78.

Structure determination and refinement
The structure was determined by molecular replacement method using
PHASER with PDB ID: 6W4L as a search model. Model building and
structure refinement were performed using REFMAC5, Phenix, and
COOT79–81. From the beginning of the refinement, 5%of the total reflections
were set aside to monitor the Rfree values. PyMOL program was used to
visualize and produce figures82.

NCP assembly and electrophoretic mobility shift assay (EMSA)
NCPs assembled with recombinant human histones octamer and 145 bp
601L-DNA fragments83. NCP interaction was carried out by varying
αSyn(FL) concentration from 1:1 to 1:4 ratio. The sample was incubated for
20mins in buffer containing 20mM Tris-HCl pH 8.0, 75mM NaCl, and
2mM β-ME before performing an EMSA using 6% native PAGE and
analyzed gel using ethidium bromide staining.

Chaperoning assay
The histone chaperoning assay was performed using established protocols
with modification33. The critical concentration of H2a-H2b dimer required
for complete precipitation of 0.5 μM 145 bp Widom 601L DNA83 was first
determined using increasing concentrations of the H2a-H2b dimer (2, 4, 6,
8, 10, or 12 μM). Based on these results, 6 μM of dimer concentration was
chosen to assess the ability of αSyn(FL) to compete with DNA for histone
binding. For the assay, H2a-H2b dimer (6 μM) was pre-incubated alone or
with 1, 4, or 8molar equivalents of αSyn(FL) in 20mMMESpH6.0, 0.25M
NaCl, at 4 °C for 30min before the addition of 0.5 μM 145 bpWidom 601L
DNA. The mixture was further incubated at 4 °C for 30min, followed by
separation on 6% native PAGE run in 1x TBE buffer at 4 °C. The gels were
stained with ethidium bromide before visualization using a ChemiDoc
imaging system (Bio-rad).

Immunocytochemistry
For the nuclear co-localization study, SH-SY5Y neuronal cells
(ECACC; Sigma-Aldrich) were cultured in DMEM media (Gibco)
with 15% FBS (Gibco) and 1% PSN (Gibco). The cells were seeded
onto 24-well plates (Corning Incorporated CoStar) with 2% gelatin
(Sigma, #G1890)-coated glass coverslips at a concentration of 15,000
cells/cm². After 48 h of seeding, the cells were treated with paraquat
(stock of 200 mM in DMSO) diluted with media to 10 μM and 25 μM
stock for 24 hours. The control cells were also treated with an equal
volume of DMSO. Then, cells were washed 3 times with PBS and
fixed with Karnovsky’s fixative buffer for 1 hour at room
temperature84. The fixed cells were washed three times with PBS and
then incubated with primary antibodies, dilution of 1:150 for anti-
αSyn (Cloud Clone, #PAB222Hu01) and 1:500 anti-H3 (Invitrogen, #
AHO1432) or 1:1000 anti-H2b (Invitrogen, #MA5-31410), in an
incubation buffer (0.1% Saponin, 0.1% tween and 5% FBS in PBS)
overnight at 4 °C. Then, after washing, secondary antibodies were
used with a dilution of 1:1500 anti-mouse Alexa Fluor 555 (Invi-
trogen) and 1:1500 anti-rabbit Alexa Fluor 488 (Invitrogen) in
incubation buffer for 90 mins at room temperature. The cells were
then stained with DAPI, mounted on a slide, and imaged using a
confocal microscope with 40x (oil) immersion objective (Zeiss LSM
980, Carl Zeiss). The images were analyzed using Fiji (NIH, USA).

Statistics and reproducibility
ITCandMSTexperimentswere performed in triplicates and analyzedusing
the respective software. One-way ANOVA was performed to assess the
significant difference between control and treated cells for the subcellular
localization studies, with p < 0.1 (F value = 5.43). All graphs presented in
the manuscript and the statistical analyses of the confocal data were carried
out using GraphPad Prism 10.1 software.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Coordinates and structure factors of the αSyn(121-140)–ScH2a-H2b dimer
complex structure have been deposited in the Protein Data Bank under
accession code 8ZVY and are publicly available as of the publication date.
Microscopy data and protein constructs reported in this paper are available
from the lead contact upon request. All uncropped and unedited gel images
have been included as Supplementary Figs. 6–8. The source data behind the
graphs in the paper can be found in Supplementary Data.
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