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ABSTRACT: In human beings, Parkinson’s disease (PD) is associated with
the oligomerization and amyloid formation of α-synuclein (α-Syn). The
polyphenolic Asian food ingredient curcumin has proven to be effective
against a wide range of human diseases including cancers and neurological
disorders. While curcumin has been shown to significantly reduce cell toxicity
of α-Syn aggregates, its mechanism of action remains unexplored. Here, using
a series of biophysical techniques, we demonstrate that curcumin reduces
toxicity by binding to preformed oligomers and fibrils and altering their
hydrophobic surface exposure. Further, our fluorescence and two-dimensional
nuclear magnetic resonance (2D-NMR) data indicate that curcumin does not
bind to monomeric α-Syn but binds specifically to oligomeric intermediates. The degree of curcumin binding correlates with the
extent of α-Syn oligomerization, suggesting that the ordered structure of protein is required for effective curcumin binding. The
acceleration of aggregation by curcumin may decrease the population of toxic oligomeric intermediates of α-Syn. Collectively;
our results suggest that curcumin and related polyphenolic compounds can be pursued as candidate drug targets for treatment of
PD and other neurological diseases.
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The major pathological hallmark of Parkinson’s disease
(PD) is the presence of insoluble, fibrous aggregates,

composed of α-Syn in intraneuronal inclusions of Lewy bodies
(LBs) and Lewy neuritis (LNs).1 The animal models that
overexpress human α-Syn indicate the direct involvement of α-
Syn aggregation in PD pathogenesis.2,3 Moreover, the discovery
of three disease-related substitution mutations (A30P, A53T,
and E46K) in the SNCA gene that encodes α-Syn and their
effects on the aggregation kinetics in vitro further support the
central role of α-Syn aggregation in PD pathogenesis.1,4,5 The
monomeric α-Syn is a natively unfolded protein, which
transforms into cross-β-sheet rich amyloid by self-assembly at
physiological conditions via partially folded intermediates and
soluble oligomers.6 Recently, evidence have emerged from both
in vitro and in vivo studies that soluble, oligomeric forms of α-
Syn have potent neurotoxic activities and may cause the
neuronal injury and death in PD.7−11 The α-Syn mutants that
preferentially formed oligomers when expressed in the rat brain
showed more neurotoxicity and cell death compared to the
mutants that mostly formed amyloid fibrils.9 Molecules that
inhibit the toxicity of oligomers and/or fibrils either by
reducing their formation or by converting their toxic state to
nontoxic state would be an immediate step for the development
of effective therapeutics against PD.12−15 Guided by this
concept, many investigators have either searched for existing
small molecules or synthesized inhibitors against α-Syn
fibrillogenesis.15−23 Several small polyphenolic molecules such
as epigallocatechin gallate and curcumin have been shown to
modulate the assembly and/or toxicity of many amyloidogenic

protein/peptides such as Aβ, α-Syn, and prion.19,23−26 It has
been proposed that the antioxidative properties of these
polyphenols along with their structural constraints might be
responsible for their efficacy in amyloid inhibition.24,27

Curcumin (diferuloylmethane) (Supporting Information
Figure S1) is a well-known polyphenolic in Asian food
ingredient turmeric and has been shown to exhibit anti-
inflammatory, antimicrobial, and anticarcinogenic activities.28

Due to its low cost, blood brain barrier crossing ability and its
pharmacological safety as evident from preclinical studies have
suggested the potential therapeutic role of curcumin in
neurological disorders including Alzheimer’s, Parkinson’s, and
Huntington’s disease.28−33 For example, curcumin binds to
amyloid β protein (Aβ) oligomers/fibrils, alters the Aβ
aggregation, and reduces the toxicity in AD.31,34

In PD, curcumin has been shown to inhibit the α-Syn
aggregation in vitro35−37 and attenuate the α-Syn oligomer
toxicity in cells.17,38 However, the reduction of toxicity by
curcumin and its effect on the pathway of α-Syn aggregation in
physiological conditions is not clearly understood. Our work
focuses on studying the effect of curcumin on the morphology
and toxicity of oligomeric and fibrillar assemblies of α-Syn. We
suggest that curcumin preferentially binds to the preformed α-
Syn aggregates, modulates the morphology, and reduces their
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cellular toxicity by minimizing their hydrophobic surface
exposure. In addition, the data reveals that curcumin accelerates
α-Syn aggregation in vitro and could reduce the population of
soluble oligomers, which are cytotoxic. Thus, curcumin and
related polyphenolic compounds could be used for the
development of potential drugs against PD.

■ RESULTS AND DISCUSSION

Curcumin Binds to α-Syn Oligomers and Reduces
Their Toxicity. It has been suggested that α-Syn oligomers are
much more toxic species compared to mature fibrils,7−9 and
curcumin has been reported to attenuate the toxicity of the
oligomers.39 Here, we studied the interaction and the effect of
curcumin on preformed α-Syn oligomers using size exclusion
chromatography (SEC) and fluorescence assay (Figure 1).
When freshly solubilized protein in 20 mM MES buffer, pH 6.0,
0.01% sodium azide was injected in SEC, two major species

were eluted; protofibrillar oligomers eluted close to void
volume (∼8 mL) and monomers at ∼15 mL (Figure 1a). For
simplicity, we use the term “oligomers” for protofibrillar
oligomers isolated from SEC at ∼8 mL fraction in subsequent
sections. Using this SEC profile, the binding of curcumin to
oligomers can be studied. To do that, two different sets of
protein preparation (5 mg/mL in 20 mM MES, pH 6.0) were
incubated in dark with and without 100 μM curcumin: one at
room temperature (RT) and other at 37 °C for 30 min. The
solutions were then injected into the SEC column. The SEC
profile of monomeric α-Syn remained unaltered in the presence
and absence of curcumin. However, the oligomeric fraction in
the presence of curcumin showed significantly higher
absorbance at 280 nm in both RT and 37 °C incubations.
The constant absorbance of monomeric fractions ruled out the
possibility of more oligomerization of α-Syn in the presence of
curcumin in this condition, which may be due to very short

Figure 1. Curcumin binds α-Syn oligomers and reduces their toxicity. (a) SEC profiles of α-Syn incubated with and without curcumin at room
temperature (RT) and 37 °C. (b) Curcumin fluorescence emission spectra of oligomer−Cur complex and preformed oligomers incubated with
curcumin (Oligo+Cur). Only curcumin (Cur) and oligomers (Oligo) were used as control. (c) MTT reduction by SH-SY5Y neuronal cell in the
presence of 5 μM preformed oligomers in presence and absence of 3 μM curcumin. 20 mM MES buffer, pH 6.0 was used as a control. (d) LDH
release assay in SH-SY5Y neuronal cells using 5 μM preformed oligomers in presence and absence of 3 μM curcumin. 0.5% triton X-100 was used as
positive control, and the buffer was used as negative control. Differentiated SH-SY5Y cells were treated with buffer, oligo and oligo+Cur for 40 h. (e)
Oligo treated cells showed more neurite damage and reduced synaptophysin staining compared to oligo+Cur. Scale bars are 50 μm. (f) DAPI
staining indicates that the nuclear morphology of oligo+ Cur treated samples were more intact compared to oligo treated cells. Scale bars are 50 μm.
(g) The fluorescence intensity of the oxidized 2-hydroethidium showing significantly high intensity in oligomers treated cells compared to control
and cells treated with oligomers+curcumin. Scale bars are 50 μm. (h) Flow cytometry analysis showing that reduction of oligomers toxicity in
presence of curcumin. Quadrants Q1, Q2, Q3, and Q4 represent dead cells, late apoptotic cells/necrosis, live cells, and early apoptotic cells,
respectively. Statistical significance: *P < 0.05, **P < 0.01.
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incubation time and mild conditions (without agitation) used
for the incubation. However, these observations raised the
possibility of interaction of curcumin to the preformed
oligomeric protein, where curcumin might form an
oligomer−curcumin complex, which possesses higher absorb-
ance compared to oligomers alone. However, the probability of
increased light scattering at 280 nm of this oligomeric assembly
in the presence of curcumin cannot be ruled out. The higher
absorbance of oligomers at 280 nm in the SEC profile of α-Syn
incubated with curcumin at 37 °C suggests increased binding of
curcumin to the preformed oligomers at this temperature
(Figure 1a). As the curcumin was dissolved in DMSO, the
effect of residual 0.05% DMSO on the size exclusion profile of
α-Syn was also monitored and found insignificant. The size
exclusion of 100 μM curcumin did not show any significant
absorbance at 280 nm at ∼8 mL elution volume (data not
shown).
To further evaluate the interactions of curcumin with α-Syn

oligomers, we performed a curcumin fluorescence study.
Curcumin is a weak fluorophore in water and produces low
intensity fluorescence at ∼540 nm when excited ∼426 nm.
However, if it binds to the hydrophobic surface of a protein
such as amyloids, its fluorescence quantum yield increases with
a blue shift in the fluorescence maximum (λmax).

40,41 The
curcumin fluorescence of the oligomers−curcumin complex
isolated from SEC (Oligo-Cur) showed high fluorescence
intensity with blue-shifted λmax ∼ 500 nm (Figure 1b). The
fluorescence intensity ∼500 nm was ∼50-fold higher compared
to fluorescence intensities of either oligomers or curcumin
alone. Similarly, curcumin fluorescence was ∼70-fold more
intense when preformed oligomers were isolated from SEC and
incubated with curcumin for 30 min at 37 °C prior to
fluorescence study (Oligo+Cur) (Figure 1b). These observa-
tions support the idea that curcumin strongly binds to the
preformed oligomeric α-Syn.
The toxicity of the α-Syn oligomers was evaluated using

dopaminergic neuronal cell line SH-SY5Y. To evaluate the
toxicity of oligomers in presence and absence of curcumin,
MTT assay42 was carried out (Figure 1c). In the presence of 5
μM preformed α-Syn oligomers isolated from SEC, MTT
reduction was decreased to 60% (Figure 1c). However, when
preformed oligomers were incubated in the presence of
curcumin for 30 min before adding to the cells, MTT reduction
was increased to 80%. The final curcumin concentration was 3
μM, which alone did not show any toxicity. For further
confirmation of toxicity, LDH assay was performed. The LDH
release assay is also widely used to determine the cytotoxicity of
chemicals or environmental toxic factors.43 LDH is a soluble
cytosolic enzyme that is released into the culture medium
following the loss of membrane integrity.43 Figure 1d shows
that, in the presence of oligomers, the LDH release was 60%,
whereas in the presence of oligomers pretreated with curcumin
LDH release was decreased to 29%. Both MTT and LDH
assays therefore suggest that curcumin is able to reduce the
toxicity of α-Syn oligomers.
Further, we have analyzed whether curcumin based neuronal

cell protection involves changes in hallmarks of neuronal cell
death markers like nuclear morphology and syanptophysin
staining.44 The SH-SY5Y cells were differentiated using retinoic
acid for 5 days (Supporting Information Figure S2a) and
subsequently treated with α-Syn oligomers in the presence and
absence of curcumin, and only buffer was used as a control.
After 40 h of incubation, the attached cells in each culture dish

were fixed and immunostained with synaptophysin (Figure 1e).
Aβ(25−35) fibril was used as a positive control (Supporting
Information Figure S2b). Similar experiments also were done
for observing the nuclear morphology using DAPI staining
(Figure 1f). The synaptophysin expression was significantly less
in the cells treated with oligomers (Figure 1e). Moreover, more
fragmented nuclei in cells treated with oligomers were observed
(Figure 1f). Conversely, cells treated with buffer and oligomers
+curcumin showed mostly normal synaptophysin staining and
nuclear morphology (Figure 1e and f, respectively). This
observation clearly indicates that curcumin interacts and in turn
detoxifies the α-Syn oligomers. Since curcumin is well-known
as an antioxidant,29 we studied whether curcumin may reduce
the generation of reactive oxygen species (ROS) in SH-SY5Y
cells in the presence of oligomers. To do that, 5 days
differentiated cells were treated with oligomers in presence and
absence of curcumin and with buffer only for 40 h. After
incubation, 2-hydroethidium was used to measure the level of
superoxide anions generated in the cells. In the presence of
superoxide anions, the 2-hydroethidium gets oxidized into 2-
hydroxyethidium that binds to DNA and becomes highly
fluorescent.45,46 By measuring the fluorescence intensity of 2-
hydroxyethidium in cells using confocal microscopy, we
analyzed ROS generation in cells. The fluorescence microscopy
images (Figure 1g) show a high amount of superoxide
generated in cells treated with α-Syn oligomers compared to
control (buffer) and cells treated with oligomers+curcumin.
The fluorescence intensity quantification suggests that more
than 2-fold reduction in 2-hydroxyethidium fluorescence
intensity occurred when cells were treated with oligomers
+curcumin (Supporting Information Figure S2c). The data
further supports that curcumin can act as an antioxidant and
reduces the cytotoxicity by minimizing generation and/or
scavenging of reactive oxygen species. Further, the toxicity of
oligomers in the presence and absence of curcumin was studied
by Annexin V and PI binding with undifferentiated cells and
subsequently using flow cytometry analysis. It was suggested
that Annexin V binds the phospholipid phosphatidylserine (PS)
that is translocated from the inner to outer leaflet of plasma
membrane during the early apoptosis event in cells (Annexin V
+).47,48 However, staining with Annexin V-FITC along with a
live/dead dye propidium iodide (PI) allows identification of
cells undergoing late apoptosis and/or necrosis (Annexin V+,
PI+). In contrast, completely viable cells would not bind either
Annexin V or PI (Annexin V−, PI−) and completely dead cells
would bind mostly with PI (Annexin V−, PI+).47,48 Our data
(Figure 1h) suggest that 34% cells undergo apoptosis and death
in oligomer treated cells whereas curcumin treated oligomers
showed lesser amount of apoptosis and death (14%). The
control of cells treated with buffer only showed only 1% cell
death (Figure 1h and Supporting Information Table 1). The
data clearly suggest that curcumin reduces the toxicity of
oligomers.

Curcumin Alters Morphology of the α-Syn Oligomers.
To evaluate the morphological changes of α-Syn oligomers in
the presence of curcumin, atomic force microscopy (AFM)
experiments were performed. AFM images of oligomers
(Oligo) and oligomers−curcumin complex (Oligo-Cur) that
were directly isolated from SEC showed numerous globular
oligomers (Figure 2a and Supporting Information Figure S3).
The oligomers in absence of curcumin mostly were of ∼2−5
nm in height. Whereas the Oligo-Cur complex showed larger
sized particles of ∼7−10 nm in height and most often
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elongated protofibrils were also observed. When preformed
oligomers were incubated in the presence of curcumin at 37 °C,
large oligomers and elongated protofibrils were observed
(Figure 2a and Supporting Information Figure S3, Oligo
+Cur), where height of these particles were more than 12 nm.
However, incubated oligomers in the absence of curcumin
mostly showed round shaped particles with average height of 8
nm. The AFM results demonstrated significant differences in
the morphology, distribution, and heights of oligomeric species
in the presence and absence of curcumin. The average height of
these oligomers increased remarkably in presence of curcumin
indicates that curcumin interacts with oligomeric species and
transforms them to higher order oligomers with altered
morphology. It has been shown previously that, depending
upon the extent of proteinase K digestion, the toxicity of
oligomers varies.46 Since curcumin alters the morphology and
reduces the toxicity of oligomers, we tested the effect of
curcumin in proteinase K digestion profile of oligomers (Figure
2b). Our data suggest that the extent of proteinase K digestions
were similar when oligomers were treated in presence and
absence of curcumin for 30 min, indicating curcumin does not
protect oligomers structure from digestion.
Curcumin Binds to α-Syn Fibrils and Reduces Its

Toxicity. To examine the effect of curcumin on α-Syn fibrils,
the preformed fibrils were centrifuged and redissolved in 20
mM MES buffer, pH 6.0, 0.01% sodium azide. The curcumin
solution was added to the α-Syn fibrils so that the
concentration of both α-Syn and curcumin was 100 μM.
These samples were incubated for 20 h at RT and curcumin
fluorescence was recorded (Figure 3). Significantly higher
fluorescence intensity with prominent blue shift of λmax was
observed when α-Syn fibrils were incubated with curcumin
(Figure 3a). The results suggest the binding of curcumin to α-
Syn fibrils. To study the effect of curcumin on the secondary
structure of α-Syn fibrils, circular dichroism (CD) study was
performed. The CD spectra of fibrils showed mostly β-sheet
structure (with minima at ∼218 nm), and the β-sheet content
was little decrease in presence of curcumin (Figure 3b). Congo
Red (CR) binding assay49 was used to study the effect of
curcumin on preformed amyloid fibrils. Thioflavin T (ThT) is
not suitable for this purpose as curcumin decreases the
fluorescence quantum yield of ThT.40 CR binding was
measured by an increase of the dye’s molar absorptivity at

540 nm. In presence of curcumin, α-Syn amyloid showed
slightly lesser binding to CR (Figure 3c). To further confirm
the results, CR fluorescence was also performed. Similar to CR
absorbance study, if CR binds to amyloid, it gives higher
fluorescence at 595 nm when excited at 550 nm.50 The data
showed that, in the presence of curcumin, CR fluorescence of
fibrils decreased (Figure 3d), suggesting that curcumin may
decrease the amyloid content of preformed fibrils. The apparent
conflicting data of CD and CR binding suggest that, in the
presence of curcumin, the β-sheet content of the amyloids
might remain intact while altering their internal structure with
lesser binding affinity to CR.
Although recent studies suggest that α-Syn oligomers are

potential neurotoxic species, primarily responsible for PD
pathogenesis,7−9 earlier studies showed that matured fibrils are
also cytotoxic.51−53 To study the toxicity of amyloid in the
presence and absence of curcumin, MTT reduction and LDH
release assays were performed using the neuronal cell line SH-
SY5Y. The incubation of 5 μM preformed fibrils to the cells for
40 h decreased the MTT reduction by ∼15% (Figure 3e),
whereas in fibrils in presence of 3 μM curcumin the MTT
reduction decreased ∼6%. A concentration of 3 μM curcumin
alone did not show any toxicity to the cells. To further confirm
the toxicity of amyloid in the presence and absence of
curcumin, LDH assay was performed. Triton X-100 (0.5%) was
used as a positive control and considered to release ∼100% of
LDH (Figure 3f). The exposure of 5 μM fibrils released only
∼18% of LDH. However, fibrils preincubated with curcumin
releases only ∼2% LDH (Figure 3f). The data suggest that
toxicity of fibrils could be decreased by curcumin. Our
oligomers (Figure 1) and fibrils toxicity (Figure 3) data further
suggest that fibrils possess lesser toxicity compared to
oligomers, which is consistent with the hypothesis that
oligomers are potential neurotoxin in PD pathogenesis.8,9

Curcumin Modifies the α-Syn Fibrils Morphology
without Disintegrating Them to Monomers. To study
the effect of curcumin on the morphology of α-Syn fibrils,
preformed fibrils (100 μM) were incubated in the presence and
absence of 100 μM curcumin for 20 h at RT. After incubation,
the morphology of the samples was studied by AFM. The AFM
data showed numerous fibrillar structures (Figure 3g and
Supporting Information Figure S4a) in α-Syn aggregates.
However, AFM analysis of incubated samples in the presence
of curcumin showed significant population of fibrils along with
clumped and amorphous aggregates (Figure 3g and Supporting
Information Figure S4b). The data suggest that curcumin may
convert the fraction of amyloids into other kind of aggregates.
To analyze whether curcumin can dissociate the preformed
amyloids into monomeric protein, 100 μM of α-Syn fibrils was
incubated in presence and absence of 100, 200, and 300 μM
curcumin at 37 °C for 20 h. After incubation, samples were
centrifuged at 18 000g for 40 min. The resulting supernatant
was collected and analyzed by SDS-PAGE. The SDS-PAGE
analysis suggested that, in the absence and presence of varying
concentrations of curcumin, similar amounts of soluble
fractions were observed (Supporting Information Figure S4c).
This analysis suggests that curcumin did not significantly
dissociate the preformed α-Syn fibrils into soluble protein up to
20 h of incubation. To further investigate whether curcumin
modified the α-Syn fibrils, proteinase K digestion experiments
were performed. The undigested α-Syn fibrils showed four
different bands in SDS-PAGE with a major band at ∼14 kDa
for monomer (Figure 3h). In addition to monomer and core,

Figure 2. Curcumin modulates morphology of α-Syn oligomers. (a)
AFM images of preformed oligomers isolated from SEC. Top left
panel showing oligomers directly isolated from SEC. Top right panel
showing oligomers morphology of α-Syn−curcumin complex isolated
from SEC. Bottom panels showing 30 min incubated α-Syn oligomers
in the presence (bottom right) and absence (bottom left) of curcumin.
Scale bars are 500 nm. (b) Proteinase K digestion profile of oligomers
in the presence and absence of curcumin showing similar extent of
proteinase K digestion.
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SDS stable dimers and trimers were also observed, which are
consistent with previous reports.54−57 However, after 1 h of
proteinase K digestion, only one faint band was observed at ∼8
kDa, representing protease resistant core of fibrils.58 The 1 h of
proteinase K digestion of fibrils pretreated with curcumin
showed a more intense band at ∼8 kDa and another faint band
above ∼8 kDa, suggesting that curcumin may inhibit the
protease digestion and/or protect the core of α-Syn fibrils.
Reduction of Solvent Exposed Hydrophobic Surface

of Oligomers and Fibrillar α-Syn by Curcumin. It has been
suggested that the extent of hydrophobic surface exposure may
play a significant role in cellular toxicity of protein
aggregates.59,60 We hypothesize that, along with structural
and morphological changes, curcumin binding to the preformed
α-Syn aggregates may also alter their exposed hydrophobic
surfaces and in turn reduce their toxicity. ANS is routinely used
as fluorescent dye to detect the solvent-exposed hydrophobic
surfaces of the protein.59 However, the ANS and bis-ANS
fluorescence quantum yield decreases in presence of curcumin

as emission of ANS/bis-ANS falls in the range of excitation of
curcumin and energy transfer from ANS/bis-ANS to curcumin
may occur (Supporting Information Figure S5). Therefore, we
suggest that ANS/bis-ANS is not a suitable fluorescent dye to
detect exposed hydrophobic surfaces in presence of curcumin.
We used Nile Red (NR), another sensitive dye for this purpose,
which shows several fold increase in its fluorescence quantum
yield with blue shift of λmax upon binding to the hydrophobic
exposed surfaces of the protein.61,62 Moreover, the presence of
curcumin did not affect the NR fluorescence significantly
(Figure 4). For the analysis of exposed hydrophobic surfaces of
the oligomers, we isolated the oligomers in 20 mM MES buffer,
pH 6.0, 0.01% sodium azide using SEC. The oligomers were
incubated in the presence and absence of curcumin for 30 min
at 37 °C, and NR fluorescence was performed. The data
showed a significantly high NR fluorescence intensity and blue
shift of λmax after binding to α-Syn oligomers (Figure 4a)
compared to control. However, NR fluorescence decreased to
almost half when similar experiments were performed in

Figure 3. Curcumin binds to α-Syn fibrils and reduces their toxicity. 100 μM preformed α-Syn fibrils were incubated with and without 100 μM
curcumin for 20 h, and these samples were used for all the assays. (a) Significant increase in curcumin fluorescence at ∼500 nm was observed after
binding to fibrils when excited at 426 nm. (b) CD spectra of preformed α-Syn fibrils without (red) and with curcumin (blue). Both the spectra
showed mostly β-sheet conformation without any significant change. (c) CR absorbance at 540 nm after binding to α-Syn fibrils in the presence and
absence of curcumin. (d) CR fluorescence at 595 nm showing decreased in CR binding when preformed α-Syn fibrils were incubated in the presence
of curcumin. (e) MTT reduction assay using SH-SY5Y cell line by preformed α-Syn fibrils in the presence and absence of curcumin. (f) LDH release
assay using SH-SY5Y cells showing less LDH release by fibrils incubated in the presence of curcumin. 0.5% Triton X-100 used as a positive control
and showed 100% cell death. (g) AFM morphology of α-Syn fibrils in the presence and absence of curcumin. Left panel shows the distinct fibrillar
morphology of α-Syn amyloids, whereas the right panel shows clustered and clumped fibrillar aggregates along with some amorphous species when
α-Syn fibrils were incubated with curcumin. Scale bars are 500 nm. (h) Altered proteinase K digestion profile evident from SDS-PAGE analysis
showing α-Syn fibrils in the presence of curcumin is more resistant to proteolytic degradation. Statistical significance *P < 0.05; **P < 0.01; NS P >
0.05.
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presence of curcumin (Oligo+Cur). Control experiments were
done only with curcumin, NR and NR+Cur, which did not
show any significant fluorescence (Figure 4a). Similarly, NR
binding study of Oligo-Cur complex isolated from SEC in 20
mM MES buffer, pH 6, 0.01% sodium azide showed a marked
reduction in NR fluorescence compared to oligomers alone
(Figure 4b). These results indicate that curcumin reduces the
solvent exposed hydrophobic surface of α-Syn oligomers.
To determine the effect of curcumin on hydrophobic surface

exposure of α-Syn fibrils, fibril solution in 20 mM MES buffer,
pH 6.0, 0.01% sodium azide was mixed with curcumin so that
the final concentration ratio of fibrils and curcumin was 1:1 and
the mixture was incubated at RT for 20 h. The incubated α-Syn
fibril in buffer was used as a control. High NR binding to fibrils
was observed (Figure 4c), whereas curcumin treated fibrils
showed significantly less NR binding. The data suggests that
curcumin may modify the fibril structure by reducing its
exposed hydrophobic surface.
Curcumin Binding Correlates with the Extent of α-Syn

Oligomerization. To evaluate the relative binding affinity of
curcumin to the different α-Syn species (LMW 50 kDa, LMW
100 kDa, oligomers and fibrils), curcumin fluorescence studies

were performed with each species (Figure 5). To do that 5 μM
concentration of different protein species were prepared in 20
mM MES buffer, pH 6.0, 0.01% sodium azide and curcumin
fluorescence was recorded in presence of varying concentration
of curcumin (1−20 μM). A concentration of 5 μM bovine
serum albumin (BSA) was used as a positive control. Curcumin
fluorescence was done with excitation at 426 nm and emission
in the range of 450−650 nm. The curcumin fluorescence plots
for each species, monomers, LMW assembly (50 and 100 kDa),
oligomers and fibrils, were obtained (Supporting Information
Figure S6a). Figure 5a shows the fluorescence intensity of
varying concentrations of curcumin in presence of 5 μM α-Syn
fibrils. The fluorescence intensity increased with increasing
concentration of curcumin. The curcumin fluorescence
intensity was highest at 12 μM curcumin and remained almost
same up to 20 μM. When fluorescence intensity at λmax was
plotted against different curcumin concentrations for individual
protein species, curcumin saturation plots were obtained
(Figure 5c and d). To reveal whether curcumin binding to
different α-Syn species alters the secondary structure, CD was
performed with 5 μM monomeric and fibrillar α-Syn in
presence and absence of 20 μM curcumin (Figure 5b). The CD
study did not show any significant secondary structural change
in the presence of curcumin for both monomeric and fibrillar
form of α-Syn. The monomers remained unstructured and the
fibrils showed characteristic β-sheet conformation (Figure 5b).
The curcumin fluorescence saturation plots of all α-Syn species
(Figure 5c) indicate that the increase in fluorescence intensity
were according to the oligomer order; fibrils > oligomers >
LMW-100 kDa > LMW 50 kDa > monomers (Figure 5c, d and
Supporting Information Figure S6b). The curcumin fluores-
cence with BSA was greater than the oligomers but less than
the fibrils. In another experiment, curcumin fluorescence was
performed using 5 μM curcumin in the presence of varying
concentrations (1−20 μM) of each α-Syn species and the
double reciprocal plot (Figure 5e) was derived. Further, from
the fluorescence saturation curve and double reciprocal plots
(Figure 5c and e), Scatchard plots were obtained (Figure 5f and
Supporting Information Figure S7) for each species. Using
Scatchard plots, curcumin dissociation constants for each
species were calculated using established method.41,63 The
order of dissociation constants at RT, in 20 mM MES buffer,
pH 6.0 were of fibrils (∼0.5 μM) < oligomers (∼2 μM) <
LMW 100 kDa (∼5 μM) < LMW 50 kDa (6.5 μM). In
contrast, only small fluctuations in curcumin fluorescence were
observed in the presence of monomeric α-Syn even in 20 μM
curcumin concentration. This study clearly indicates that
curcumin prefers to bind higher order oligomers and fibrils
not monomer.

Curcumin Does Not Interact with Monomer but
Shows a Weak Interaction with 100 kDa LMW α-Syn.
To study the interaction between curcumin and oligomeric
species of α-Syn in a residue specific manner, we used
(1H−15N) heteronuclear single quantum coherence (HSQC)
NMR spectroscopy (Figure 6). The 15N labeled monomeric α-
Syn was isolated from SEC, and 150 μM samples in the
presence and absence of 75 μM curcumin were used for
acquiring the NMR spectra at 25 °C. Figure 6a shows well-
resolved HSQC spectra of monomeric α-Syn with sharp peaks
and relatively less dispersion in proton chemical shifts at both
conditions. The data indicate the unstructured state of the
protein. We used published 1H and 15N chemical shift
values44,64 for assigning those spectra. The spectra of α-Syn

Figure 4. Curcumin reduces the exposed hydrophobic surfaces of
oligomeric and fibrilar α-Syn. NR binding to oligomers and fibrils in
presence and absence of curcumin was measured by fluorescence. (a)
NR binding of α-Syn oligomers obtained from SEC and incubated in
presence (Oligo+Cur) and absence (Oligo) of curcumin. The NR
fluorescence of curcumin (Cur), NR, and NR+Cur was taken as
control. (b) NR binding of Oligomer−curcumin complex (Oligo-Cur)
isolated from SEC. Only NR was used as a control. (c) NR binding of
α-Syn fibrils in presence and absence curcumin. Curcumin and NR
alone showed insignificant fluorescence. All spectra were measured by
exciting the solution at 550 nm and emission in the range of 560−720
nm.
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in the presence (Figure 6a, left panel, yellow spectrum) and
absence (Figure 6a, left panel, red spectrum) of curcumin were
overlaid. Spectra of α-Syn in the presence of curcumin did not
show any significant chemical shift perturbation and retained
the same resolution as of α-Syn in solution. We calculated the
change in chemical shifts and did not observe any significant
perturbation in the presence and absence of curcumin (Figure
6b, top panel). Further, the intensity ratios (I/I0) for all
nonoverlapping peaks were calculated and values were found to
be ∼1.0 (data not shown). The data indicate that curcumin
does not interact with the monomeric α-Syn, which lacks any
ordered structure.
NMR experiments were also performed with 15N-labeled

LMW 100 kDa α-Syn in the presence and absence of curcumin,
and both spectra were overlaid (Figure 6a, right panel). NMR
peaks in the 100 kDa LMW spectra both in the presence
(Figure 6a, right panel, black spectrum) and absence (Figure
6a, right panel, red spectrum) of curcumin appeared to be
broader than those of the monomeric protein and number of
peaks in the regions of 8.3−8.5 and 120−125 ppm overlapped
with each other. Although most of the peaks had similar
resonance frequencies in comparison to the monomer
spectrum, ∼21 additional peaks were identified in the spectrum
of LMW (arbitrary numbers were given to assign these
additional peaks). These peaks were of comparatively low
intensity and did not have any corresponding peak in the
monomer spectrum, suggesting that such resonances might be
arising from oligomer population. We calculated the changes in
the resonance frequencies of LMW peaks in the presence and
absence of curcumin (Figure 6b, lower panel), which did not
show any definite pattern. However, chemical shift changes
were relatively larger compared to the monomer. The data
suggest that curcumin may transiently interact with LMW α-

Syn. To gain further insight, we performed intensity ratio
analysis for nonoverlapping peaks (Figure 6c and Supporting
Information Figure S8). No clear pattern emerged, suggesting
that oligomers do not have preferential binding sites for
curcumin. Interestingly, we noticed an increase in intensities for
additional peaks in the presence of curcumin shown in Figure
6c and Supporting Information Figure S8, suggesting a possible
role of curcumin in stabilizing higher order species of α-Syn.

Curcumin Accelerates α-Syn Aggregation to Produce
Morphologically Different Amyloid Fibrils in Vitro. α-Syn
is a natively unstructured protein, which gets converted to β-
sheet-rich fibrils during incubation in vitro.6 To explore the
effect of curcumin on in vitro aggregation, 150 μM 100 kDa
LMW α-Syn in 20 mM MES buffer, pH 6.0, 0.01% sodium
azide was incubated in the presence and absence of 75 μM
curcumin at 37 °C with slight rotation. It is important to note
that 100 kDa LMW α-Syn was used for this study as our NMR
data suggests that curcumin may weakly interact with this
species but not monomers. The curcumin was diluted from
DMSO stock solution such that the final DMSO concentration
was 0.075% (v/v) in the solution. For control, 150 μM LMW
α-Syn in the presence of 0.075% DMSO was also incubated.
On each day of incubation, CD was performed to determine
the conformational transition of α-Syn in the presence and
absence of curcumin. When β-sheets were formed as measured
by CD, EM was used for morphological study (Figure 7).
Immediately after addition of curcumin, no significant changes
in CD spectra of α-Syn were observed. Both in the presence
and absence of curcumin, α-Syn showed mostly unstructured
conformation on day 0 (Figure 7a). However, CD study has
showed that α-Syn was converted mostly to β-sheet
conformation at day 1 in the presence of curcumin. On the
other hand, α-Syn in the absence of curcumin was mostly

Figure 5. Relative binding of curcumin to different α-Syn species. (a) Curcumin fluorescence spectra of varying concentrations of curcumin (1−20
μM) in the presence of 5 μM preformed α-Syn fibrils. (b) CD spectra of 5 μM α-Syn monomers and fibrils in the presence and absence of 20 μM
curcumin. (c) Curcumin fluorescence value at λmax (500 nm) in the presence of different α-Syn species with varying concentrations of curcumin
showing maximum curcumin binding for fibrils. (d) Comparative increase in curcumin fluorescence at 500 nm in the presence of 5 μM each of the
LMW 50 kDa, LMW 100 kDa and monomer showing increase in curcumin binding according to the oligomer order. (e) Double-reciprocal plots of
various α-Syn species. (f) Scatchard plot of the α-Syn fibrils−curcumin complex. Curb and Curf indicate bound and free curcumin, respectively.
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unstructured until day 1 and showed β-sheet structure only on
day 2. The data suggests that curcumin accelerates the
conformational transition from random coil (RC) to β-sheet
during amyloid formation (Figure 7a). The EM study after 3
days of incubation suggested that α-Syn alone formed highly
ordered amyloid fibrils composed of ∼2−3 individual filaments
(Figure 7b). These fibrils were helically twisted to each other
with varying degrees of lateral association. The diameter of
these fibrils was ∼10−30 nm. In contrast, α-Syn in the presence
of curcumin showed narrow fibrils of ∼10−16 nm in diameter
with little discernible substructure. To evaluate whether fibrils
formed in the absence and presence of curcumin possess
different stability/internal structure, a proteinase K digestion
experiment was performed (Figure 7c). The SDS-PAGE
analysis showed five different bands from undigested fibrils
formed either in the presence or absence of curcumin. The
three bands of more than 29 kDa were observed possibly due to
the presence of higher order SDS stable oligomers. The two
bands below 18.4 kDa were observed due to monomers and
fragments of α-Syn, which may be the protease stable α-Syn
core. Further, the SDS-PAGE analysis of proteinase K digested
α-Syn fibrils formed in the absence of curcumin showed
significant digestion, indicated by only one band at ∼8 kDa,

which may be the protease resistant core of α-Syn fibrils50

(Figure 7c). However, proteinase K digestion of fibrils formed
in the presence of curcumin showed two bands below 18.4 kDa,
in which one is monomeric and another could be the protease
resistant core. The different proteinase K digestion profile
suggests that fibrils formed in the presence and absence of
curcumin possess different stability against proteases.
Further, to determine the detailed kinetics and confirm our

observation that curcumin accelerates the α-Syn aggregation,
we performed time dependent AFM study during aggregation
(Figure 7d). The data suggests that, immediately after
preparation, LMW α-Syn in the presence and absence of
curcumin formed small globular oligomers and during
incubation they gradually transformed to higher order
structures. AFM imaging of 18 h incubated α-Syn in the
presence of curcumin showed some fibrils along with globular
oligomers, which was converted to higher order fibrils at 22 h.
In contrast, α-Syn in the absence of curcumin only showed
small protofilament-like structures at 22 h without formation of
higher order fibrils. The data clearly suggests that curcumin
accelerates the aggregation of α-Syn in vitro.
The Kd determination and NMR studies showed that

curcumin binds to early oligomers and not to monomers.

Figure 6. Probing interaction of curcumin with monomer and LMW 100 kDa α-Syn by NMR spectroscopy. (a) Overlay of 1H−15N HSQC spectra
of 150 μM monomeric α-Syn in the absence (red spectrum) and in the presence of 75 μM curcumin (yellow spectrum, top left). Top right panel
shows the overlay of the 1H−15N HSQC spectra of 150 μM 100 kDa LMW α-Syn in the absence (black spectrum) and in the presence of 75 μM
curcumin (red spectrum, top right). In the HSQC spectrum of 100 kDa LMW, many additional peaks were observed compared to the HSQC
spectrum of monomers and were numbered arbitrarily. (b) Difference in chemical shifts (Δδ) of individual amino acids in monomer (red) and 100
kDa LMW (blue) of α-Syn in the presence and absence of curcumin were calculated. The Δδ (in ppm) was plotted against individual amino acid
residues. (c) Intensities of all extra peaks in HSQC spectrum of oligomers in presence (I) and absence (I0) of curcumin were calculated, and relative
intensities I/I0 were plotted against oligomer numbers (assigned arbitrary).
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Moreover, we find that curcumin accelerates the structural
conversion and amyloid formation of LMW 100 kDa α-Syn,
suggesting that curcumin may effectively reduce the population
of toxic oligomeric intermediates. In contrast, previous data
suggested that curcumin binds to monomeric α-Syn35 and
inhibits its aggregation and amyloid formation.35−37 However,
these previous studies were performed in the presence of either
10% 2,2,2-trifluoroethanol (TFE) or 1 mM Fe3+. TFE and Fe3+

are known to modulate the protein aggregation65−67 and
complex formation with curcumin,68 respectively. Moreover,
previous studies have used ThT for monitoring the aggregation
kinetics, which is not a suitable dye for monitoring amyloid
aggregation in the presence of polyphenols such as curcumin.40

Interestingly, the modulation of curcumin mediated Aβ
aggregation in AD has also been reported to be conflicting,
as both acceleration and inhibition of Aβ aggregation were
evident in the presence of curcumin.31,69,70 Cole and co-
workers have suggested that curcumin inhibits Aβ aggregation
and reduces toxicity.31 Further, it has been shown that
curcumin reverses Alzheimer’s disease pathology and reduces
the plaque load in a mouse model of AD.34 Whereas recent
studies suggested that curcumin accelerates the aggregation of
Aβ both in vitro and in vivo.70 Moreover, two previous reports
also have indicated that curcumin might inhibit the conversion
of Aβ monomers to oligomers but accelerates the conversion of
preformed oligomers to fibrils with effective reduction of toxic
oligomeric population.71,72 However, all these previous studies
have suggested a common theme that irrespective of whether
curcumin accelerates or delays the protein aggregation, it
reduces the toxicity of protein aggregates in vitro and in vivo.
In summary, our present data showed that curcumin binds to

preformed oligomers and fibrils and reduces their toxicity by

modifying their morphology and hydrophobic surface exposure.
Further, curcumin binds to early oligomers and accelerates their
conversion to fibrils so that the effective population of toxic
oligomeric intermediates could be reduced (Figure 8). This
study suggests that curcumin or curcumin related compounds73

could be important small molecules that modulate and/or halt
the toxicity of α-Syn aggregates in PD.

■ METHODS
Chemicals and Reagent. Curcumin and other chemicals were

purchased from Sigma (St. Louis, MO) except Nile Red dye, which
was purchased from Invitrogen (Carlsbad, CA). Water was double
distilled and deionized using a Milli-Q system (Millipore Corp.,

Figure 7. Curcumin accelerates α-Syn aggregation. (a) Time dependent CD spectra of α-Syn in the presence and absence of curcumin. α-Syn in the
presence of curcumin showing accelerated conversion of random coil to β-sheet conformation during aggregation. (b) Electron micrographs of the
aggregates after 3 days of incubation showing fibrillar morphology of α-Syn in the absence (left) and presence (right) of curcumin. Altered
morphology of α-Syn aggregates were seen in the presence of curcumin. Scale bars are 500 nm. (c) SDS-PAGE analysis showing different proteinase
K digestion pattern by α-Syn fibrils formed in the presence and absence of curcumin. (d) Time dependent AFM analysis of α-Syn aggregation in the
presence and absence of curcumin showing accelerated conversion of oligomers to fibrils in the presence of curcumin. Scale bars are 700 nm.

Figure 8. Schematic representation showing the effect of curcumin on
α-Syn aggregation and toxicity. Curcumin may interact with various
oligomeric intermediates of α-Syn and accelerate their conversion to
fibrils. Curcumin also binds to preformed oligomers and fibrils and
reduces their toxicity.
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Bedford, MA). WT α-Syn plasmid (pRK172) was a kind gift of Prof.
Roland Riek, ETH Zurich, Switzerland.
Preparation of Curcumin Stock Solution. Curcumin stock

solution of 100 mM was made in DMSO. This stock solution was
further diluted in 20 mM MES buffer, pH 6.0, 0.01% sodium azide to
57 mM. The working solution of curcumin was freshly prepared for
each use by dilution of 57 mM curcumin in same buffer.
Protein Purification. α-Syn was expressed in Escherichia coli BL21

(DE3) strain according to the protocol described by Volles and
Lansbury.74 For 15N labeled α-Syn expression, minimal media
containing 15N-labeled ammonium chloride was used as a nitrogen
source. Briefly, the IPTG induced bacterial cells were pelleted down by
centrifugation. The pellet was resuspended in buffer (50 mM Tris, pH
8.0, 10 mM EDTA, 150 mM NaCl) with protease inhibitor cocktail
(Roche), sonicated followed by heating in boiling water bath for 20
min. Supernatant was collected after centrifugation (14 000g, 30 min).
Streptomycin sulfate (10%; 136 μL/mL supernatant) and glacial acetic
acid (228 μL/mL supernatant) were added to the supernatant
followed by centrifugation (14 000g, 4 °C, 10 min). The resulting
supernatant was precipitated by equal volume of saturated ammonium
sulfate, prepared at 4 °C. Precipitated protein was washed with a
solution of ammonium sulfate (saturated ammonium sulfate and water,
1:1 v/v at 4 °C). The washed pellet was resuspended in 100 mM
ammonium acetate and stirred for 10 min. The α-Syn was precipitated,
adding an equal volume of absolute ethanol. Ethanol precipitation was
repeated twice at RT. Protein was again resuspended in 100 mM
ammonium acetate, lyophilized, and stored at −20 °C for further use.
Preparation of Low Molecular Weight (LMW) α-Syn. For

binding and fibrillization studies, LMW (50 kDa and 100 kDa) of α-
Syn was prepared from lyophilized protein. Briefly, protein was
dissolved in 20 mM MES buffer, pH 6.0, 0.01% sodium azide at a
concentration of 15 mg/mL. α-Syn is acidic in nature, the pH of
resulting solution was ∼5.0 and was sparingly soluble. To solubilize the
protein, few μL of 2 M NaOH solution was added until protein was
dissolved completely and clear solution was appeared. Then, the pH
was adjusted to 6.0 by adding few μL of 2 M HCl solutions. The
protein solution was dialyzed against the same buffer overnight at 4 °C
using a 10 kDa MWCO mini-dialysis unit (Millipore). This process
was carried out to remove salts and fragmented peptides. Further to
remove any larger aggregates, the resulting solution was filtered by
centricon YM-50 MWCO or YM-100 MWCO filter (Millipore) to
obtain LMW preparation of 50 kDa and 100 kDa, respectively. The
supernatant was collected and used for the further study.
Amyloid Fibril Formation. The assembly reaction was initiated

with 100 kDa LMW α-Syn at a concentration of ∼400 μM in 1.5 mL
eppendorf tube in 20 mM MES buffer, pH 6.0, 0.01% sodium azide.
The eppendorf tubes containing protein solutions were placed into an
EchoTherm model RT11 rotating mixture (Torrey Pines Scientific)
with a speed corresponding to 50 r.p.m. inside a 37 °C incubator. The
fibril formation was monitored by CD, ThT binding and confirmed by
AFM/EM at the end of assembly reaction. For measuring α-Syn
aggregation kinetics in presence of curcumin, 100 kDa LMW α-Syn
and curcumin in 20 mMMES buffer, pH 6.0, 0.01% sodium azide were
mixed such a way that the final concentrations of α-Syn and curcumin
was 150 μM and 75 μM, respectively. The DMSO concentration was
0.075% (v/v). As a control, 150 μM of α-Syn was also incubated in
presence of 0.075% of DMSO. Three independent experiments were
performed for each sample.
Size Exclusion Chromatography (SEC). Purified α-Syn was

dissolved in 20 mM MES buffer, pH 6.0, 0.01% sodium azide as
described above. The protein solution was then centrifuged for 30 min
at 14 000g using a benchtop microcentrifuge (HITACHI, himac
CT15RE, Japan). The resulting solution was clear and free of any
larger aggregates. To study the curcumin interactions, protein solution
was incubated with and without 100 μM curcumin at room
temperature as well as at 37 °C for 30 min. Then 200 μL solutions
were loaded on a S200-Superdex gel filtration column attached to an
AKTA purifier (GE Healthcare) and eluted isocratically at 4 °C in the
same buffer with a flow rate of 0.4 mL/min, and 200 μL fractions were
collected.

Circular Dichroism Spectroscopy (CD). Ten microliters of
protein solution was diluted to 200 μL in 20 mM MES buffer, pH 6.0,
0.01% sodium azide. The solution was placed into a 0.1 cm path length
quartz cell (Hellma, Forest Hills, NY). Spectra were acquired using a
JASCO-810 instrument. All measurements were done at 25 °C.
Spectra were recorded over the wavelength range of 198−260 nm.
Three independent experiments were performed with each sample.
Raw data were processed by smoothing and subtraction of buffer
spectra, according to the manufacturer’s instructions.

Curcumin Fluorescence. The curcumin fluorescence spectra were
acquired in the emission range of 450−650 nm by exciting the samples
at 426 nm. The experiments were performed using a HITACHI
spectrofluorometer (model F-2500) with excitation and emission slit
widths of 2.5 and 5 nm, respectively. To study the interaction of
curcumin with preformed α-Syn oligomers, the solid protein was
dissolved in 20 mM MES buffer, pH 6.0, 0.01% sodium azide at a
concentration of 5 mg/mL and incubated with 100 μM curcumin at 37
°C. After 30 min of incubation, SEC was performed as described
earlier to obtain the preformed oligomers. The curcumin fluorescence
was performed with this preformed oligomer−curcumin complex. The
fluorescence of 100 μM curcumin in identical conditions was also
measured as a control. In another set of experiments, the preformed α-
Syn oligomers from ∼8 mL fractions were collected from SEC by
injecting 5 mg/mL protein dissolved in 20 mM MES buffer, pH 6.0,
0.01% sodium azide. The preformed oligomers with and without 40
μM curcumin were incubated at 37 °C for 30 min and curcumin
fluorescence recorded. Curcumin of 40 μM in identical conditions was
also measured for control.

Congo Red Binding Assay. α-Syn preformed fibrils of 100 μM
were incubated with and without 100 μM curcumin for 20 h at RT
without agitations. A 20 μL aliquot of sample was then mixed with 180
μL of 20 mM MES buffer, pH 6.0, 0.01% sodium azide. Then 0.4 μL of
10 mM CR solution (filtered through 0.2 μM filter) in 20 mM MES
buffer, pH 6.0, with 0.01% sodium azide was added such that the final
protein concentration became 10 μM and CR 20 μM. After 10 min of
incubation at RT, absorbance was measured in the range of 400−600
nm. For the measurement of the CR-only spectrum, 0.4 μL of CR was
mixed with 200 μL of 20 mM MES buffer, pH 6.0, with 0.01% sodium
azide and absorbance was measured as described. As a control, a 20 μL
aliquot of fibrils with 180.4 μL of MES buffer was also measured.
Three independent experiments were performed for each sample. For
Congo Red fluorescence studies, the samples were prepared in similar
way as described for Congo Red absorbance. The Congo Red
fluorescence spectra were acquired on a HITACHI fluorescence
spectrophotometer (model F-2500). The samples were excited at a
wavelength of 550 nm, and emission was recorded in the wavelength
range of 560−650 nm. The excitation and emission slit widths were
2.5 and 5.0 nm, respectively. The fluorescence spectrum of 20 μM
Congo Red in 20 mM MES buffer, pH 6.0, 0.01% sodium azide was
also recorded as a control.

Determination of Kd by Curcumin Fluorescence. Dissociation
constants of curcumin to different species of α-Syn were determined
based on curcumin fluorescence. For this study, different species of α-
Syn were prepared as described earlier. For determining curcumin
binding to different species of α-Syn, 5 μM α-Syn species were
incubated in the presence and absence of varying concentrations of
curcumin (1−20 μM) for 30 min at RT in the dark. BSA was used as a
control for this study. Immediate after incubation curcumin
fluorescence was measured with excitation at 426 nm and emission
in the range 450−650 nm. Experiments were performed using
Shimadzu RF-5301PC spectrofluorometer with excitation and
emission slit widths of 5 and 5 nm, respectively. The curcumin
fluorescence saturation curves were obtained for each α-Syn species,
and BSA by plotting curcumin fluorescence value at 500 nm against
different concentration of curcumin.

In order to obtain a double reciprocal plot, 5 μM curcumin in 20
mM MES buffer, pH 6.0, 0.01% sodium azide was incubated with
varying concentrations (0−20 μM) of each α-Syn species. The mixture
was incubated at RT for 30 min in the dark. After incubation,
curcumin fluorescence was performed. Double reciprocal plots were
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obtained for each α-Syn species by plotting 1/fluorescence intensity in
the Y-axis against 1/protein concentrations in the X-axis. From the
intercept of the double reciprocal plot, maximum fluorescence
intensity was obtained when all curcumin was bound to protein.
Using saturation and double reciprocal plots, concentrations of bound
as well as free curcumin to each protein species were calculated. Then
ratios of bound curcumin [curcuminb] to free curcumin [curcuminf]
were plotted against curcuminb (Scatchard plot). This provides a
straight line with a negative slope. The dissociation constants were
calculated from the formula Kd = −1/slope according to the
established methods.41,63

Two Dimensional Nuclear Magnetic Resonance (2D NMR)
spectroscopy. All NMR spectra were acquired on a Bruker Avance
800 MHz spectrometer using a cryogenically cooled triple-resonance
probe equipped with z-axis gradient coils. Data were acquired and
processed using Topspin 2.1 version and analyzed with Sparky 3.114.
DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) was used as an
internal reference for the calibration of proton chemical shifts,
whereas nitrogen chemical shift was calibrated indirectly. Two-
dimensional 1H−15N correlation heteronuclear single quantum
coherent (HSQC) experiments were performed on 15N-labeled
protein samples in phosphate buffer, pH 6.8 with a (90:10) H2O/
D2O ratio, at 25 °C. Various sets of 1H−15N HSQC correlation spectra
were recorded on 150 μM α-Syn monomer and 150 μM 100 kDa
LMW samples in the absence and presence of 75 μM curcumin. 2D
HSQC spectra for monomer were recorded for 256 data points in
indirect dimension with 16 scans per transient, whereas for 100 kDa
LMW 512 data points were collected in the indirect dimension. For
mapping the interaction sites between α-Syn and curcumin, we
calculated mean weighted chemical shift perturbations and change in
intensity ratios (I/I0). Nonoverlapping

1H−15N HSQC amide cross-
peaks were considered, and their intensities (I) with those of the same
cross-peaks in the data set of free protein (I0) were calculated. The I/I0
ratios of nonoverlapping cross-peaks were plotted as a function of the
amino acid sequence to obtain the relative intensity variation across
the polypeptide chain. However, chemical shift perturbations were
calculated using ((5Δδ1H) 2 + (Δδ15N)2)1/2 to identify the significant
perturbations upon interactions.
Nile Red Binding Assay. The stock solution of 1 mM Nile Red

(NR) was prepared in DMSO and stored at −20 °C until further use.
All the fluorescence studies were performed in 20 mM MES buffer, pH
6.0 with 1 μM working concentration of Nile Red. 200 μL of 15 μM
oligomeric α-Syn (isolated from SEC) was diluted to 400 μL in same
buffer. In 200 μL of 7.5 μM oligomers, curcumin was added such that
the final curcumin concentration became 40 μM. The solution was
incubated at 37 °C for 30 min. The 200 μL of 7.5 μM oligomers
without curcumin was used as a control. In another experiment, freshly
prepared 5 mg/mL α-Syn solution was incubated in the presence of
100 μM curcumin at 37 °C for 30 min and injected for SEC. The
oligomers were collected from ∼8 mL peak fractions. Then 0.2 μL of 1
mM NR was added to 200 μL each of the oligomers prepared in the
presence and absence of curcumin, where final NR was 1 μM. NR
fluorescence was performed immediately by exiting at 550 nm and
emission in the range of 560−720 nm. For NR binding study with
preformed fibrils, 200 μL of 75 μM α-Syn fibrils was incubated with
and without 75 μM curcumin for 20 h. Then 20 μL of α-Syn fibrils was
diluted to 200 μL in 20 mM MES buffer, pH 6.0, 0.01% sodium azide.
Then 0.2 μL of 1 mM NR was added so that the final NR
concentration became 1 μM. The NR fluorescence was performed as
described; 1 μM NR in 200 μL of MES, pH 6.0 was used as a NR
control. To study whether curcumin can affect the NR fluorescence,
fluorescence was measured for 1 μM NR, 7.5 μM curcumin, and the
mixture of NR and curcumin.
Atomic Force Microscopy (AFM). For atomic force microscopy,

the oligomeric and fibrillar samples were diluted to ∼5 μM in distilled
water and diluted samples were spotted on a freshly cleaved mica sheet
followed by washing with double distilled water. The mica was dried
under vacuum desiccators. AFM imaging was done in tapping mode
under a silicon nitride cantilever using a Veeco Nanoscope IV

multimode atomic force microscope. A minimum of five different areas
of three independent samples were scanned with a scan rate of 1.5 Hz.

Electron Microscopy (EM). α-Syn fibrils formed in the presence
and absence of curcumin were diluted in distilled water to a
concentration of ∼40 μM, spotted on a glow-discharged, carbon-
coated Formvar grid (Electron Microscopy Sciences, Fort Washington,
PA), incubated for 5 min, washed with distilled water, and then stained
with 1% (w/v) aqueous uranyl formate solution. Uranyl formate
solution was freshly prepared and filtered through 0.22 μm sterile
syringe filters (Milipore). EM analysis was performed using a FEI
Tecnai G2 12 electron microscope at 120 kV with nominal
magnifications in the range of 26 000−60 000. Images were recorded
digitally by using the SIS Megaview III imaging system. At least two
independent experiments were carried out for each sample.

MTT Metabolic Assay. The neuronal cell line of SH-SY5Y was
cultured in Dulbecco’s modified Eagle's medium (DMEM) (Himedia,
India) supplemented with 10% FBS (Invitrogen), 100 units/mL
penicillin, and 100 μg/mL streptomycin in a 5% CO2 humidified
environment at 37 °C. Cells were seeded in 96-well plates in 100 μL of
media at a cell density of ∼10 000 cells/well. After 24 h of incubation,
the old media was replaced with fresh media containing either
oligomeric or fibrillar α-Syn preincubated with curcumin so that α-Syn
and curcumin concentration became 5 and 3 μM, respectively. Cells
were further incubated for 40 h at 37 °C. Only buffer and 3 μM
curcumin were also tested as a control. After 40 h, 10 μL of 5 mg/mL
MTT prepared in PBS was added to each well and the incubation was
continued for 4 h. Finally, 100 μL of a solution containing 50%
dimethylformamide and 20% SDS (pH 4.7) was added and incubated
for overnight. After incubation in a 5% CO2 humidified environment
at 37 °C, absorption values at 560 nm were determined with an
automatic micro titer plate reader (Thermo Fisher Scientific). The
background absorbance was also recorded at 690 nm and subtracted
from the absorbance value of 560 nm.

Lactate Dehydrogenase (LDH) Release Assay. Lactate
dehydrogenase release assay was performed to further evaluate the
neuroprotective effect of curcumin over the toxic oligomeric and
fibrillar α-Syn. Identical concentrations of preformed oligomers/fibrils
(with and without curcumin) were used as mentioned for the MTT
assay. SH-SY5Y neuronal cells were cultured and plated in 96-well
plates as described earlier. LDH assay was performed after 40 h of
incubation of neuronal cells with test samples (preformed oligomers/
fibrils, with and without curcumin) using LDH toxicological kit (TOX-
7, Sigma) according to the manufacturer's instructions.

SDS-PAGE Analysis. A concentration of 100 μM preformed α-Syn
fibrils was incubated with and without 100, 200, and 300 μM curcumin
for 20 h. After incubation, fibrils solutions were centrifuged at 18 000g,
40 min. Supernatants were collected and analyzed via 12% Bis-Tris
NUPAGE gel (Invitrogen) electrophoresis.

Proteinase K Digestion Assay. α-Syn (150 μM) aggregated in
the presence and absence of curcumin (75 μM) was subjected to
proteinase K treatment. For proteinase K digestion assay, samples
were half diluted in 20 mM MES, pH 6.0, 0.01% sodium azide and 1
μL aliquot of 500 μg/mL proteinase K was added to 75 μL of α-Syn
fibrils formed in the presence and absence of curcumin. The final
concentration of proteinase K was 6.5 μg. After 1 h of incubation at 37
°C, the reaction was stopped by adding SDS sample buffer followed by
heating to 100 °C for 10 min in a water bath. In another experiment,
150 μM preformed α-Syn fibrils was incubated with and without 75
μM curcumin for 1 h at room temperature and digested with
proteinase K as described above. For proteinase K digestion of
oligomers, 30 μM oligomers (isolated from SEC) were incubated with
and without 30 μM curcumin at 37 °C for 30 min. The samples were
treated with and without 0.1 μg proteinase K for 10 min at 37 °C and
reaction was stopped as described. The samples were then used for
SDS-PAGE using 12% Bis-Tris NuPAGE gel (Invitrogen) and
developed with silver stain (Bangalore Genei, India).

SH-SY5Y Cell Culture and Differentiation. The neuronal cell
line of SH-SY5Y was cultured in Dulbecco’s modified Eagle's medium
(DMEM) (Himedia, India) medium supplemented with 10% FBS
(Invitrogen), 100 units/mL penicillin, and 100 μg/mL streptomycin in
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a 5% CO2 humidified environment at 37 °C. For cell differentiation,
50 μM all-trans retinoic acid (RA) (Sigma) was used.75 To do that,
undifferentiated cells were seeded on cover glass in a 24-well plate for
24 h, and after that cells were treated with 50 μM RA in media. At
every alternate day, the old media was replaced with fresh media
containing RA. After 5 days of incubation, we analyzed the cell
morphology using phase contrast microscopy to observe neurite
projections of differentiated cells.
Immunocytochemistry. The 5 days differentiated cells were used

for synaptophysin staining. To do so, cell culture media was replaced
with fresh media containing oligomers, oligomers+curcumin, and
buffer; cells were further incubated for 40 h. The final oligomers and
curcumin concentrations were 6 and 3 μM, respectively. After
incubation, media was discarded and the cells were fixed with 3.5%
formaldehyde for 30 min at 37 °C. After fixing, the cells were washed
with PBS (1 mL × 2) and permeabilized with chilled methanol for 20
min at −20 °C. Further, the cells were blocked with blocking solution
(2% BSA in PBS) for 30 min at RT. Cells were incubated for 3 h at RT
with rabbit monoclonal anti-synaptophysin primary antibody diluted in
blocking solution (1:350; ABCAM). After incubation, the solution was
discarded and cells were washed with 1 mL of PBS (3 × 5 min) with
gentle shaking. The cells were then incubated with anti-rabbit
AlexaFluor 488 (1:500, Invitrogen) secondary antibody prepared in
2% BSA in PBS and incubated for 2 h in dark. After removing the
secondary antibody solution, the cells were mounted on a clean glass
slide using mounting media. A positive control for synaptophysin
specificity was used where the differentiated SH-SY5Y cells were
treated with 6 μM Aβ(25−35) amyloid fibrils.76 Images were acquired
using an Olympus IX 81 confocal microscope.
To visualize the morphology of nucleus, the differentiated cells were

stained with 4,6- diamidino-2-phenylindole (DAPI; Sigma) (1 μg/mL)
for 5 min at RT. After 5 min, the DAPI solution was removed and the
cells were washed with PBS, mounted on a clean glass slide using
mounting media, and imaged under confocal microscope.
Reactive Oxygen Species (ROS) Measurement. The differ-

entiated SH-SY5Y cells were treated with oligomers, oligomers
+curcumin, and buffer only in 24-well plates for 40 h. After incubation,
the old media was discarded and cells were very gently washed with 1×
PBS buffer. A 3 mM stock of 2-hydroethidium (Sigma) was freshly
prepared in DMSO, and 2 μL of this solution in 1 mL of PBS was
added to the cells and incubated for 5 min at RT in dark. The final
concentration of 2-hydroethidium was 6 μM. The cells were
immediately imaged under confocal microscopy with an excitation at
543 nm and emission above 565 nm. The intensities of oxidized
hydroethidium (hydroxyethidium) fluorescence in cells treated with
buffer, oligomers, and oligomers+curcumin were quantified using
FV500 Tiempo (version 4.3) software.
Flow Cytometry Analysis. For relative quantification of cell death

and apoptosis in oligomers and oligomers+curcumin treated samples,
flow cytometry measurement was performed using an Annexin V-
FITC apoptosis detection kit (Sigma). To do that, undifferentiated
cells were grown in T25 cell culture flasks (Nunc) until ∼70%
confluency (∼106 cells). The cells were then treated with oligomers,
oligomers+curcumin, and only buffer for 40 h. After incubation, the
cells were trypsinized, centrifuged, and used for cell death assay using
the Annexin V-FITC apoptosis detection kit (APOAF, Sigma). The
cell pellet was washed with 1× PBS and further resuspended in 1×
binding buffer (Sigma). Cells were stained with Annexin V-FITC and
propidium iodide (PI) according to the manufacturer’s instructions.
Unstained cells (without Annexin V-FITC and PI) were used as a
control, and cells stained with either Annexin V-FITC or PI were used
as fluorescent compensation controls. Annexin V-FITC and PI staining
were quantified in a flow cytometer (FACSAria, BDBiosciences, San
Jose, CA) and analyzed using the BDFACS Diva software. For each
sample, 20 000 cells were analyzed. The upper left quadrant (Q1)
represents the dead cell population (only PI positive), the upper right
quadrant (Q2) represents the population of cells in the late stage of
apoptosis (Annexin V-FITC positive and PI positive), the lower left
quadrant (Q3) represents the population of viable/live cells (Annexin
V-FITC negative and PI negative), and the lower right quadrant (Q4)

represents the population of cells in early stages of apoptosis (only
Annexin V-FITC positive). The X-axis represents the area of Annexin
V-FITC fluorescence, and the Y-axis represents PI fluorescence
intensities.

Statistical Analysis. Statistical significance was determined by
using one-way ANOVA followed by Newman-Keuls multiple
comparison post hoc test; *P < 0.05; **P < 0.01; NS P > 0.05.
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