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Abstract

Small Ubiquitin-like Modifier 1 (SUMO1) is an essential protein for many cel-

lular functions, including regulation, signaling, etc., achieved by a process

known as SUMOylation, which involves covalent attachment of SUMO1 to tar-

get proteins. SUMO1 also regulates the function of several proteins via non-

covalent interactions involving the hydrophobic patch in the target protein

identified as SUMO Binding or Interacting Motif (SBM/SIM). Here, we demon-

strate a crucial functional potential of SUMO1 mediated by its non-covalent

interactions with α-Synuclein, a protein responsible for many neurodegenera-

tive diseases called α-Synucleinopathies. SUMO1 hinders the fibrillation of

α-Synuclein, an intrinsically disordered protein (IDP) that undergoes a transi-

tion to β-structures during the fibrillation process. Using a plethora of biophys-

ical techniques, we show that SUMO1 transiently binds to the N-terminus

region of α-Synuclein non-covalently and causes structural compaction, which

hinders the self-association process and thereby delays the fibrillation process.

On the one hand, this study demonstrates an essential functional role of

SUMO1 protein concerning neurodegeneration; it also illustrates the com-

monly stated mechanism that IDPs carry out multiple functions by structural

adaptation to suit specific target proteins, on the other. Residue-level details

about the SUMO1-α-Synuclein interaction obtained here also serve as a reli-

able approach for investigating the detailed mechanisms of IDP functions.
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1 | INTRODUCTION

Small ubiquitin-like modifier (SUMO) is a �100 amino
acid protein that belongs to the ubiquitin-like proteins
(UBLs) family and is present in the nucleus of the cell
(Hay, 2005). The four sub-categories of SUMO in
humans: SUMO1/2/3/4 have a characteristic ubiquitin-
fold, ββαβαβ and the C-terminal Gly-Gly motif (Bayer

et al., 1998). SUMOs regulate various cellular functions
such as cell cycle control, inflammation, nuclear trans-
port, oncogenesis, regulation of mitochondrial dynamics,
chromatin structure, signal transduction, transcription,
DNA repair, and response to virus functions (Hay, 2005;
Geiss-Friedlander and Melchior, 2007; Saitoh and
Hinchey, 2000) by post-translational modification (PTM)
of the target proteins via covalent conjugation to its
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target, called SUMOylation or via non-covalent interac-
tion. SUMOylation has both positive and negative effects
on the protein–protein interaction (Scheschonka
et al., 2007). Attachment of SUMO1 could lead to mask-
ing of the binding site of the specific interacting protein
and thus can lead to disruption of protein–protein inter-
action (Klenk et al., 2006). The regulation of biochemical
pathways by SUMO occurs via non-covalent interactions
between the hydrophobic core of SUMO1 (β2 and
α1-helix) and the hydrophobic region of the target pro-
tein known as SUMO interacting/binding motifs
(SIM/SBM) (Dorval et al., 2007; Hecker et al., 2006; Song
et al., 2005). SIMs generally consist of a stretch of hydro-
phobic amino acid residues adjacent to the acidic amino
acids or serines and threonines with some variations to
promote the affinity of the SUMO and SIMs via polar/
electrostatic interactions (Song et al., 2004). SIM/SBM
sequence determines the specificity and orientation (par-
allel and anti-parallel) of the bound paralogues of SUMO
(Hecker et al., 2006; Song et al., 2005; Song et al., 2004).
SUMO1 also plays an important role in neuron-specific
functions and is essential for CNS development (Loriol
et al., 2012) and therefore, tight regulation of the SUMO
modification in the central nervous system (CNS) is
essential for neuronal differentiation, survival, and hence
neuronal cell viability, connectivity, and function
(Krumova and Weishaupt, 2013). Therefore, any dysfunc-
tion or neurological disorder would be affected by SUMO
interaction. One such disorder in which SUMO1 seems to
play an important role is the second most prevalent neu-
rodegenerative disorder, Parkinson's disease.

Parkinson's disease (PD) is pathologically character-
ized by the presence of Lewy bodies and Lewy neurites,
predominantly rich in aggregates of protein α-Synuclein
(α-Syn) (Goedert, 2001; Spillantini et al., 1998). α-Syn is
an intrinsically disordered presynaptic protein that plays
a crucial role in synaptic vesicle trafficking, regulation of
neurotransmitters release, and plasticity of neurons.
However, the exact mechanism for the native function of
α-Syn is still unknown (Auluck et al., 2010; Lashuel
et al., 2013; Sulzer and Edwards, 2019). Misfolding of
α-Syn and toxic intermediate species are responsible
for neurodegenerative diseases termed as
α-Synucleinopathies which include PD, Dementia with
Lewy's Bodies (DLB), and Multiple System Atrophy
(MSA). The conformational transition of amyloidogenic
α-Syn occurs from its disordered monomeric state to
cross-β-sheet-rich structures (amyloid-like fibrils)
through helical intermediates such as oligomers and pro-
tofibrils during the aggregation. On-pathway intermedi-
ates confer toxicity leading to the death of dopaminergic
cells (Jo et al., 2000; Eliezer et al., 2001; Kim et al., 2009;
Comellas et al., 2012). Various external and intrinsic

factors regulate the transition of α-Syn to different con-
formations during aggregation or self-association, and
thus the toxicity. Intrinsic factors include diffusion and
point mutations (Krüger et al., 1998; Nishioka
et al., 2017; Pasanen et al., 2014; Polymeropoulos
et al., 1997; Proukakis et al., 2013; Yoshino et al., 2017;
Zarranz et al., 2004), whereas external factors are pH,
temperature, and PTMs such as phosphorylation
(Paleologou et al., 2010; Sato et al., 2011), O-glycosylation
(Marotta et al., 2015), ubiquitination (Hasegawa
et al., 2002), nitration (Hodara et al., 2004), and SUMOy-
lation (Krumova et al., 2011). SUMOylation of α-Syn by
SUMOs regulates the extracellular sorting of vesicles by
α-Syn and inter-neuronal propagation of α-Syn (patholog-
ical characteristic of PD) (Kunadt et al., 2015). SUMO1 is
generally localized in the nucleus bound to its target pro-
tein, and the amount of free SUMO1 is significantly less.
Whereas, SUMO1 in PD exhibit dense co-localization
with α-Syn in the cytoplasmic inclusions (Pountney
et al., 2005). Previously, in vitro SUMOylation at K96 and
K102 has been elucidated to prevent α-Syn fibrillation
(Krumova et al., 2011; Dorval and Fraser, 2006; Abeywar-
dana and Pratt, 2015). However, recently, SUMOylation
has been shown to promote α-Syn aggregation by reduc-
ing the ubiquitination of α-Syn (responsible for the clear-
ance of α-Syn from the cell via proteasomal degradation)
further promoting the accumulation of α-Syn aggregates
in the inclusion bodies (Oh et al., 2011; Kim et al., 2011;
Rott et al., 2017). Previously, SUMO has been shown to
affect the proteins involved in neurodegenerative diseases
non-covalently. SUMO interacts non-covalently with par-
kin protein (involved in PD), and this affects its auto-
ubiquitination and nuclear localization (Um and
Chung, 2006). Also, SUMO modulates amyloid precursor
proteins processing and production of Aβ peptides with-
out SUMOylation (Dorval et al., 2007). Though the cova-
lent modifications of α-Syn have been studied
extensively, non-covalent interactions between α-Syn and
SUMO1 have not been explored yet, requiring a detailed
exploration.

Here, by using NMR spectroscopy along with other
biophysical techniques such as analytical ultracentrifuga-
tion, small-angle X-ray scattering, and molecular dynam-
ics simulations, we demonstrated that the hydrophobic
region of α-Syn is involved in the non-covalent interac-
tion with SUMO1. This transient interaction between two
proteins induced the conformational compaction in
α-Syn, which could be correlated with the alteration in
the amyloidogenic/self-association propensity of α-Syn in
the presence of SUMO1. We also demonstrate that the
non-covalent interaction of SUMO1 has an effect on the
backbone dynamics of α-Syn and its familial mutants,
resulting in differential aggregation kinetics in the

2 of 20 PANIGRAHI ET AL.



presence of SUMO1. Our study provides mechanistic
insight into the modulation of self-association of α-Syn
involved in neurodegeneration upon interaction with
SUMO1, and this may offer a reliable approach for inves-
tigating the role and detailed mechanism of SUMO1
intervention in diseased conditions.

2 | RESULTS

Based on the primary structure of α-Syn, the sequence of
α-Syn is characteristically classified into three prominent
regions: 1–60, N-terminus with amphipathic amino acids;
61–95, non-amyloid β component (NAC) mostly contain-
ing hydrophobic amino acids; and 96–140, negative
amino acid rich C-terminus (Figure S1a). α-Syn
(Figure S1b, PED00024e001) is structurally more compact
than the expected random coil conformation due to the
existence of long-range intramolecular interaction
between the N- and C-termini, and NAC and C-terminus
regions previously established by paramagnetic reso-
nance enhancement (PRE) and other NMR experiments
by various groups (Bertoncini et al., 2005; Dedmon
et al., 2005). The electrostatic interactions involving the
N-(mostly positively charged) and C-terminus (negatively
charged) can be explained by the net charge per residue
pattern of α-Syn (Figure S1c). α-Syn undergoes a series of
structural transitions to form oligomeric intermediates
and cross β-sheet fibrillar structure during aggregation
(representative; Figure S1d). α-Syn interacts with many
proteins during its biogenesis, translation, and degrada-
tion (Hernandez et al., 2020). Any dysregulation in the
interaction of α-Syn with the other proteins would lead to
protein misfolding, aggregation, and disease progression.
Thus, elucidating the nature of the complexes formed
between α-Syn and its post-translational modifier protein,
SUMO1, would help gain better insight into disease
progression.

2.1 | Hydrophobic interaction drives the
binding of SUMO1 with α-Syn

We performed NMR experiments in order to delineate
the interaction between α-Syn and SUMO1 and the resi-
dues involved therein. A low pH of 6.5 was chosen to
mimic the metabolic acidosis condition predominantly
present in the brain of patients suffering from neurologi-
cal disorders, including PD (Ruffin et al., 2014; Chu and
Xiong, 2012). 15N-1H two-dimensional Heteronuclear Sin-
gle Quantum Coherence (HSQC) Spectroscopy provides a
fingerprint of the protein. Each cross-peak represents the
backbone amide group of one amino acid residue in the

polypeptide chain, except for proline. 15N isotopic labeled
α-Syn was titrated with different equivalents of unla-
belled SUMO1, and HSQC spectra were recorded for each
concentration of SUMO1. The titration did not affect the
narrow dispersion of the amide proton (Figure S2a), sug-
gesting that SUMO1 does not induce any stable second-
ary structure formation and α-Syn retains its disordered
nature. However, the amide cross-peaks of the residues
V37-A53 exhibited a gradual decrease in the intensity,
with no significant perturbation in the chemical shift
even at the highest equivalence of SUMO1 (Figure 1a–c).
Some C-terminus residues, Q109-M116 and E123-S129,
showed a slight decrease in intensity. A relatively higher
chemical shift perturbation (CSP) at an equimolar ratio
of SUMO1 was observed for these residues (Figure 1c).
This could be attributed to the long-range interaction
between the N- and C-terminus of α-Syn, inducing an
indirect effect in the observed CSP (Bertoncini
et al., 2005). Similarly, 15N isotope labeled SUMO1 was
titrated against unlabelled α-Syn to identify the residues
of SUMO1 interacting with α-Syn (Figure S2b). Signifi-
cant perturbations in the amide cross-peak were observed
for residues in the β2 (H35-K39), α1 (K45-L47, S50-Y51,
and R54), and loop (M40-H43) of SUMO1 (Figure 1d,f).
These residues and the residues from the β1 (I22-I27) also
exhibited a drastic decrease in intensity (Figure 1e). Sig-
nificant intensity decay suggests that the residues are in
an intermediate exchange regime at the NMR time scale,
and the binding is in the micromolar range (Vaynberg
and Qin, 2006; Williamson, 2013) between the interacting
partners.

The SUMO1 interacting region in α-Syn
(37-VLYVGSKTKEGVVHGVA-53) reveals the presence of
two hydrophobic patches, P1: VLYVGS and P2:
GVVHGVA, separated by charged residues, KTKE. As
reported previously, these regions have a higher propensity
for nascent β-structure conformation in the monomeric
state of α-Syn (Kim et al., 2007). Upon analysis of the resi-
dues in the interacting region of α-Syn, these two hydropho-
bic patches constitute the two SBMs, SBM1: VLYVGS and
SBM2: GVVHGVA. SUMO1 interacts non-covalently with
its substrate through a hydrophobic core (β2 and α1),
known as the “code of specificity” on the SUMO1 sequence.
The region of SUMO1 interacting with α-Syn is also the
hydrophobic core of the SUMO1. Thus, residues in the
patch described above suggest a predominant hydrophobic
interaction between SUMO1 and the region of α-Syn exhi-
biting the nascent β-structure. Next, we also determined the
effect of the interaction of SUMO1 on α-Syn at normal
physiological pH, and it exhibited the involvement of the
same residues in the interaction (Figure S3d–f). This indi-
cates that the decrease in pH does not alter the nature of
the interaction between these two proteins.
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2.2 | SUMO1 and α-Syn exhibit transient
interaction

For quantification of the strength of the interaction, sur-
face plasmon resonance (SPR) was performed. SPR
detects the change in mass on the sensor chip by mea-
suring the change in the refractive index. α-Syn was
immobilized on the CH5 chip, and the different concen-
trations (0.19–400 μM) of SUMO1 were passed over
it. Sensogram was recorded at each concentration, and
the effect was recorded as a response unit (RU). A dis-
tinct pattern of association and dissociation was
observed (Figure 2a). The sample exhibited an increase
in the response unit with the increase in the concentra-
tion of SUMO1. The dissociation constant (KD) was
determined to be 9.27 ± 3.23 μM from the response

curve obtained by fitting the response at each concentra-
tion of SUMO1 by Langmuir isotherm fit (1:1 binding)
(Figure 2b).

The complex was isolated to get a better insight into
the interaction mechanism between both proteins. α-Syn
and SUMO1 were mixed at different ratios (α-Syn:
SUMO1 = 1:1, and 2:1) and subjected to gel filtration
along with the purified proteins (Figure 2c). When we
mixed two proteins in an equimolar ratio, three distinct
peaks were eluted (Figure S4a, black curve), correspond-
ing to α-Syn, the complex, and SUMO1 in the order of
elution. The SEC data suggests compaction, i.e., the com-
plex formed (represented by the second peak in the SEC
curve) is more compact than that of the free α-Syn and
elutes after α-Syn. For the 2:1 mixture (Figure 2c, green
curve), a single broad peak overlaps with that of α-Syn.

FIGURE 1 Titration of 15N labeled α-Syn with SUMO1 and vice versa. (a) Excerpt of overlaid 15N-1H HSQC spectra of α-Syn in the

absence (red) and presence (blue) of equimolar human SUMO1. The residues exhibiting shifts or reduction in intensities have been labeled.

(b) Intensity ratio (I/I0) of amide cross-peak of α-Syn from the 15N-1H HSQC spectra in the absence (I0) and presence (I) of different

equivalents of SUMO1 (0.2: green; 0.6: light green; and 1.0: red). (c) Chemical shift perturbation of the amide cross-peaks of α-Syn in the

presence of equimolar SUMO1. (d) Excerpt of overlaid 15N-1H HSQC spectra of human SUMO1 in the absence (green) and presence (pink)

of equimolar α-Syn. (e) Intensity ratio (I/I0) of amide cross-peak of SUMO1 from the 15N-1H HSQC spectra in the absence (I0) and presence

(I) of different equivalents of α-Syn (0.2: red; 0.6: cyan; and 1.0: green). (f) Chemical shift perturbation of the amide cross-peaks of SUMO1

in the presence of different equivalents of α-Syn (0.2: red; 0.6: cyan; and 1.0: green).
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However, the shoulder peak represents another popula-
tion corresponding to the complex formed.

To validate this observation, we employed the analyti-
cal ultracentrifugation (AUC) technique which can char-
acterize even weak interactions between proteins

(Schuck, 2013). AUC reports on the sedimentation coeffi-
cient of the protein or complexes and helps in character-
izing the shape and size of the macromolecules
(Schuck, 2013). Therefore size, shape, and compactness
of α-Syn, SUMO1, and the complex formed by these

FIGURE 2 Binding affinity assessment of α-Syn with SUMO1 and characterization of α-Syn and SUMO1 complex by size exclusion

chromatography and analytical ultracentrifugation. (a) The sensogram was obtained for the α-Syn at different concentrations of SUMO1 by

surface Plasmon resonance. (b) The response unit v/s concentration of SUMO1 fitted by Langmuir isotherm fit (1:1 binding). Overlapped

SEC profile of α-Syn and SUMO1 and its complex formed by α-Syn: SUMO1 at 2:1 (c). AUC absorbance spectra were obtained at 280 nm for

SUMO1 (d), α-Syn (e), α-Syn and SUMO1 complex at 2:1 (f) along with the residuals. (g) The sedimentation coefficient obtained from fitting

the absorbance spectra for α-Syn (red, 1.13 S), SUMO1 (green, 1.42 S), α-Syn and SUMO1 at 2:1 (blue, 1.21 S and 2.43 S, in excerpt).
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proteins at 1:1 and 2:1 were analyzed by AUC
(Figures 2d–f and S4b), and the sedimentation coeffi-
cients were determined by fitting the absorbance curves
obtained at 280 nm (Figures 2g and S4c). α-Syn and
SUMO1 sediments at 1.13 S (M.W., 15.6 kDa) and 1.42 S
(M.W., 12.1 kDa) at a frictional ratio of 1.98 and 1.33,
respectively (Figure 2g). α-Syn being an IDP, has a more
open structure as compared to that of globular SUMO1
protein and therefore exhibit a higher frictional ratio of
1.98 and sediments slower than that of SUMO1
(Figure 2g). For α-Syn and SUMO1 complex at equimolar
ratio (Figure S4c, black curve), two peaks correspond to
two species with sedimentation coefficients 1.27 S (M.W.,
14.5 kDa) and 2.18 S (M.W., 32.5 kDa) with 91% and 4.5%
population, respectively, at a frictional ratio of 1.67. Also,
two peaks corresponding to two species were obtained
for the complex of α-Syn and SUMO1 formed at 2:1
(Figure 2g, green curve). The sedimentation coefficients
of both the species are 1.21 S (M.W., 14.3 kDa) and 2.43 S
(M.W., 40.5 kDa) with 90% and 2.1% population, respec-
tively, at a frictional ratio of 1.75. The second peak corre-
sponds to the complex formed by two molecules of α-Syn
and one molecule of SUMO1. Reduced frictional ratio
and increase in sedimentation coefficient values indicate
compaction in α-Syn. A low complex population indicates
transient interaction, which is understandable due to the
high KD value in the micromolar range.

To obtain a model for the complex formed and under-
stand the relative orientation of α-Syn and SUMO1 in the
complex, small-angle X-ray scattering (SAXS) was carried
out. The scattering pattern for the individual proteins
SUMO1 (Figure 3a) and α-Syn (Figure 3b) and for their
complexes formed by mixing α-Syn and SUMO1 at 1:1
and 1:2 were recorded (Figure 3c,d). The scattering curve
obtained experimentally was validated by the SAXS curve
generated from the PDB structure available for SUMO1
(PDB Id: 1A5R) and ensemble structure for α-Syn from
Protein Ensemble Database (PED; PED00024e001)
(Figure S4d,e). Next, the curves for the individual pro-
teins and the complexes were fitted (Figure S4f–i), and
the radius of gyration (Rg) was determined by Guinier
approximation (Table 1). The Dmax was determined by
the distance distribution (Figure 3e). DAMMIF module
of the ATSAS package was used to generate a model for
each of the systems (models in the inset of Figure 3a–d).
The complexes formed at the equimolar ratio of α-Syn
and SUMO1 have an Rg and Dmax less than free α-Syn.
However, the complex formed between α-Syn and
SUMO1 at 2:1 ratios is comparable to free α-Syn in terms
of Rg and Dmax, further indicating the compaction in the
complex.

2.3 | Dynamics of interaction between
α-Syn and SUMO1 indicate chemical
exchange at the interaction site in α-Syn

We used an all-atom Molecular Dynamics
(MD) simulation to understand the evolution of transient
interaction between α-Syn and SUMO1 proteins. NMR
experiments indicated the regions of the two proteins
involved in the transient interaction. From the known
information on the interaction domain in two proteins
from the experiment, we performed three runs of biased
docking using the HADDOCK 2.4 server (Van Zundert
et al., 2016). The interacting residues of α-Syn, V37-A53
(37-VLYVGSKTKEGVVHGVA-53) and of SUMO1,
22-IKLKVI-27, 33-EIHFKVKMTTHLKKLKES-50, and
R54 were used as active residues for the input in docking.
Each HADDOCK run generated 40 structures categorized
into 10 clusters (4 structures in each cluster) with HAD-
DOCK scores (scoring based on the different types of
energies). The variations in the HADDOCK scores of the
clusters in the three runs are indicated in Table S1. Out
of the generated model structures, the α-Syn and SUMO1
complex structure with the lowest HADDOCK score and
displaying maximum residues (obtained by the NMR
experiment) at the interface was selected for further MD
simulation. The variation in the structures obtained with
respect to the selected complex structure was quantified
in terms of all-atom root mean square deviation (RMSD).
A considerable number of structures had all-atom RMSD
<7 Å (Figure S5). The variation observed was mostly due
to the flexible region of the SUMO1 and the non-
interacting region of α-Syn. The selected α-Syn and
SUMO1 complex structure was further subjected to PDB-
ePISA software for the analysis of the residues at the
interface of interaction. Residues involved in the hydro-
gen bond and salt bridge formation at the interface and
the distance between the atoms are summarized in
Tables S2 and S3.

The selected α-Syn and SUMO1 complex structure
was used as the starting structure for the MD simulation
by CHARMM36m forcefield (Figure 3g). The simulation
was performed for 300 ns, and the transient contact
between the proteins remains stable (Figure S6d). To
quantify that, we plotted a contact map of the proteins.
In Figure 3i, the average contact map from the first 20 ns
of the simulation has been plotted. It exhibits a weak
interaction between the residues 80–97 from SUMO1 and
residues 30–60 from α-Syn, a region other than involved
in stronger interaction (residues 37–53 (green) from
α-Syn and residues 20–55 (orange) from SUMO1 protein),
obtained from the NMR experiments. In Figure 3j, the
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FIGURE 3 Scattering pattern of α-Syn and SUMO1 and its complex formed at different ratios by SAXS and molecular dynamic

(MD) simulation of docked structure for 300 ns and backbone dynamics of α-Syn in the presence of SUMO1. Double logarithmic SAXS

scattering pattern of SUMO1 (a), α-Syn (b), and the complex of α-Syn and SUMO1 obtained by mixing both the proteins at 1:1 (c), 2:1 (d).

(e) The distance distribution, P(r) v/s Dmax curve for the complexes. (f) The radius of gyration of α-Syn (yellow), and SUMO1 (purple) in the

complex, and whole complex (blue), and free α-Syn (red) over the period of simulation, that is, 300 ns. (g) The structure of the complex was

obtained by docking of α-Syn (red) (structure taken Protein Ensemble Database, PED; PED00024e001) and SUMO1 (blue, PDB; 1A5R) by

HADDOCK. It is also the starting structure for the all-atom Molecular Dynamics simulation. (h) The structure of the complex after 300 ns of

MD simulations. The interacting region of SUMO1 and α-Syn is highlighted in orange and green, respectively. (i) and (j) represent the average

contact map of the first and last 20 ns of the 300 ns MD simulations. (k) The differential plot of R2 of α-Syn in the presence of SUMO1 from

that in the absence of SUMO1. The ΔR2 was higher for the residues V37-H50, E110, E123, and A124 as compared to the remaining residues.
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last 20 ns average contact map of the protein has been
plotted, which supports that the specific and transient
interaction between the two proteins is stable in the time-
scale of the simulation. However, other interactions are
gained in the N-terminal tail of SUMO1 with the α-Syn
protein as contacts which could be the effect of force-field
induced interactions. To test the hypothesis that the extra
contact obtained for the N-terminal of SUMO1 and α-Syn
is due to the difference in the force-field used and vali-
date the force-field dependence gain of additional con-
tacts, we ran an MD simulation with a short period of
time (145 ns) using CHARMM36 forcefield. The average
contact map of the first and last 20 ns of the MD simula-
tion run for the α-Syn and SUMO1 complex by force-field
CHARMM36 was plotted (Figure S6e). Even in this force-
field, the MD simulation run shows that the interacting
region (obtained by the NMR experiments) was in con-
tact throughout the simulation; with no other extra con-
tacts. The important claim from the simulations is that
the interacting region observed from NMR is stable in the
timescale of the simulation. The Rg of two proteins,
SUMO1 and α-Syn in the complex, the whole complex,
and α-Syn from free α-Syn simulation were plotted. Even
though the Rg values seem to be fully converged, there
might be other quantities not yet fully converged
(Figure 3f). From our simulation, we claim that the tran-
sient interactions stemming from NMR in the observed
regions are stable enough in the trajectory of 300 ns. The
Rg of the SUMO1 protein in the complex remained stable
at �1.5 nm and did not change much as it is a globular
protein (Figure 3f, blue curve), and the structure has neg-
ligible change. It can also be seen by comparing the intra-
molecular contact maps of SUMO1 in the complex in the
initial structure and the final structure at the end of the
simulation (Figure S6a,b).

At the same time, α-Syn in the complex becomes
compact and gains contacts in the complex (Figure S6a,
c). The radius of gyration of α-Syn (Figure 3f, yellow
curve) in the complex has reduced from �3 to �2 nm
and stabilized, thereby decreasing the Rg of the whole
complex (Figure 3f, purple curve). The Rg of α-Syn pro-
tein in the complex decreases as intra-protein contact is
gained, which is an effect of α-Syn interaction with the

SUMO1 protein (Figure S6c). The initial open structure
of the protein complex can be seen in the snapshot at
0 ns in Figure 3g, and the structure gradually attains
compact conformation, as observed in the snapshot at
300 ns (Figures 3f,h and Figure S6a). The gain of contacts
in the α-Syn conformation in the complex is also quanti-
fied in the contact map (Figure 3i,j), which plots the aver-
age contact map of the first 20 ns and last 20 ns of the
complex. The argument of α-Syn gaining structural com-
paction due to the effect of the transient interaction
between the SUMO1 and α-Syn is supported by the con-
trol simulation of free α-Syn, that is, in the absence of
SUMO1. The Rg of only α-Syn fluctuates between 3 and
4 nm (Figure 3f, red curve). There is negligible contact
developed between the residues of α-Syn protein in the
first and last 20 ns of free α-Syn simulation (Figure S7b).
Snapshots at various times in the simulation of free α-Syn
also show the open structure of the α-Syn protein
(Figure S7a).

To elucidate the effect on local mobility and backbone
dynamics of α-Syn upon SUMO1 binding, 15N longitudi-
nal relaxation rates (R1),

15N transverse relaxation rates
(R2), and steady-state 15N-{1H} heteronuclear NOE (HET-
NOE) were measured in the presence of 0.5 molar equiv-
alent SUMO1. The R1 (s�1) and 15N-{1H} HET-NOE
values give the local mobility of the protein in the nano-
seconds to the picoseconds timescale (Cavanagh
et al., 1996). The average R1 values (s�1) of α-Syn in the
absence and presence of SUMO1 were 2.02 ± 0.09 and
2.04 ± 0.11, respectively (Figure S8b). The average value
of 15N-{1H} HET-NOE of the α-Syn is 0.188. In the pres-
ence of SUMO1, an average value of 15N-{1H} HET-NOE
is not altered much (0.192) (Figure S8c–e). This indicates
that the interaction of SUMO1 does not affect the fast
motion of the NH bond vector, i.e., ns-ps timescale
motions. The R2 (s�1) is sensitive to the milliseconds to
microseconds time-scale motions along with the nanosec-
onds to picoseconds time scale motions. This was used to
study the significant effect of SUMO1 on the local mobil-
ity of the α-Syn (Cavanagh et al., 1996). The differential
plot (Figure 3k) of R2 exhibits a uniform increase for all
the residues of α-Syn, indicating an increase in the size of
the α-Syn in the complex. However, some residues
(V37-T54) of α-Syn showed line-broadening and reduc-
tion in intensity upon interaction with SUMO1; the aver-
age R2 (s�1) increased from 5.44 ± 0.19 s�1 to 8.04
± 0.38 s�1 for these residues (Figure 3k, and S8a). The
differential plot also shows an increase in the R2 for
E110, E123-A124 indicating that the long-range interac-
tion between C-terminus and N-terminus residues also
affects the dynamics. The drastic increase in R2 values for
the interacting residues could be due to the increased
rigidity of the backbone upon interaction or due to

TABLE 1 Radius of gyration and distance distribution of

proteins and complexes obtained by SAXS.

Proteins Rg (nm) Dmax (nm)

SUMO1 1.76 ± 0.01 5.3

α-Syn 3.23 ± 0.04 12.5

α-Syn: SUMO1 (1:1) 2.59 ± 0.11 10.2

α-Syn: SUMO1 (2:1) 3.14 ± 0.04 12.5
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increased chemical exchange between the bound and free
form of α-Syn.

2.4 | SUMO1 delays the aggregation
kinetics of α-Syn

Furthermore, we probed into the effect of the non-
covalent interaction of SUMO1 on the aggregation kinet-
ics of α-Syn. α-Syn was allowed to aggregate in the
absence and presence of an equimolar ratio of SUMO1.
The aggregation of α-Syn follows a nucleation-dependent
polymerization reaction, wherein it follows a sigmoidal
aggregation curve. The protein undergoes a structural
transition from monomeric unstructured random coil to
oligomers and protofibrils consisting of a mixture of
α-helical and β-sheets conformation and then to mature
fibrils mainly consisting of cross β-sheets. This transition

in the conformation of α-Syn was monitored by ThT fluo-
rescence spectroscopic assay. ThT dye intercalates
between the cross β-sheets of the fibrils and fluoresces
between 460 and 500 nm, with a maximum emission
occurring between 480 and 485 nm upon excitation at
450 nm (Naiki et al., 1989). During the lag phase, no ThT
fluorescence was observed for α-Syn, both in the absence
and presence of SUMO1 (Figure 4a). α-Syn shows a lag
time of 20 h followed by rapid growth in the amyloid
fibril formation (steep increase in the ThT fluorescence
intensity) between 20 and 40 h and saturation at 60 h.
α-Syn in the presence of equimolar SUMO1 showed a
delayed aggregation with a lag time of 35 h and satura-
tion at 90 h. Thus, the presence of SUMO1 slowed down
the aggregation kinetics of α-Syn and, thereby, formation
of the cross β-structure of α-Syn.

The changes in the secondary structure of α-Syn were
monitored by Circular Dichroism (CD) spectroscopy at

FIGURE 4 SUMO1 delays

the aggregation kinetics of

α-Syn at lower pH. (a) ThT

fluorescence of α-Syn in the

absence (red) and presence

(blue) of SUMO1 (1:1). (b) The

percentage of the β-sheet in
α-Syn in the absence (green)

and presence (pink) of

equimolar SUMO1 (extracted

from fitting the CD spectra by

the Yang model) at different

time intervals during

aggregation. Far UV-Circular

Dichroism spectroscopy of α-Syn
in the absence (c) and presence

(d) of SUMO1 during

aggregation to monitor the

transition in the secondary

structure. (e) Morphological

changes in α-Syn in the absence

(upper panel) and presence

(lower panel) of SUMO1 during

the aggregation were monitored

by AFM at different time

intervals.
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different time intervals during the aggregation process.
α-Syn shows minima at 204 nm indicative of random coil
conformation at the initiation of aggregation. As the
aggregation progressed, α-Syn showed a prominent min-
ima peak at 220 nm (characteristic of β-sheet) after 40 h.
In contrast, in the presence of SUMO1, a prominent peak
at 220 nm was observed only after 92 h (Figure 4b–d).
β-sheet content of α-Syn, obtained from the deconvolu-
tion of CD spectra by Yang's model, indicated the drastic
increase in the β-sheet content during the period, 28–
40 h. However, in the presence of SUMO1, the content of
the β-sheets increased during 50–75 h (Figure 4b).

The morphological changes during the aggregation
were monitored by atomic force microscopy (AFM).
Before the initiation of the aggregation, α-Syn was pre-
sent as amorphous aggregates in the absence (Figure 4e,
upper panel) and presence (Figure 4e, lower panel) of
SUMO1. As the aggregation progressed, at 28 h, short,
well-dispersed fibrils were visible, whereas oligomeric
species were detected in the presence of equimolar
SUMO1. At 52 h, short fibrils were evident in the pres-
ence of SUMO1. α-Syn after 122 h showed long mature
fibrils. The fibrils formed in the presence of SUMO1 were
shorter and dense as compared to the fibrils formed in
the absence of SUMO1. SUMO1 itself did not aggregate
at the above-mentioned conditions, as shown by ThT
fluorescence, CD spectroscopy, and AFM spectroscopy
(Figure S9). SUMO1 did not show any significant differ-
ence in the ThT fluorescence even after 116 h
(Figure S9a). The CD spectra still exhibited minima at
208 and 222 nm even after 111 h indicating the confor-
mation did not change significantly (Figure S9b). Upon
morphological characterization at different intervals of
time (0, 28, and 122 h) during aggregation, SUMO1 dis-
played only amorphous morphologies throughout the
process (Figure S9c). All the above experiments indicate
the delaying effect of SUMO1 on the aggregation process
of α-Syn. A similar delay in the aggregation kinetics of
α-Syn was observed at physiological pH 7.4
(Figure S3a–c).

2.5 | SUMO1 interaction with familial
mutants of α-Syn at the SBM binding site
does not affect the interaction but does
affect the aggregation

Familial mutants of α-Syn have different aggregation
kinetics and fibrillar structure; these mutants exhibited
altered onsets and severity of the PD in diverse popula-
tions (Zhao et al., 2019; Khalaf et al., 2014; Fares
et al., 2014). To investigate whether any familial muta-
tions in the SBM2 of α-Syn (47-GVVHGVA-53) alter the

interaction with SUMO1, we performed 15N-1H HSQC
experiments for H50Q and G51D familial mutants of
α-Syn. 15N-labeled H50Q and G51D α-Syn were titrated
against unlabelled SUMO1. CSP and intensity decay in a
residue-specific manner indicated that the site of interac-
tion is unaltered due to these mutations. We also noticed
that the charged residues do not play a major role in the
non-covalent interaction with SUMO1 (Figure S10a,b,d).
It could be also validated by the region affected (evident
by the perturbation in the chemical shift as compared to
wild type α-Syn) due to H50Q mutation (V48-G51) and
G51D (H50-K60) (Ranjan and Kumar, 2017). The value
of R2 reporting the backbone dynamics at the interaction
site significantly increased, indicating an increase in the
rigidity at the interacting region of both the mutants in
the SBM2 region (Figure S10c,e).

Furthermore, we checked the effect of another familial
mutant, E46K, in which charge reversal occurs from the
negatively charged residue, glutamic acid, to the positively
charged residue lysine. E46K mutation affects the aggrega-
tion kinetics and rearranges the long-range interactions in
α-Syn (Bhattacharyya et al., 2018). E46K mutation affects
the long-range interaction in the N-terminus (V40-H50)
and the C-terminus (D121-Q134) (Ranjan and
Kumar, 2017). Even though E46 is not a part of the two
SBM regions in α-Syn, it is involved in the formation of
hydrogen bonds and salt bridges between α-Syn and
SUMO1 in the complex structure obtained by HADDOCK
(Figure S11, Tables S2, and S3). In order to determine
whether the E46K mutation has any effect on the interac-
tion with SUMO1, HSQC titrations were carried out in a
similar manner as that with other mutants at physiological
pH, 7.4 (Figure S12b). The interaction of SUMO1 with res-
idues in SBM1 remains unaltered; however, the residues
in the second SBM region showed a slight decrease in
intensity compared to wild-type α-Syn (Figure S12g), sug-
gesting a reduced affinity of SUMO1 and α-Syn due to
E46K mutation. Nonetheless, aggregation kinetics of the
E46K mutant was still delayed in the presence of SUMO1
(Figure S12c–f), similar to that in wild-type α-Syn. The lag
time for aggregation kinetics of the E46K mutant
increased from 14 to 32 h in the presence of SUMO1 at
pH 7.4 (Figure S12c). It is also evident from the CD spectra
that E46K protein at 14 h attains helical conformation,
whereas, in the presence of SUMO1, β-sheet formation ini-
tiates at 42 h (Figure S12d,e). Similarly, AFM images dis-
close the different morphology of the intermediate species
of E46K mutant formed in the absence (Figure S12f, left
panel) and presence of SUMO1 (Figure S12f, right panel).
Nonetheless, the E46K at lower pH (pH 6.5) slightly/non-
significantly accelerates the aggregation kinetics as moni-
tored over the progression of aggregation by ThT fluores-
cence, CD spectroscopy, and AFM microscopy
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(Figure 5a–d). The non-differential effect on the aggrega-
tion kinetics of E46K at lower pH could be due to the
weaker interaction of both the proteins, as is evident from
the shift in the peak position for the residues located at
the N-terminus and C-terminus (Figure S12a). The reduc-
tion in the intensity of the amide cross-peaks in the SBM2
region was less as compared to that of the SBM1 region at
lower pH. This was in accordance with that observed at
physiological pH (Figure 5e). Significant CSP was observed
for the residues at the N-terminus (V3-K6 and H50-V52)

and C-terminus (E109-A140), suggesting a weaker interac-
tion for E46K than the wild-type α-Syn. Additionally, the
effect on the backbone dynamics show a difference in the
affinity of SUMO1 at physiological and lower pH. At lower
pH, the R2 of all the amide cross-peaks of the E46K
mutant was slightly less in the presence of 0.5 equivalent
of SUMO1 compared to observed ΔR2 values obtained at
physiological pH (Figure S12h). This points toward a
decrease in the rigidity of the E46K mutant of α-Syn
(Figure 5g) at lower pH.

FIGURE 5 SUMO1 accelerates aggregation kinetics of familial mutant of α-Syn, E46K at lower pH. (a) ThT fluorescence of E46K in the

absence (blue) and presence (red) of SUMO1 (1:1). Far UV-CD spectroscopy of E46K mutant in the absence (b) and presence (c) of SUMO1

during aggregation to monitor the transition in the secondary structure. (d) Morphological changes in E46K in the absence (upper panel)

and presence (lower panel) of SUMO1 monitored by AFM at different time intervals during the aggregation. (e) Intensity profile of amide

cross-peaks of E46K mutant from the 15N-1H HSQC spectra in presence of equimolar SUMO1. (f) CSP of the amide cross-peaks of E46K

mutant in the presence of equimolar SUMO1. (g) The differential plot of R2 of E46K mutant in the presence of SUMO1 from that in the

absence of SUMO1. The ΔR2 was significantly positive for the residues in the first SBM (V37-K43), and some residues in the C-terminus

(E110, L113, A124, and M127) as compared to the remaining residues.
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3 | DISCUSSION

The mode of interaction of SUMO with the SBM/SIM
motifs of amyloidogenic protein through the hydrophobic
core and its implication in amyloid formation is poorly
understood (Kerscher, 2007; Doherty et al., 2020). Our
study established that SUMO1, through its hydrophobic
patch (β2 and α1), non-covalently interacts with α-Syn.
The interaction induces compaction in α-Syn and delays
its aggregation kinetics. SUMO1 binds at the crucial N-
terminus of α-Syn in both wild type and its familial
mutants at physiological pH. It critically disrupts the
β-hairpin, loosely present in the monomeric α-Syn. The
N-terminus has been shown to play a critical role in the
aggregation and function of α-Syn. The two specific
patches in α-Syn termed P1 (G36-S42) and P2 (K45-E57),
have been validated to make multiple intramolecular
contacts between the N-terminus, NAC, and C-terminus
and promote the amyloid formation and hence control
aggregation of α-Syn (Doherty et al., 2020). Hang et al.
showed using MD simulations that α- Syn and its
mutants have an intrinsic propensity to form β-hairpin in
the residue stretch 38–53, where the C-terminus interacts
(Yu et al., 2015). Similarly, studies published by Hoyer's
group have highlighted the importance of this β-hairpin
region. Prevention of α-Syn aggregation by sequestration
of the β-hairpin by β-wrapin protein AS69 (via intercala-
tion into the β-hairpin) using in-vitro NMR experiments
(Mirecka et al., 2014) and in neurons (Szeg}o et al., 2021)
further validates the importance of this region in the
aggregation. Even the β-turn segment 44-TKEG-47 con-
necting the two β-sheets in the β-hairpin strongly affects
the elongation of α-Syn fibrils. We observed the binding
of SUMO1 at the N-terminus β-hairpin prone region of
α-Syn consisting of β1 (V37-K43) and β2 (V48-T54) con-
nected by a β-turn (T44-G47). This interaction delays the
aggregation kinetics of α-Syn due to the sequestration of
the β-hairpin in α-Syn. The involvement of the hydropho-
bic core (β2 and α1) of SUMO1 suggests that the interac-
tion between SUMO1 and the region of α-Syn is
dominated by hydrophobic stretches from the nascent
β-structure (Kim et al., 2007). Our observation of the
effect of familial single point mutation, E46K, on the
interaction of the protein with SUMO1 (note that the
E46K mutation hindered the interaction of the SBM2
region with SUMO1), points toward the involvement of
other types of interactions, including electrostatic interac-
tion and hydrogen bond formation. Moreover, disruption
of these polar/electrostatic interactions and hydrogen
bonds affected the ability of SUMO1 to disrupt the self-
association propensity in the E46K mutant of α-Syn.

On-pathway oligomers of α-Syn are more potent and
toxic than their other conformations in the aggregation

pathways, such as fibrils and monomers (Kim
et al., 2009). They result in pore formation in the anionic
phospholipids and cause neurological cell death, and var-
ious pathways have been proposed over the last two
decades for α-Syn fibrillogenesis (Kim et al., 2009;
Comellas et al., 2011; Hellstrand et al., 2013). Various
drugs, small molecules, and interacting partners are
being discovered to delay or completely inhibit α-Syn
fibrillogenesis or the quick transformation of monomeric
species to fibrils. Our study established that SUMO1 has
a delaying effect on α-Syn aggregation kinetics, and this
delay could be due to the partial exposure of the hydro-
phobic patch of SUMO1. Recently, it was shown that pep-
tides of SUMO1 (D15-Q55) can completely inhibit α-Syn
aggregation (Liang et al., 2021), which could be due to
better accessibility of the hydrophobic patch of the
SUMO1 with the β-hairpin prone N-terminal region of
α-Syn, which is not favored due to steric hindrance in
full-length SUMO1.

In a boarder picture, our biophysical studies, aided by
computational experiments, also explore the effect of
globular partners on the conformational ensemble of
intrinsically disordered proteins (IDPs). The functions of
IDPs are based on the potential of the IDPs to interact
with multiple partners, i.e., the avidity and promiscuous
nature of IDPs (Dunker et al., 2000; Dunker et al., 2002;
Brocca et al., 2020; Wright and Dyson, 2015). The disor-
derliness of the IDPs aids in the interactions with part-
ners either by the “fly-casting” hypothesis (Scheschonka
et al., 2007), or by conformational selection (Klenk
et al., 2006); folding upon binding, or induced fit model
(Dorval et al., 2007). Upon interactions with the partners,
IDPs could either undergo a disorder-to-order conforma-
tional change at the interaction site or remain disordered
and form a fuzzy complex with the interacting partners
(reviewed in Uversky, 2018). However, the lack of stable
three-dimensional structures has its downside, as IDPs
are more prone to misfolding and lead to various patho-
logical conditions such as cataracts, diabetes, and sys-
temic amyloidosis (reviewed in Chiti and Dobson, 2006).
Many IDPs such as Aβ, tau, and α-Syn are involved in
neurodegenerative diseases such as Alzheimer's, tauopa-
thies, and α-Synucleinopathies. Therefore, studying the
complexes formed by these IDPs/IDRs and their interact-
ing partners is crucial for understanding the functions
and also disorder-based interactions leading to the patho-
physiological condition.

While the versatility of the IDPs is well recognized,
the IDPs and their complexes with other proteins are dif-
ficult to categorize due to the disordered nature and vari-
ation in the type of interactions. In the last few years, the
progress of experimental biophysical techniques such as
high-resolution NMR methods combined with SAXS and
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other techniques have provided unprecedented insight
into mechanistic transitions of IDPs/IDRs (reviewed in
Schneider et al., 2019). Here, we investigated the effect of
the transient interaction of one such IDP, α-Syn, with a
soluble protein, SUMO1, and showed how a highly solu-
ble globular protein modulates the self-association pro-
pensity of an IDP involved in neurodegenerative disease.
In the general context of understanding IDP functions,
our results also exemplify experimental approaches to
derive residue-level detail insights into the various inter-
actions and their functional consequences.

4 | CONCLUSIONS

α-Syn is an IDP that aggregates and acquires various con-
formations leading to the formation of amyloid fibrils.
The nucleation/lag phase and the elongation phase dur-
ing the aggregation are known to be influenced by sev-
eral factors, including pH, ionic strength of the solution,
temperature, point mutation, and post-translational mod-
ification. Covalent modification by SUMO1 in CNS is
essential for neuronal cell viability, connectivity, and
function. SUMO1 also regulates various biochemical
pathways by non-covalent interactions. We have demon-
strated here that SUMO1 interacts non-covalently with
α-Syn, and induces structural compaction without the
introduction of any stable secondary structure in α-Syn.
SUMO1 binds at the two SBM motifs, SBM1 and SBM2,
of α-Syn, which exhibit the propensity to form a β-hairpin
loop in the fibrillar form. Our data indicate transient
binding with exchange occurring in the intermediate
exchange regime. The SUMO1 interaction delays the
aggregation of α-Syn and affects the backbone dynamics
in the millisecond to microsecond time-scale motion.
This study gives a clear insight into the effect of SUMO1
on α-Syn aggregation. It suggests that other non-covalent
signaling mechanisms of SUMO1 may exist in regulating
PD pathogenesis and its onset.

5 | METHODOLOGY

5.1 | Expression and purification of
α-Syn and its familial mutants

Plasmid pRK172 containing the human α-Syn gene was
transformed and expressed in Escherichia coli BL21
(DE3) cells. Purification of α-Syn was carried out by a
previously well-established protocol with some modifica-
tions (Volles and Lansbury, 2007). For the 15N isotope
labeled α-Syn and its familial mutants E46K, H50Q, and
G51D, cells were cultured in M9 minimal media using

15NH4Cl as the sole nitrogen source, and were used for
NMR experiments. For unlabeled α-Syn and its familial
mutants, cells were cultured in Luria Bertani (LB) media
and were used for the aggregation kinetics studies and
other biophysical studies.

5.2 | Preparation of α-Syn and its
familial mutants

The lyophilized α-Syn (in 100 mM ammonium acetate)
was buffer exchanged with 20 mM phosphate buffer
(PB) containing 50 mM NaCl (pH 6.5/pH 7.4) in a 3 kDa
cut-off filter concentrator (3 kDa MWCO, Millipore) by
centrifugation at 1200 g at 4�C. Furthermore, the α-Syn
protein solution was subjected to a pre-washed centricon
YM-100 filter (100 kDa MWCO, Millipore) and centri-
fuged at 10,000 g for 20 min at 4�C for separation of low
molecular weight (LMW) α-Syn from the higher aggre-
gates. α-Syn thus obtained contains majorly monomeric
α-Syn. To confirm the presence of majorly monomers,
the purified α-Syn was subjected to size exclusion chro-
matography, and a single peak was obtained indicating a
monomeric population (data not shown). The pH of
α-Syn in 20 mM PB was verified by a microelectrode pH
meter (Cyberscan pH 2100, Eutech instruments). The
concentration of the protein was determined by absor-
bance at 280 nm by spectrophotometer (BIO-RAD,
SmartSpec™ Plus), considering the molar absorptivity to
be 5960 M�1 cm�1 for the α-Syn determined from the
ProtParam Software (Gasteiger et al., 2005).

5.3 | Expression and purification of
SUMO1

Vector pGEX-4T1 containing the SUMO1 gene was
expressed in E. coli BL21 (DE3) cells. The cells were
grown to an O.D600nm of 0.8 in the LB media containing
100 μg/mL ampicillin and induced with 0.1 mM IPTG at
28�C for 8 h. The cells were harvested at 7000 g at 4�C
for 15 min and resuspended in lysis buffer (20 mM PB,
1 mM EDTA, and 100 mM NaCl, pH 8.0) containing
0.01% Triton X100, 1 mM PMSF, and 1 mg/mL of lyso-
zyme. The cells were sonicated at 5 on/7 off pulse for
20 min and centrifuged at 26,000 g at 4�C for 40 min. The
supernatant was incubated with glutathione-agarose
beads for 2 h at 4�C on rotation, and the beads (contain-
ing the bound GST-tagged SUMO1) were washed with
lysis buffer. The beads were incubated with thrombin
(500 units) at 21�C for 16 h for the proteolytic cleavage of
GST from SUMO1 and SUMO1 was eluted. Subsequently,
SUMO1 was subjected to size exclusion chromatography
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using Superdex 75 10/300 GL column (GE Healthcare)
and concentrated in an amicon ultra-15 3 kDa cut-off
centrifugal filter unit (3 kDa MWCO, Millipore) at 4�C.
The concentration of SUMO1 was determined by absor-
bance at 280 nm by Spectrophotometer (BIO-RAD,
SmartSpec™ Plus), considering the molar absorptivity to
be 4470 M�1 cm�1 for SUMO1 determined from the Prot-
Param Software (Gasteiger et al., 2005).

5.4 | Nuclear magnetic resonance
studies

The NMR data were acquired on a Bruker Avance III
750 MHz spectrometer with a 5 mm TXI probe. All the
experiments were carried out in 20 mM phosphate buffer
containing 50 mM sodium chloride (pH 6.5 or pH 7.4) at
15�C and H2O/D2O (90:10). Two-dimensional 15N-1H cor-
relation heteronuclear single quantum coherent (HSQC)
experiments were recorded to study the residue-specific
interaction of SUMO1 with α-Syn and its familial
mutants. Two hundred micromolars of 15N-labeled α-Syn
and mutants were titrated against different concentra-
tions of SUMO1 (20, 40, 80, 120, 160, and 200 μM), and
15N-1H HSQC spectra were recorded in the absence and
presence of each concentration of SUMO1. Similarly,
200 μM of 15N-labeled SUMO1 was titrated against differ-
ent concentrations of wild type α-Syn (20, 40, 80, 120,
160, and 200 μM), and 15N-1H HSQC spectra were
recorded. The spectra thus obtained were processed by
using Topspin 3.5pl6 software (BRUKER) and further
analyzed by CCPNmr (Collaborative Computational Pro-
ject for NMR) software (Vranken et al., 2005). Peaks were
assigned using the previously published HNN and (Geiss-
Friedlander and Melchior, 2007; Saitoh and
Hinchey, 2000) D-hNCOCAnH (reduced dimensionality
experiment) assignments of α-Syn (Reddy and
Hosur, 2014). The perturbation in the chemical shifts of
the amide cross-peaks due to the interaction was calcu-
lated by the following CSP formula (Cavanagh
et al., 1996),

CSP¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δH2þ 0:1δNð Þ2Þ

q

where δH and δN are the difference in the chemical shifts
of amide proton and nitrogen, respectively. The ratio of
the amide cross-peak intensities, I/I0 was also calculated
where I0 and I are the intensity of the peaks of the pro-
tein in the HSQC in the absence and presence of a partic-
ular concentration of the interacting partner,
respectively.

5.5 | Residue-specific backbone dynamic
studies

The effect of SUMO1 on the residue-specific backbone
dynamics of α-Syn and its mutants were studied by 15N
longitudinal relaxation rates (R1),

15N transverse relaxa-
tion rates (R2), and steady-state 15N-heteronuclear NOE
(HET-NOE) measurements. Four hundred micromolars
of 15N-labeled α-Syn and its mutants were used for the
studies of the dynamics. R1 was measured with CPMG
delays: 10, 50, 120, 250, 400, 580, 750, and 900 ms
(120 and 580 ms were repeated twice). The R2 was mea-
sured with different CPMG delays: 16.96, 33.92, 50.88,
67.84, 84.81, 118.72, 136, 153, and 187 ms (50.88 and
136 ms repeated in duplicates). The spectra thus obtained
were processed by Topspin 3.5pl6 software (BRUKER).
The intensities of the amide cross-peaks were determined
by CCPNmr software and data were exponentially fitted
for the individual residues against the different delays.
The time constant decay, T1 and T2 values along with the
errors were determined by using CCPNmr software. The
R1 and R1 error (ΔR1) were calculated as follows:

R1 ¼ 1
T1

andΔR1 ¼ΔT1

T1
�R1

Similarly, the values of R2 and R2 error (ΔR2) were
calculated,

R2 ¼ 1
T2

andΔR2 ¼ΔT2

T2
�R2

where the ΔT1 and ΔT2 are the standard deviations
obtained by the curve fitting of the T1 and T2 data.
Steady-state 15N-{1H} HET-NOE was measured with pro-
ton saturation of 3 s and a relaxation delay of 2 s. For the
spectra without proton saturation, the relaxation delay
used was 5 s. Steady-state 15N-{1H} HET-NOE and its
error (σNOE) was calculated by the following formulae,

NOE¼ Isat
Inonsat

σNOE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σsat
Isat

� �2

þ σnonsat
Inonsat

� �2
s

where Inonsat and Isat are the peak intensities in the
absence and presence of proton saturation and σnonsat
and σsat are the root mean square values of the noises in
the spectra for peaks in the absence and presence of the
proton saturation.
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5.6 | Surface plasmon resonance

The interaction strength between the wild type α-Syn and
SUMO1 was determined by the SPR spectroscopy
(BIAcore T200, GE Healthcare). CM5 sensor chip which
has a carboxymethylated dextran matrix coated on a gold
film was used. During immobilization of the ligand,
α-Syn, the derivatized carboxyl groups on the sensor chip
undergoes amine-coupling, that is; it is linked with the
amine groups in α-Syn. An immobilization level of 1600
response units (RU) for α-Syn (0.5 mg/mL) on the CM5
sensor chip in 10 mM sodium acetate buffer (pH 4.0) was
achieved. Increasing concentrations of the analyte,
SUMO1 (6.25–400 μM), was passed over immobilized
α-Syn at a flow rate of 30 μL/min with the association
and the dissociation time of 90 and 210 s, respectively.
The RU of the blank run and the reference surface was
subtracted from the response unit of the samples. The
RU was plotted against the concentration of SUMO1 and
was fitted by a 1:1 Langmuir isotherm fit to determine
the dissociation constant.

5.7 | Size exclusion chromatography

The complex was prepared by mixing the two proteins,
α-Syn and SUMO1 at different ratios (α-Syn:
SUMO1 = 1:1, and 2:1). To separate the complex formed
from the individual proteins, the protein mixture was
passed through Superdex™ 75 10/300 GL gel filtration
column (Cytiva). The purified α-Syn and SUMO1 were
also passed through the column to determine the elution
volume of α-Syn and SUMO1. The profiles were over-
lapped to determine the elution volume of the complex
formed.

5.8 | Analytical ultracentrifugation

We used analytical ultracentrifugation to estimate the
fraction of the complex formed between α-Syn and
SUMO1. The concentration of α-Syn, SUMO1, and its
complex formed at different molar ratios (1:1, and 2:1)
used for AUC was determined based on its absorbance at
280 nm (A280nm = 1.0). The sedimentation velocity of
α-Syn, SUMO1, and its complex formed at different molar
ratios were measured at 20�C using a Beckman Coulter
Optima analytical ultracentrifuge equipped with a UV–
Visible detection system. An-60 Ti four-hole rotor with a
double-sector cell which had a 12 mm Epon centerpiece
and quartz windows, was taken for absorbance measure-
ment. We filled 400–420 μL of protein (right sector) and
buffer (left sector) in the sector cells. The samples were

first centrifuged at 5000 rpm (2000 g) for 15 min to stabi-
lize the absorbance and check for the leakage of the sam-
ple in the assembled cell. It was followed by equilibration
for 2 h to attain a stable temperature, and the speed was
increased to 45,000 rpm (16,300 g). Absorbance data at
280 nm for the sample displacement profile was collected
at an interval of 150 s with a radial increment of
0.001 cm for 375 scans in the continuous scanning mode.
The data was analyzed using SEDFIT software (Brown
and Schuck, 2006) to obtain the molecular weight, Sto-
kes's radius, frictional ratio, and sedimentation coeffi-
cient (s20w) of the individual proteins and the complexes
formed. For all the measurements, the parameters of the
solvent condition were corrected to s20w which is the
standard solvent condition in water at 20�C.

5.9 | Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) data of α-Syn and
SUMO1 and the complexes formed at different molar
ratios were collected at Xenocs SAS instrument (model:
Xeuss 2.0) using an Eiger R1M with vacuum fed through
a set high-resolution hybrid pixel photon-counting detec-
tor. The scattering pattern was measured with an expo-
sure time of 2.5 h at 298 K. The distance between the
sample-to-detector was 0.54 m, and the range of scatter-
ing vector(s) covered was 0.017–0.59 A�1. The concentra-
tion of the proteins and the complexes used for SAXS
were 7–8 mg/mL. The scattering pattern of the buffer
was also recorded at the same condition. The data of the
samples were subtracted from that of the buffer scattering
pattern after normalization against the concentration in
the PRIMUS software (available in ATSAS 3.0 package)
(Manalastas-Cantos et al., 2021). The radius of gyration
was evaluated by the Guinier approximation. Addition-
ally, the maximum dimension (diameter), Dmax, and
interatomic distance distribution function, P(r) were
determined by the distance distribution module in PRI-
MUS. The SAXS scattering pattern was generated for the
SUMO1 structure (PDB; 1A5R) and α-Syn structure
(PED; PED00024e001) by CRYSOL software (available in
ATSAS 3.0 package) (Manalastas-Cantos et al., 2021).
The simulated scattering data were overlapped and com-
pared with that of the experimental scattering profile.

5.10 | HADDOCK docking and molecular
dynamics simulations

α-Syn and SUMO1 complex structure was modeled by
biased docking of SUMO1 (PDB; 1A5R) and α-Syn (PED;
PED00024e001) in HADDOCK 2.4 (Van Zundert
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et al., 2016). For the docking, the residues involved in the
interaction determined by NMR experiments were used
as active residues. For α-Syn, residues V37-A53
(37-VLYVGSKTKEGVVHGVA-53) were selected as
active residues, and for SUMO1, residues 22-IKLKVI-27,
33-EIHFKVKMTTHLKKLKES-50, and R54 were used.
Three runs of HADDOCK docking were carried out.
Each HADDOCK run generated 10 clusters of structures
with 4 structures in each cluster. Out of the generated
model structures, the α-Syn/SUMO1 complex structure
with the lowest HADDOCK score and displaying maxi-
mum residues at the interface was selected for further
MD simulation. The obtained complex structures con-
tained one molecule of α-Syn and one molecule of
SUMO1 protein.

All-atom Molecular Dynamics (MD) simulation
was carried out to understand the evolution of interac-
tion between the α-Syn and SUMO1. The simulation
was performed using the MD simulation package
NAMD 2.15 (Phillips et al., 2020), and the force field
used in the simulation was CHARMM36m (Huang
et al., 2017). The structure was solvated within a box
with a layer of water 10 Å in each direction for the
complex and ionized to neutralize the system of water
and protein. The ionized system was energy minimized
and then heated gradually to 310 K with an increase of
0.01 K each step. The simulation was performed in
310 K at 1 atm pressure with electrostatic interaction,
and the van der Waals interactions cut-off was given
as 12 Å. Runtime of the simulation was 300 ns with a
time-step of 2 fs. We also simulated only α-Syn protein
in a box as a control. The PDB structure of the α-Syn
was taken from the protein ensemble database (PED;
PED00024e001) (Lazar et al., 2021). The simulation
setup used was similar to the simulation setup of the
complex, except the simulation box was layered with
water molecules to a 15 Å thickness in each direction
from the protein. The simulation was performed for a
total of 300 ns, same as the complex. The snapshots
were taken from the Visual Molecular dynamics
(VMD) software package (Humphrey et al., 1996) and
PyMOL.

5.11 | Aggregation kinetics of α-Syn

The aggregation kinetics, secondary-structural transition,
and the temporal changes in the morphology of the
α-Syn and its familial mutant E46K in the absence and
presence of equivalent SUMO1 were monitored by ThT
fluorescence assay, CD spectroscopy, and AFM, respec-
tively during aggregation. Two hundred micromolars of
α-Syn in 20 mM PB buffer containing 50 mM NaCl and

0.01% sodium azide (pH 6.5 and pH 7.4) were incubated
in a vial at 37�C on a rotary shaker for end-to-end rota-
tion at 60 rpm. To understand the role of SUMO1 on the
aggregation kinetics of α-Syn and its familial mutant,
200 μM of wild-type α-Syn and E46K were incubated
with equimolar SUMO1. Two hundred micromolars of
SUMO1 were also incubated under identical conditions
as a control. The aggregation was initiated at 37�C on a
rotary shaker and was continued for 120 h. The aggrega-
tion studies were conducted in triplicates.

5.12 | Thioflavin T fluorescence assay

During aggregation, 5 μL of the protein solution was
taken from the aggregation mixture at different intervals
of time and was diluted to 200 μL in the 20 mM phos-
phate buffer (pH 6.5 and pH 7.4) containing 50 mM NaCl
to obtain a concentration of 5 μM. Ten microliters of
1 mM thioflavin T (ThT) solution were added and ThT
fluorescence was monitored on a Horiba-Jobin Yvon
fluorimeter. The emission spectrum from 460 to 500 nm
was recorded upon excitation at 450 nm. ThT fluores-
cence at 485 nm (emission maxima) was plotted against
the incubation time. The lag time (tlag) for the aggrega-
tion of α-Syn in the absence and presence of SUMO1 was
calculated by the equations (Willander et al., 2012):

y¼ y0þ ymax � y0ð Þ= 1þ e�k t�t1=2Þð Þ�

tlag ¼ t1=2�
2
k

where y is the ThT fluorescence intensity at a particular
point of aggregation curve, y0 is the ThT fluorescence at
t0 (initiation of aggregation), ymax is the maximum ThT
fluorescence, k is the rate of aggregation, and t1/2 is the
time at the 50% of the ymax.

5.13 | Circular dichroism spectroscopy

Fifteen microliters of 200 μM of protein solution was ali-
quoted at different intervals of time and diluted to 200 μL
in 20 mM phosphate buffer, pH 6.5 and pH 7.4 contain-
ing 50 mM NaCl and 0.01% sodium azide to obtain a con-
centration of 15 μM. The CD spectra of the diluted
samples were acquired over the wavelength 198–260 nm
(far UV region) in a 0.1 cm path length quartz cuvette
(Starna, Hainault, London) in JASCO-810 CD spectrome-
ter at room temperature. Three independent readings
were recorded, and the signals were averaged. The raw
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data was subtracted from that of the buffer for the α-Syn,
and the spectra were processed by smoothening using the
Spectra Manager software. For the samples containing
α-Syn and SUMO1, the spectra were subtracted by the
signal contributed by SUMO1 in the same buffer.

5.14 | Atomic force microscopy

The temporal changes in the morphology of the α-Syn
were monitored using AFM (Asylum Research, Santa
Barbara, CA). Eight microliters of the protein solution
was taken out at different intervals during aggregation
and diluted to obtain a final concentration of 40 μM. The
protein solution was spotted on a freshly cleaved and
smoothened uniform surface of the mica sheet. The sam-
ples were incubated for 15 min at room temperature,
washed with autoclaved and filtered double-distilled
water, and dried under vacuum for 1–2 h. The imaging
was performed at 2–3 randomly selected areas with sili-
con nitride cantilever in tapping mode at a frequency of
300 kHz.
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