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Abstract

α-Synuclein (αS) plays a key role in Parkinson's disease (PD). The αS nuclear

role, its binding affinity and specificity to histones and dsDNA remains

unknown. Here, we have measured the binding affinity (Kd) between αS wild-

type (wt) and PD-specific αS S129-phosphorylation mimicking (S129E) mutant

with full-length and flexible tail truncated individual core histones (H2a, H2b,

H3, and H4), linker histone (H1), and carried out αS-dsDNA interaction stud-

ies. This study revealed that αS(wt) interacts specifically with N-terminal flexi-

ble tails of histone H3, H4, and flexible tails of H1. The αS(S129E) mutant

recognizes histones similar to αS(wt) but binds with higher affinity. Intrigu-

ingly, αS(S129E) showed a binding affinity for control proteins (bovine serum

albumin and lysozyme), while no interaction was seen for αS(wt). Based on

our above observation, we contemplate that the physio-chemical properties of

αS with S129-phosphorylation has changed compared to αS(wt), resulting in

interaction for other proteins, which is the basis for Lewy body formation.

Besides, this study showed αS binding to dsDNA is weak and nonspecific.

Overall, αS specificity for histone binding suggests that its nuclear role is possi-

bly driven through histone interaction.
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1 | INTRODUCTION

Parkinson's disease (PD) is the second most common
neurodegenerative disorder in humans associated with
the loss of dopaminergic neurons.1 The key pathological
hallmark of PD being intracellular abnormal filamentous
α-Synuclein (αS) protein aggregates in the form of Lewy
bodies (LBs).2,3 αS is a small acidic protein of 140 amino
acids belongs to the Intrinsically Disordered Protein

(IDP) family comprises of three regions: (1) N-terminal
amphipathic region (1–60 residues). (2) The central
nonamyloid-β component of Alzheimer's disease (NAC)
region (61–95 residues) forms the hydrophobic core.
(3) C-terminal acidic tail (104–140 residues).4

αS is an abundant neuronal protein with presynaptic
and nuclear localization.5 Its cellular function is not
entirely understood and is known to interact with several
proteins.6–12 The nuclear role of αS is largely overlooked
for several years, but the recent growing evidence associ-
ates αS toxicity to its nuclear function.13–17 For over aSneha Jos and Hemanga Gogoi have contributed equally to this study.
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decade, αS is known to interact with histones and double-
standard DNA (dsDNA), the eukaryotic chromatin
assembly intermediate.13,18 Nevertheless, the specific
nuclear role of αS, its binding affinity and specificity to his-
tones and dsDNA are not well understood. The αS
S129-phosphorylation is shown to enhance the shuttling of
αS between nucleus and cytoplasm.19 In addition, 90% of
αS filamentous protein aggregates in LBs are phosphory-
lated at Ser129 position.20,21 In contrast to αS, the histones
are highly basic proteins belongs to the IDP family and are
grouped into core histones (H2a, H2b, H3, and H4)
and linker histone (H1).22 The individual core histones
comprise of N-terminal flexible tails consisting of many
posttranslational modifications (PTMs) sites,23 and the
C-terminal histone-fold region has a high-degree of
hydrophobic amino acids and is buried when individual
core histones assemble into heterodimer with comple-
mentary histones.24 In comparison, linker histone has a
central globular domain (~80 residues) with N-terminal
(~40 residues) and C-terminal (~100 residues) flexible
tails.22

In the present study, we have measured the binding
affinity (Kd) between αS wild-type (wt) and PD-specific
αS-S129-phosphorylation mimicking (S129E) mutant
with individual core histones and linker histones of
human origin. Additionally, we have carried out αS inter-
action studies with dsDNA using Electrophoretic Mobil-
ity Shift Assay (EMSA). This study gave detailed insights
into αS interactions with histones and DNA.

2 | RESULTS

Here, we have measured αS-histones interaction in a solu-
tion using both MST and ITC. MST requires labeling of
one binding partner using labels specific to either
Lys/Cys-residues or (His)6-tag and it follows the diffusion
of molecules along a microscopic temperature gradient.25

There is a limitation to Lys-labeling; histones are basic
proteins consists of several Lys-residues; likewise, the αS
N-terminal region (1–103) has an isoelectric point (pI) of
9.5 consists of 15 Lys-residues. Moreover, we have noticed
that too high a Lys-labeled dye density in αS might have
steric interference in histone interaction. The drawback is
that both proteins have no Cys-residue except for histone
H3. To overcome the above challenge, we have introduced
one Cys-residue to the C-terminal end of αS constructs for
labeling purposes and named them accordingly: αS(wt)-
141C and αS(S129E)-141C. Such an approach was previ-
ously reported where αS(N122C) mutant was generated
for labeling purposes.26 Furthermore, the above study
showed that Cys-labeled αS mutant protein does not inter-
fere in the aggregation process than the unlabeled protein.

For this study, we have individually expressed and puri-
fied the αS, core histones, and linker histone constructs
using a bacterial expression system for biophysical studies
(Figure S1a–c). Additionally, we carried out Dynamic
Light Scattering (DLS) and Circular Dichroism
(CD) spectra studies on the purified αS(wt) and αS(S129E)
mutant protein (Figure S2c). Above studies suggest that
purified protein is homogeneous and monomeric in solu-
tion, and has characteristic minima in the vicinity of
198 nm suggesting that both proteins exist typical in ran-
dom coil conformations.

2.1 | Standardization of αS-histone
interaction using MST and ITC

To validate that Cys-labeled αS do not interfere in MST
binding studies, we performed Cys-labeled αS(wt)-141C
and αS(S129E)-141C interaction with full-length
(FL) histone H3 (H3 FL) and the Kd value are 4.2 and
24.4 μM, respectively. The control protein bovine serum
albumin (BSA) showed no binding with αS(wt)-141C and
has a Kd value of 5.4 μM for αS(S129E)-141C
(Figure S3a). Next, we have cross-validated by reverse
Cys-labeling of histone H3 FL and BSA and studied their
interaction with αS(wt) and αS(S129E) proteins having
no cysteine residues at the C-terminal end. As expected,
both the experiments yield similar Kd values suggesting
that the addition of Cys-residue to αS C-terminal end
does not interfere in binding measurement (Figure S3b).
The raw MST curves for the monomeric αS-histone com-
plex shows no aggregation, and it correlates with previ-
ously reported monomeric αS-nanobody binding data.27

Besides, the addition of histones to fluorescently labeled
αS showed changes in thermophoresis indicating binding
between both molecules (Figure S4). To extend the con-
clusion from MST studies, we explored αS-histone inter-
action using ITC experiments between αS(wt) with
histones H2a FL and H3 FL. Binding between αS
(wt) protein with H2a FL and H3 FL has a Kd value of
259 and 11 μM. The raw data indicate an endothermic
interaction, based on the positive values observed for the
peaks. The calculated Binding enthalpy ΔH, the Kd,
the stoichiometry, n, Gibb's free energy, ΔG and entropy,
ΔS reported from the ITC experiment (Figure S5). Due to
very weak binding between αS (wt) and H2a FL, the
resultant isotherm is linear, making difficult in the reli-
able determination of both the binding affinity and
enthalpy. However, the estimated Kd values from ITC
were comparable to that of the MST values (Figure 1).
Since MST offered a reasonable throughput using less
sample, we have carried out detailed αS-histones interac-
tion using this technique.
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2.2 | αS(wt) interacts specifically to
flexible tails of histone H3, H4, and H1

The histone H2a FL and H2b FL have a Kd value of 278.6
and 122.5 μM for αS(wt)-141C. Intriguingly, histone H3
FL and H4 FL showed high-affinity binding with Kd

values of 4.2 and 3.0 μM, which is 40 to 66-fold higher

compared to H2a FL and H2b FL. Likewise, the linker
histone H1.1 FL interaction with αS(wt)-141C has a Kd

value of 21.3 μM, which is five-fold lower than histone
H3 FL and H4 FL. To further explore the specific region
of interaction between αS with core histones and linker
histones, we have used N-terminal tail truncated core his-
tones, and linker histone H1.5-globular domain

FIGURE 1 MST analysis of αS(wt)-141C interactions with histones. Binding curves for the interactions of fluorescently labeled αS(wt)-141C with

(a) H2a FL, H2aΔN (12–129), H2b FL and H2bΔN (24–125). (b) H3 FL, H3ΔN (36–135), H4FL, and H4ΔN (23–102). (c) H1.1 FL and H1.5-GD (37–
116), (d) BSA and lysozyme as controls, and (e) The histone H3(11–21) peptide (unmodified), H3(11–21) with K14ac, and H3(11–21) with K14acK18ac

were shown as the change in normalized fluorescence (ΔFnorm). (f) The Kd values are summarized in the table. Error bars represent SEM (n = 3)
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(GD) with truncated N- and C-terminal tails. The H2aΔN
and H2bΔN have a Kd value of 205 and 3.4 μM, respec-
tively (Figure 1a). Among core histones, only H2a has a
shorter N-terminal tail length, and its truncation did not
change its affinity towards αS(wt)-141C compared to H2a
FL. Intriguingly, H3ΔN and H4ΔN showed no binding
for αS(wt)-141C (Figure 1b). This study suggests that αS
(wt) has a selective and possibly sequence-specific bind-
ing for N-terminal flexible tails of histone H3 and H4.
Likewise, the H1.5-GD showed no binding indicating that
in the case of linker histone its N- and C-terminal flexible
tails are involved in an interaction with αS (Figure 1c).
For this study, we have used both BSA (pI 5.6) and
chicken egg-white lysozyme (pI 9.3) as control proteins,
and they both showed no binding to αS(wt)-141C
(Figure 1d). During MST studies, we noticed that thermo-
phoresis values of the αS-histone complex in the fully
bound state do not reach a stable plateau. The above
effect was previously reported for αS monomer-nanobody
interaction and is possibly caused by electrostatic influ-
ence of excess of free nanobodies on the thermo-
phoresis.27 Overall, this study provided an insight into
the binding specificity and critical regions within individ-
ual histones involved in αS(wt) interaction.

Earlier studies showed αS reduces histone H3 acetyla-
tion, and PD brain has change in H3K14 and H3K18
acetylation status in the primary motor cortex.14,17,28

Based on the above reports, we have tested H3 peptide
corresponding to 11–21 residues for interaction with αS

(wt)-141C. This study showed a Kd value of 11.1 μM,
suggesting that the above tail region is a likely interaction
site for αS (Figure 1e). Next, we have tested whether αS
binds with varying affinity to acetylated compared to an
unacetylated peptide. For this study, we have employed
covalently modified H3(11–21) peptides with single
acetyl-lysine K14ac and with two acetyl-lysine
K14acK18ac for interaction studies with αS(wt)-141C,
and their Kd values are 14.3 and 33.0 μM, respectively.
This study showed two-fold reduced binding affinities for
H3(11–21) K14acK18ac acetylated peptides compared to
an unmodified peptide (Figure 1e). Since the histone
H3(11–21) tail segment undergoes various PTM modifica-
tions, the possible role of other PTM marks and neigh-
boring H3K9 residue in αS interaction may not be
ruled out.

2.3 | Mapping of the α-synuclein
residues that interacts with histones

The 1H-15N heteronuclear single quantum correlation
(HSQC) spectrum was measured for the uniformly 15N-
labelled sample of αS(wt) in the presence of histones
H2A, H2B, H3, and H4. An overlay of the spectrum of
free αS(wt) (Figure S6) and in complex with histones are
shown in Figure 2. On addition of H2A, the peak posi-
tions of the C-terminal residues, that is, E110 to A140 of αS
(wt) is significantly shifted, indicate relatively weak

FIGURE 2 1H-15N HSQC spectra of αS(wt) in the absence (blue) and presence of (red); (a) H2A (1:0.9), (b) H2B (1:0.9), (c) H3 (1:0.9), and

(d) H4 (1:0.5). The labeled residues are those in αS(wt) that undergo significant chemical shift perturbations on addition of various histones
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interaction between the αS(wt) and H2A where the binding
process is in the fast exchange regime. On addition of H2B,
H3, and H4, peak intensity of the C-terminal region resi-
dues of αS(wt) is significantly reduced compared with the
peak intensity of the unbound αS(wt), indicate a strong
interaction and the process in intermediate exchange
regime. These findings are in general agreement with the
binding affinity obtained from other biophysical methods,
and further confirm that the positively charged histones
interact with the dynamically unstructured and highly neg-
atively charged C-terminal region of the α-Synuclein.

2.4 | αS(S129E) has an increased binding
affinity for core histones and linker
histones compared to αS(wt)

To gain insights into how αS-Ser129 phosphorylation influ-
ences its interaction with histones compared to αS(wt), we
have studied the αS(S129E)-141C binding affinity with his-
tones. The MST trace showed ligand-dependent fluores-
cence changes with increasing concentration of full-length
core histone proteins. The SDS-denaturation test (SD-test)
identifies fluorescence loss as specific and ligand-induced
quenching, so initial fluorescence change was used for Kd

determination (Figure S4b).
Histone H2a FL and H2b FL has Kd value of 22.7 and

19.3 μM for αS(S129E)-141C. Whereas H2aΔN
and H2bΔN have a Kd value of 11.8 μM and 1.7 μM.
Intriguingly, αS(S129E)-141C showed 2 to 17-fold higher
affinity for full-length and tailless core histones H2a
and H2b compared to αS(wt). The full-length histone
H3 and H4 has a Kd value of 24.4 and 2.5 μM, while
H3ΔN and H4ΔN showed no binding for αS(S129E)-141C.
Likewise, the linker histone H 1.1 FL interaction with αS
(S129E)-141C has a Kd value of 7.6 μM, whereas H1.5-GD
showed no/weak binding (Figure 3a–c). Overall, this
study revealed that αS(S129E) mutant recognizes and
binds to both core- and linker histones in parallel to αS
(wt) protein but with higher affinity. We have also stud-
ied the αS(S129E)-141C interaction with control protein
BSA and lysozyme. Intriguingly, they both showed inter-
action compared to no binding for αS(wt)-141C and their
Kd value is 5.4 and 249.4 μM, respectively (Figure 3d).

2.5 | αS interaction with dsDNA is weak
and nonspecific

The proposed αS nuclear mechanism involves direct or
indirect interaction with DNA or modulating histone
PTM state.17,29,30 The fundamental questions remain on
how αS is recruited to the site of DNA damage and gene

expression either through interaction with dsDNA/his-
tone. Second, though αS is known to interact with both
dsDNA and histones, its interaction preference towards
the aforementioned molecules is not well understood. We
have studied αS(wt), αS(S129E) and αSΔC interaction
with dsDNA using EMSA with increasing concentration
to address the above questions. The PCR-amplified
dsDNA of αS (436 bp, 50% GC content) and mouse
Nucleoplasmin-2 (563 bp, 50% GC content) used as DNA
substrates. For αS(wt) and αS(S129E), we have noticed
the shift of dsDNA band begins at 18.5 μM and the com-
plete shift was seen at 300 μM protein concentration
(Figure 4a–d). In the past, most studies suggested a
potential DNA binding property for αS is based on its N-
terminus (1–103) primary sequence, which has several
positively charged residues.18,31 Surprisingly, the EMSA
studies using αSΔC, which lack the acidic tail showed no
binding to dsDNA substrates even at the highest concen-
tration tested (1200 μM) (Figure 4e,f). Additionally, we
have also observed that the DNA length is important to
see mobility shift with increasing concentration of αS
(wt) and noticed no major shift for 145 bp dsDNA
(Figure S4). Overall, this study suggests that αS binding
to dsDNA is nonspecific in comparison to histones.

3 | DISCUSSION

Here, we report the first extensive binding study on αS-
histone interaction. This study showed αS specificity for
interaction with N-terminal flexible tail of H3 and H4,
which is of great importance since its epigenetic modifi-
cation is associated with learning and memory, and neu-
rological disorder.23,32 The binding of a regulatory
protein to histones can inhibit or enhance the histones'
access by PTM-modifying enzyme/modulators.33,34

Although the role of epigenetics in PD has not been
extensively studied,32,35 many previous studies have
reported that αS(wt) and PD-specific familial mutant
(A30P and A53T) co-localize with histone H3 and reduce
its acetylation level, thereby induce neurotoxicity.14,17

Moreover, the nuclear αS was proposed to function as an
inhibitor of acetyltransferase (INHAT) by directly inter-
acting with histone H3.14 The INHAT domain was first
reported in Set/TAF-Iβ protein, which binds specifically
to histone H3 and H4, thereby masking them from being
acetyltransferases substrate.33 The INHAT domain is rich
in acidic Asp/Glu-residues, and sequence analysis of pep-
tide 2 of Set/TAF-Iβ used in this study showed 38%
sequence identity with αS (117–137). The above analysis
suggests that αS C-terminal tail may function as INHAT by
selectively interacting with both N-terminal tails of histone
H3 and H4 and it correlates with our biophysical studies.
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This study showed phosphorylation mimicking αS
(S129E) mutant recognizes and binds histones with higher
affinity than αS(wt). However, the intriguing part of this
study is the increased binding affinity of pho-
sphomimicking αS(S129E) mutant's interaction with BSA
and Lysozyme. Earlier NMR studies on α-Synuclein with
phospho-modification have shown conformational flexibil-
ity and alteration in the position of few residues compared
to wild-type.36 Based on the above study, we speculate that
changes in the positions of few residues compared to wild-
type possibly made them adhesive and is a likely reason for
S129E mutants' good binding with BSA and lysozyme com-
pared to wild-type. Since LBs are composed of several

different proteins in addition to αS fibrils, lipids, and mem-
brane organelles,37 the adhesive property of α-synuclein
with S129-phosphorylation towards other proteins might
explain its abundance in the LBs.

Our study showed that αS interaction with dsDNA is
weak and nonspecific. The above result agrees with
single-molecule techniques study on αS-DNA interaction,
which suggested that the binding of αS to DNA is weak.38

Interestingly no binding was seen for αSΔC with DNA.
αS monomer as transient intramolecular interactions
between basic N-terminal and acidic C-terminal tail,
which holds αS in particular structural conformation.
The partially folded αS conformation might be important

FIGURE 3 MST analysis of αS(S129E)-141C interactions with histones. (a) H2a FL, H2aΔN (12–129), H2b FL, and H2bΔN (24–125).
(b) H3 FL, H3ΔN (36–135), H4 FL and H4ΔN (23–102). (c) H1.1 FL and H1.5-GD (37–116). (d) BSA and Lysozyme as controls. Binding

curves were shown as a change in initial fluorescence (ΔResponse) for all four full-length core histones, and the change in normalized

fluorescence (ΔFnorm) for all N-terminal truncated core histones constructs and control proteins. (e) The Kd values are summarized in the

table. Error bars represent SEM (n = 3)
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for binding of αS(wt) to DNA. The deletion of the acidic
tail might have affected the αS conformation resulting in
loss of DNA binding for αSΔC. In conclusion, we propose
that histones are the preferred substrate over dsDNA for
αS regulatory role in the nucleus. However, any
sequence-specific dsDNA interaction for αS in the human
genome may not be ruled out.

In conclusion, most studies in the literature have
extensively explored the aggregation properties of PD-
associated mutations or posttranslational modified
α-Synuclein and compared them with αS(wt). However,
the above studies have not produced a unifying explana-
tion to PD-specific α-Synuclein modifications role in dis-
ease mechanism. So, it will be interesting to explore how
the PD-associated αS modification differ in their

interaction with other proteins than the wild-type. Above
study might provide an insights on whether the PD-
specific modification made α-Synuclein gluey, which
could be a basis for LB formation.

4 | MATERIALS AND METHODS

4.1 | Cloning, expression, and
purification of human core histone
and linker histone proteins

Human full-length core histones H2a, H2b, H3, and H4
constructs were generously provided by Prof. Curt
A. Davey, NTU, Singapore. Above core histone plasmids

FIGURE 4 αS(wt), αS(S129E), and αSΔC interaction studies with dsDNA using EMSA. (a–b) αS(S129E) with αS dsDNA (left) and

mNpm-2 (right). (c–d) αS(S129E) with αS dsDNA (left) and mNpm-2 (right). (e–f) αSΔC with αS dsDNA (left) and mNpm-2 (right)
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were used as a template to PCR amplify the N-terminal
tailless core histones H2aΔN (11–126), H2bΔN (23–125),
H3ΔN (35–135), and H4ΔN (22–102) constructs, and sub-
cloned them into pET28a vector at NdeI and BamHI
restriction sites. Likewise, human linker histone H1.1
(Addgene ID #32894) and H1.5 (Addgene ID #32898)
plasmids were purchased and used as a template to PCR
amplify the H1.1 (1–214) full-length and H1.5-GD (36–
115) constructs and sub-cloned into pET28a vector at
NdeI and BamHI restriction sites.

The full-length and N-terminal tail truncated core
histones with (His)6-tag at N-terminus were expressed in
E.coli expression strains BL21(DE3) (H2a FL, H2b FL, H3
FL, H2aΔN, H2bΔN, and H3ΔN) or JM109(DE3) (H4 FL
and H4ΔN) as inclusion body and purified under dena-
turing condition.39 The only exception was for H3ΔN and
H4ΔN constructs, which required the addition of 0.5%
Triton X-100 to buffers in all the purification steps. The
purified core histones were lyophilized and stored in
�80�C until further use. The linker histone variants
H1.1-FL and H1.5-GD proteins were expressed and puri-
fied as previously reported.40 The linker histones were
treated with thrombin (Sigma) to cleave the (His)6-tag
and the final purified proteins stored �80�C in small
aliquots.

4.2 | αS cloning, expression and
purification

The human αS wild-type (αS(wt); Addgene ID #36046),
αS(wt) with cysteine residue at C-terminus (αS(wt)-141C;
Addgene ID #108866), and αS(S129E) mutant (Addgene
ID #36050) constructs were purchased. The αS(S129E)
mutant construct was used as a template to PCR amplify
to introduce a cysteine residue at its C-terminus (αS
(S129E)-141C) and sub-cloned into pET28a vector
(Novagen) at NdeI and BamHI restriction sites. Likewise,
αS(wt) was used as a template to PCR amplify αS(1–103)
without cysteine residue (αSΔC), and sub-cloned them
into pET28a vector at NdeI and BamHI restriction sites.

The αS(wt), αS(wt)-141C, αS(S129E), and αS(S129E)-
141C proteins were expressed and purified from periplas-
mic space as described previously.41 The αSΔC construct
is expressed as cytosolic protein during bacterial expres-
sion. Except for bacterial cell lysis using sonication all
other purification steps were similar to above αS con-
structs. In case of αS(S129E)-141C and αSΔC constructs,
the (His)6-tag is cleaved with thrombin. During αS purifi-
cation, we have noticed a high 260/280 ratio suggesting
that the proteins are bound to a molecule having high
absorbance at 260 nm. Analysis of the sample using
native-PAGE suggested no nucleic acid contamination.

We were able to get two distinct peaks during size-
exclusion chromatography, indicating the separation of
the bound molecule from αS. The final purified αS pro-
teins has a 260/280 ratio of 0.6 and were lyophilized and
stored at �80�C until further use.

4.3 | Dynamic light scattering

Lyophilized αS(wt) and αS(S129E) mutant proteins were
freshly dissolved in assay buffer (20 mM Tris–HCl pH 8.0
and 150 mM NaCl) and concentration was estimated by
measuring absorbance at 280 nm using a molar extinc-
tion co-efficient of 5960 M�1 cm�1. DLS was performed
using Delsa Max PRO (Beckman Coulter, Brea, Califor-
nia) using 70 μM sample concentration at room tempera-
ture. The Polydispersity percent (Pd%) and
hydrodynamic radius in nanometer (Rh) were analyzed
with DynaMax v1.0 analysis software (Beckman Coulter,
Brea, California) using the manufacturer's standard oper-
ating procedure size measurements. Data collected in
triplicates with 10 acquisitions per each sample and
results expressed in terms of the mass distribution.

4.4 | Circular dichroism spectroscopy

CD spectra for αS(wt) and αS(S129E) mutant were
recorded on a JASCO (J-1500) CD Spectrometer at 296 K.
Spectra for 10 μM samples were measured in 1 mm path-
length quartz cuvette from 250 to 190 nm wavelength
with a step size of 0.2 nm and a bandwidth of 1 nm. Each
data point represents the average of three experiments.
10 μM αS(wt) and αS(S129E) mutant samples for the
experiments were prepared by diluting from 165 μM pro-
tein (20 mM Tris–HCl, pH = 8.0, 150 mM NaCl) with
water.

4.5 | MicroScale thermophoresis

The MST experiments were performed according to the
NanoTemper technologies protocol and affinities calcu-
lated using Monolith NT.115 (Red/blue) instrument
(NanoTemper Technologies GmbH, Munich, Germany).
For MST experiments, the αS(wt)-141C, αS(S129E)-141C,
H3 FL and BSA were labeled using cysteine reactive
Monolith NT™ Protein Labeling Kit RED-MALEIMIDE
(NanoTemper Technologies).

The final concentrations of NT-647 labeled αS(wt)-
141C and αS(S129E)-141C were 366 and 220 nM,
respectively, and H3FL and BSA were 125 nM each.
Above labeled concentrations were chosen based on
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fluorescence intensities from the pretest assay setup.
For this study, the samples were freshly prepared in
the assay buffer (20 mM Tris–HCl pH 8.0, 150 mM
NaCl supplemented with 0.05% Tween-20) before MST
studies. The experiments were performed by incubating
varying concentrations of target proteins with a con-
stant concentration of respective labeled αS constructs
at room temperature for 30 min before recording the
measurement using NT.115 standard treated capillaries
(NanoTemper Technologies). The data were acquired at
25�C using LED power in the range of 20%–90% with
MO. Control 1.5.3 (NanoTemper Technologies GmbH,
Munich, Germany). The MST setup for each binding
affinity check was analyzed and no sign of aggregation
was observed. The reported measured values have two
effects: MST dependent responses of the fluorophore to
the temperature jump and Ligand-dependent change in
fluorescence. Further analyzed the recorded data with
MO. Affinity Analysis 2.2.7 NanoTemper Technologies
GmbH) and determined the Kd values. The manuscript
figures were prepared using Graphpad Prism 7.0
(GraphPad, San Diego, California).

4.6 | Isothermal titration calorimetry

αS(wt), H2A FL and H3 FL protein were freshly pre-
pared in the assay buffer containing 20 mM Tris–HCl
pH 8.0, 150 mM NaCl. ITC experiments were performed
using MicroCal ITC 200 instrument. All experiments
were carried out at 25�C on high feedback mode with
stirring speed 800 rpm and filter period time 5 s. 200 μl
of 90–100 μM αS(wt) was titrated with 20 injections of
1–1.5 mM H2A FL and H3 FL with each 2 μl injections
with 150 s intervals between each injection. Each mea-
surement was paired with a control experiment to
account for the heat of dilution and subtracted from the
raw titration data. The data was analyzed by origin
7 software and the results were fit by using one set of
sites model.

4.7 | Nuclear magnetic resonance
spectroscopy

Uniformly 15N-isotopically labeled αS(wt) was produced
by expression in minimal media containing 15NH4Cl and
purified by using the protocol described for the full-
length protein, later buffer exchanged with 10 mM PBS
(pH = 7.4), concentrated to 0.60 mM, snap frozen in LN2

and stored at 195 K.
NMR experiments with 0.25 mM of αS(wt) in PBS

buffer and 10% (v/v) D2O were performed on a 600 MHz

Bruker Avance III HD spectrometer equipped with a
cryoprobe head, processed with Bruker TopSpin software,
and analyzed with NMRFAM-SPARKY.42 Typical 1H-15N
HSQC spectra were obtained at 290 K with 2048 points
and 256 t1 increments, four scans per t1 point, and a 1.5 s
recycle delay with a with sweep widths of 7,212 Hz (1H)
and 1702 Hz (15N). Backbone amides resonance assign-
ment was performed based on the reported structure
(BMRB 19337).43 For titration experiments, required vol-
ume of lyophilized samples of histones dissolved in PBS
buffer were added to 0.60 mM of αS(wt) sample, working
concentration of αS(wt) was 0.25 mM.

4.8 | Electrophoretic mobility shift assay

The dsDNA template αS(wt) (1–140; 436 bp) and mouse
nucleoplasmin-2 (1–179; 563 bp) were used for interac-
tion studies with αS(wt), αS(S129E), and (αSΔC) proteins
using EMSA. For this study, we have PCR amplified the
above-mentioned dsDNA, agarose gel extracted using
QIAquick gel extraction kit (Qiagen) and concentration
was determined using Nanodrop OneC (Thermo Scien-
tific). αS(wt) dsDNA (60 ng) and nucleoplasmin-2 dsDNA
fragment (60 ng) were mixed with increasing concentra-
tion of αS(wt), αS(S129E), and (αSΔC) proteins separately
in a 10 μL reaction in the assay buffer (50 mM Tris
pH 8.0, 25 mM NaCl) and incubated on ice for 20 min.
After the addition of 2 μl of loading buffer, the total 12 μl
reaction was loaded in 6% PAGE �0.5 TBE gel and ran at
100 V for 110 min in the cold cabinet. The gels were sta-
ined with ethidium bromide for 30 min in �0.5 TBE
before visualization using the Chemidoc MP system
(Bio-Rad).
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