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alpha-synuclein fibrillization and
their interaction study by NMR provides insights
into the self-association of the protein†

Mandar Bopardikar, a Anusri Bhattacharya,b Veera Mohana Rao Kakita,b

Kavitha Rachineni,b Lalit C. Borde,c Sinjan Choudhary, b Sri Rama Koti
Ainavarapu *a and Ramakrishna V. Hosur *ab

The process of assembly and accumulation of the intrinsically disordered protein (IDP), alpha-synuclein

(aSyn) into amyloid fibrils is a pathogenic process leading to several neurodegenerative disorders such as

Parkinson's disease, multiple system atrophy and others. Although several molecules are known to inhibit

aSyn fibrillization, the mechanism of inhibition is just beginning to emerge. Here, we report the inhibition

of fibrillization of aSyn by Triphala, a herbal preparation in the traditional Indian medical system of

Ayurveda. Triphala was found to be a rich source of polyphenols which are known to act as amyloid

inhibitors. ThT fluorescence and TEM studies showed that Triphala inhibited the fibrillization of aSyn.

However, it was observed that Triphala does not disaggregate preformed aSyn fibrils. Further, native-

PAGE showed that Triphala reduces the propensity of aSyn to oligomerize during the lag phase of

fibrillization. Our NMR results showed that certain stretches of residues in the N-terminal and NAC

regions of aSyn play an anchor role in the self-association process of the protein, thereby providing

mechanistic insights into the early events during aSyn fibrillization.
Introduction

Alpha-synuclein (aSyn), a 140 amino acid intrinsically disordered
protein (IDP),1 is expressed in human neuronal cells.2 The accu-
mulation of this protein in the form of brillar aggregates, which
are the major constituents of Lewy bodies (LB), in the cytoplasm of
dopaminergic neurons, is a characteristic of neurodegenerative
disorders like Parkinson's disease (PD), Lewy body dementia (LBD),
multiple system atrophy (MSA).3,4 The duplication or triplication of
the gene encoding aSyn (SNCA) is linked to familial early onset PD.5

There is no preventive therapy available for PD as yet.
However, small organic molecules capable of inhibiting aSyn
brillization represent one of the potential therapeutic strategies
for PD. In the past few years, several studies have reported the
inhibition of aSyn brillization by small organic molecules.6–32

Interestingly, most of these molecules are polyphenols. In this
context, we utilized a herbal preparation frequently used in the
traditional medicinal system of India, commonly known as
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Ayurveda. The past couple of decades have witnessed an increase
in the research on various herbal formulations prescribed by
Ayurveda.33–37 The scientic validation of the pharmaceutical
properties of these Ayurvedic formulations is beginning to
emerge.33–37 Triphala, an Ayurvedic formulation containing
naturally occurring polyphenols, is known to possess a wide
range of medicinal properties such as free radical scavenging,
antioxidant, anti-inammatory, antimutagenic, antistress, hypo-
glycaemic and radioprotective which have been recently
reviewed.38 Some of these properties of Triphala are believed to
be due to its polyphenolic constituents.39,40 Recently, aqueous
extract of Triphala was found to inhibit cancer cell proliferation
for HeLa, PANC-1 and MDA-MB-231 cell lines.41 However,
a detailed chemical characterization of Triphala has not yet been
reported. Therefore, in the current investigation, we performed
a thorough chemical characterization of aqueous extract of Tri-
phala. Indeed, Triphala is found to be abundant in polyphenolic
content. Further, we analyzed Triphala for its ability to inhibit
aSyn brillization as well as disaggregate preformed aSyn brils
in vitro. We nd that Triphala inhibits aSyn brillization, while it
has no effect on preformed aSyn brils.
Materials and methods
Preparation of aqueous extract of Triphala

Triphala capsules were purchased from the Himalaya Drug
Company, India. 20% (w/v) Triphala powder was suspended
This journal is © The Royal Society of Chemistry 2019
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in Milli-Q water. This partially soluble sample was then
heated to 65 �C for 30 min. The sample was then centrifuged
at 13 000 rpm and the soluble fraction was lyophilized with
the help of a Labconco Free Zone 2.5 lyophilizer, USA.
Required quantities of the lyophilized powder were weighed
and dissolved in phosphate buffer saline (PBS) (10 mM
Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl and
0.01% (w/v) sodium azide) pH 7.4. The pH of the Triphala
solution was adjusted to 7.4 before utilizing the sample for
experiments.
Protein overexpression and purication

aSyn gene contained in the vector pT7-7 baring ampicillin
resistance was expressed in Escherichia coli BL21 (DE3) cells.
10 ml of LB containing 100 mg ml�1 of freshly prepared ampi-
cillin was inoculated with the glycerol stock of over-expressed
aSyn and grown overnight at 37 �C with shaking (180 rpm).
10 ml (1% inoculum) of the overnight culture was then trans-
ferred to 1 litre of LB or M9 culture containing 100 mg ml�1

ampicillin and allowed to grow till an OD600 of 0.8–1.0. Subse-
quently, the culture was induced with 1 mM IPTG for 6–10 h.
Finally, the culture was centrifuged to obtain a cell pellet which
was stored at�80 �C. aSyn was puried by a previously reported
non-chromatographic method.42,43 Briey, frozen cell pellets
were resuspended in Tris buffer (50 mM Tris, 10 mM EDTA and
150 mM NaCl) pH 8 and sonicated for 10 min. The suspension
was placed in a boiling water-bath for 20 min and then centri-
fuged for 10 min. The supernatant was collected into a fresh
tube and streptomycin sulfate (136 ml of 10% solution/ml of
supernatant) and glacial acetic acid (228 ml ml�1 of supernatant)
were added followed by centrifugation for 10 min. Again, the
supernatant was collected and then precipitated with saturated
ammonium sulfate which was added as 1 : 1 (v/v) to superna-
tant. Precipitated protein was washed with ammonium sulfate
solution (1 : 1 (v/v) saturated ammonium sulfate and water).
The pellet was resuspended in 3 ml of 100 mM ammonium
acetate and precipitated with addition of an equal volume of
ethanol. Resuspension in ammonium acetate and precipitation
in ethanol was repeated twice more. Finally, the pellet was
resuspended in 100 mM ammonium acetate, followed by
freezing in liquid nitrogen and lyophilization. Pure aSyn was
obtained as conrmed by mass spectrometry (Fig. S1†).
aSyn amyloid bril formation

The brillization reaction was commenced with 150 mM small
oligomeric aSyn in 2 ml Protein LoBind Eppendorf tube in PBS
pH 7.4. This protein sample either in the presence or absence of
various concentrations of Triphala was subjected to mechanical
agitation at 65 rpm and 37 �C. 5 ml aliquots were withdrawn
from the brillating aSyn sample at various intervals of time.
Each aliquot was uniformly mixed with 245 ml of 25 mM ThT
solution in PBS pH 7.4 and uorescence was immediately
recorded with the help of an Agilent spectrouorometer with
excitation at 444 nm and emission from 455 to 500 nm. Both the
excitation and emission slit widths were 5 nm for all the
This journal is © The Royal Society of Chemistry 2019
measurements. The uorescence intensity at 485 nm was
plotted against time.
Transmission electron microscopy (TEM)

aSyn samples at the end of brillization (198 h) were diluted to
30 mM in distilled water. These were spotted onto a carbon-
coated Formvar grid, incubated for 5 min, stained with
a freshly prepared 1% (w/v) aqueous solution of uranyl acetate
ltered through 0.22 mm syringe lter by incubating for 1 min
and then nally washed with distilled water. The samples were
then imaged on a Libra 120EFTEM electron microscope from
Carl Zeiss (Germany).
Circular dichroism (CD) spectroscopy

In order to monitor the changes in secondary structural
features during aSyn brillization, far UV CD spectra were
recorded at different time intervals. All the spectra were
recorded on a Jasco J-1500 spectropolarimeter. The spectra
were acquired in the wavelength range of 200–250 nm. Six
scans were obtained and averaged to produce each spec-
trum. Each spectrum was baseline corrected by subtracting
the buffer or Triphala signal.
Nuclear magnetic resonance (NMR) spectroscopy

All the experiments were performed on a 800 MHz Bruker
Avance NMR spectrometer. 1H–15N HSQC spectra were recorded
for 150 mM 15N isotopically enriched aSyn in PBS pH 7.4 in the
presence and absence of 0.75 mg ml�1 Triphala. The 2D data
was collected with 256 complex data points along the indirect
dimension. Both the samples were incubated overnight at 37 �C
under brillating condition prior to HSQC experiment. The
temperature for the experiments was 25 �C. Spectra were
recorded in phase-sensitive mode and quadrature detection was
performed with the help of States-TPPI method.44 Data was
processed with the help of Topspin 3.5 (Bruker, USA) and ana-
lysed with CARA (Computer-Aided Resonance Assignment,
Institute for Molecular Biology and Biophysics, Zurich, Swit-
zerland). Chemical shi assignments were obtained by transfer
from BMRB (accession number 16300) and other previous
reports.45,46 Chemical shi perturbations (CSP) were calculated
as (dH

2 + 0.1(dN
2))1/2,47 where dN and dH represent the difference

in the nitrogen and proton chemical shis of aSyn in the
presence of Triphala with respect to that of free aSyn,
respectively.
Native-polyacrylamide gel electrophoresis (native-PAGE)

aSyn (100 mM) was incubated overnight with or without 0.75 mg
ml�1 Triphala at 37 �C under agitation. Aer the incubation
period, 12 ml aliquots were withdrawn from each of the samples,
thoroughly mixed with 3 ml of staining dye (containing no SDS)
and loaded on to an 11% polyacrylamide gel (prepared without
the addition of SDS). Electrophoresis was carried out at 90 V.
Various species which were resolved on the gel, were then
visualized by Coomassie staining.
RSC Adv., 2019, 9, 28470–28477 | 28471
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Results and discussion
Triphala is rich in polyphenols

Extensive chemical characterization of aq. Triphala extract
(referred to as Triphala from here onwards) was performed with
the help of LC-MS. A detailed list of the chemical constituents
that were detected is provided, including the polyphenols
(Table S1†) and other constituents (Table S2†). Here it is worth
noting that quercetin is one of the constituents of Triphala,
which has been previously reported to inhibit aSyn brilliza-
tion.7,11 However, in 0.5 mg ml�1 Triphala, the concentration of
quercetin comes out to be z5 mM which is far less than what
would be required for inhibiting the aggregation of 150 mM
aSyn.7,11
Triphala inhibits aSyn brillization

The process of brillization of aSyn was monitored in the
presence of varying concentrations of Triphala with the help of
thioavin T (ThT) binding assay48–50 in a time-dependent
manner. aSyn brillization when probed by ThT uorescence
shows a sigmoidal curve which is characterized by three
different phases namely, nucleation, elongation and saturation
phase.51 It was observed that ThT uorescence systematically
decreased with an increase in the concentration of Triphala
(Fig. 1A). Particularly, in the saturation phase of the aSyn
brillization process, the ThT uorescence intensity decreased
consistently with an increase in the concentration of Triphala
(Fig. S2†). In order to study if the process of bril formation
initiated at a time point beyond the duration shown in (Fig. 1A),
ThT uorescence was collected up to 330 h (Fig. S3†). However,
no increase in ThT uorescence was observed for aSyn in the
presence of 0.5 mg ml�1 Triphala (Fig. S3†). It appeared that
0.5 mgml�1 Triphala was capable of completely inhibiting aSyn
brillization (Fig. 1A). However, there is a possibility that Tri-
phala might interfere with ThT uorescence. Therefore, trans-
mission electron microscopy (TEM) studies were performed. It
Fig. 1 Effect of Triphala on the fibrillization of aSyn. (A) The time-
course of the fibrillization of 150 mM aSyn in the presence of different
concentrations of Triphala monitored by ThT fluorescence. ThT
fluorescence saturates to different levels in a Triphala concentration-
dependent manner. Each data point was an average of two indepen-
dent measurements. The error bars are SD. (B and C) Morphological
characterization of the effect of Triphala on aSyn. TEM images of aSyn
at the end of fibrillization reaction in the absence (B) and presence (C)
of 0.5 mg ml�1 Triphala. The scale bar is 500 nm in panels (B) and (C).

28472 | RSC Adv., 2019, 9, 28470–28477
was observed that 0.5 mg ml�1 Triphala almost completely
prohibited the formation of aSyn brils for 150 mM of the
protein (Fig. 1B and C). Since a TEM image shows only a small
region on the grid, therefore different regions on each grid were
imaged (Fig. S4†). This comparison clearly shows the inhibitory
effect of 0.5 mg ml�1 Triphala on the brillization of 150 mM
aSyn (Fig. S4†).
Triphala prevents ‘random coil to b-sheet’ structural
transition essential for aSyn brillization

In order to investigate the effect of Triphala on the secondary
structure of aSyn, far UV circular dichroism (CD) spectra were
recorded for aSyn under brillating conditions in a time-
dependent manner, both in the presence and the absence of
0.75 mgml�1 Triphala (Fig. 2). Initially, aSyn was observed to be
largely random coil (z58%) as calculated by BESTSEL decon-
volution algorithm (Fig. 2A and Table S3†).52,53 However, minor
anti-parallel b-sheet content (z24%) was also observed (Table
S3†). This observation of a major random coil along with
a minor anti-parallel b-sheet conformation of aSyn is consistent
with earlier reports.54,55 A clear structural transition from
random coil to b-sheet was observed for aSyn aer 37 hours of
incubation under brillating condition (Fig. 2A). At this point in
time, it was found that aSyn developed minor parallel b-sheet
content which steadily increased with the passage of time
(Table S3†). In this context, our results are in agreement with
previous ndings by Chakraborty et al.25 and Celej et al.,56 where
Fig. 2 Effect of Triphala on the secondary structure of aSyn. The time
evolution of the secondary structure of 150 mM aSyn during fibrilliza-
tion in the absence (A) and presence (B) of 0.75 mg ml�1 Triphala
studied using CD spectroscopy.

This journal is © The Royal Society of Chemistry 2019
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it was reported that aSyn brillization is characterized by
‘random coil / anti-parallel b-sheet / parallel b-sheet’
secondary structural changes, however, differ from the results
obtained by Ghosh et al.,57 where it was observed that aSyn,
forms brils via an a-helix rich intermediate. On the other
hand, in the presence of 0.75 mg ml�1 Triphala, aSyn did not
show any structural change even up to 22 days of incubation
and remained largely random coil (Fig. 2B and Table S3†). This
suggests that the presence of Triphala causes stabilization of
aSyn in its natively unfolded conformation.

Triphala inuences the self-association of aSyn and reduces
its oligomerization propensity

The observation that Triphala hinders the brillization of aSyn
raises the question as to how and by what mechanism? In this
respect, NMR and native-PAGE have provided valuable insight
into the mechanism lying underneath. 1H–15N HSQC spectra
(Fig. 3A) were recorded for aSyn in the presence and absence of
0.75 mgml�1 of Triphala under brillating conditions in the lag
phase (see Materials and methods). The individual spectra
along with a spectrum recorded under identical conditions in
the presence of 0.5 mg ml�1 Triphala (Fig. S5†) show a system-
atic change in the aSyn HSQC spectrum with increase in
Fig. 3 Mode of interaction of Triphala with aSyn and its effect on the ea
presence (blue) and absence (red) of 0.75 mg ml�1 Triphala. The peaks w
16300) and other previous reports.45,46 (B) Chemical shift perturbation (C
of 0.75 mgml�1 Triphala relative to free aSyn. (C) Ratios of the peak heigh
0.75 mg ml�1 Triphala relative to peak heights in aSyn 1H–15N HSQC spe
indicate residues which were absent in 1H–15N HSQC spectrum of aSyn. (
the absence as well as the presence of 0.75 mg ml�1 Triphala.

This journal is © The Royal Society of Chemistry 2019
Triphala concentration. A comparative analysis of the spectra
(shown in Fig. 3A) revealed interesting features: (i) absence of
several peaks in the aSyn spectrum (in red) which appeared in
the presence of Triphala (spectrum in blue). (ii) The residues for
which peaks have vanished in the aSyn spectrum belong to the
non-amyloid-b component (NAC) and N-terminal regions. A
close inspection of these peaks reveals that they belong to
sequential stretches of residues along the aSyn primary
sequence: (a) T72, G73, T75 and A76; (b) T81, G84, G86 and S87;
(c) T64, V66, G67, G68, A69; (d) A53, T54; (e) G41, K43, T44; (f)
T92, G93; (g) G31, T33. (iii) It is to be noted that all these
stretches contain primarily threonine and serine residues and
their neighboring residues along the sequence. (iv) Chemical
shi perturbation (CSP) measurements for the peaks which
were present in both the spectra (Fig. 3B) showed insignicant
peak shi due to the presence of Triphala. (v) The presence of
Triphala caused an increase in the peak intensities for residues
in the N-terminal and NAC regions (Fig. 3C). On the other hand,
the intensities for C-terminal residues were found to be
decreased in the presence of Triphala (Fig. 3C).

It may be mentioned here that the absence of peaks cannot
be attributed to chemical exchange between the backbone
amide protons and water (solvent) for the following reasons:
rly self-association of aSyn. (A) 1H–15N HSQC spectrum of aSyn in the
ere assigned by transfer of assignments from BMRB (accession number
SP) for 150 mM aSyn observed in 1H–15N HSQC spectra in the presence
ts of 150 mM aSyn observed in 1H–15N HSQC spectra in the presence of
ctrum in the absence of Triphala are shown as red bars. The green bars
D) Native-PAGE gel showing the oligomerization status of aSyn in both

RSC Adv., 2019, 9, 28470–28477 | 28473
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Fig. 4 Schematic for aSyn oligomer. The black solid lines depict
flexible regions within the oligomer. The red cylinders represent
different regions responsible for the formation of monomer–mono-
mer contacts within the oligomer as observed in HSQC experiments.
‘N’ and ‘C’ represent the N- and C-terminals respectively.
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a backbone amide 1H resonance will be broadened due to
exchange with water if kex z |UNH � UH2O|,

58 where kex ¼ rate of
exchange, UNH ¼ amide 1H frequency and UH2O ¼ water 1H
frequency. For aSyn, UNH varies within the range of 8.7 to 7.7
(ppm) (Fig. 3A). Accordingly, average UNH turns out to be 8.2
(ppm). UH2O is equal to 4.7 (ppm). The difference turns out to be
3.5 (ppm), which for a basic 1H larmor frequency of 800 (MHz),
equals 2800 (s�1). Now kex values for the residues in aSyn have
been explicitly measured by Bhattacharyya et al.59 under similar
conditions, and they turn out to be extremely slow (<8 s�1).
Hence, it is clear that kex � |UNH � UH2O|, and hence exchange
with solvent cannot account for vanishing of peaks. Now it is
known that aSyn exists in oligomeric form during the lag phase
of brillization process.56,57,60–74 So then a question arises that is
the disappearance of peaks for stretches of residues in the free
aSyn HSQC spectrum (Fig. 3A) due to the oligomerization of the
protein? If the answer to this question turns out to be yes, then
the fact that these peaks appear in the presence of Triphala
would mean Triphala is reducing the capability of the protein to
oligomerize. In order to address the above question, native-
PAGE was performed for aSyn samples in both the absence as
well as presence of Triphala. Untreated aSyn was observed to
migrate at z70 kDa (Fig. 3D). Monomeric aSyn has been
previously shown to migrate at z16 kDa in native-PAGE
experiments.67,75 This suggests that major aSyn population is
an oligomer, possibly tetramer, under our experimental condi-
tions. Whereas, in the presence of Triphala, a large smear was
observed in the lower molecular mass region starting from the
main oligomer band (z70 kDa) right up to the expected
monomer mass of z16 kDa (Fig. 3D). In order to check for the
possibility of protein degradation due to Triphala, mass spec-
trum of aSyn was obtained both with and without Triphala
(Fig. S6†). The spectra appear to be very similar which indicates
that Triphala does not cause degradation of aSyn (Fig. S6†). The
presence of a continuous smear rather than discrete bands
(Fig. 3D) could be due to (i) the existence of equilibrium
between the oligomers of different sizes and monomer (ii) the
binding of a varying number of Triphala constituents to aSyn or
(iii) the prevalence of both (i) and (ii). The native gel (Fig. 3D)
clearly shows that treatment with Triphala causes a breakdown
of oligomeric aSyn into smaller oligomers and monomer. These
observations suggest that the disappearance of peaks in HSQC
spectrum for untreated aSyn (Fig. 3A) is due to a major oligomer
population, where the peaks come from the locally exible
residues. Whereas, the peaks for the stretches of residues in the
N-terminal and NAC regions (mentioned above) which partici-
pate in the formation of the monomer–monomer contacts that
are responsible for the integrity of the oligomer vanish from the
spectrum (Fig. 3A). A schematic for aSyn oligomer is shown
(Fig. 4). The red cylinders represent the following stretches of
residues: (i) G31, T33 (ii) G41, K43, T44 (iii) A53, T54 (iv) T64,
V66, G67, G68, A69 (v) T72, G73, T75, A76 (vi) T81, G84, G86, S87
(vii) T92, G93 (Fig. 4). It is these regions which are probably
responsible for the formation of monomer–monomer contacts
leading to the formation of oligomers (Fig. 4). The various
regions along the primary sequence of aSyn are shown
(Fig. S7A†) and the above stretches of residues (represented as
28474 | RSC Adv., 2019, 9, 28470–28477
red cylinders in Fig. 4) are highlighted (Fig. S7B†). It can be seen
that these residues belong to the N-terminal and NAC regions.
Triphala probably interferes in the formation of these interac-
tions, as evident from the appearance of the peaks for these
stretches of residues in the HSQC spectrum (Fig. 3A). The low
CSP values suggest that the reduction in the ability of aSyn to
oligomerize is brought about by the Triphala constituents by
mode of weak interactions (Fig. 3B). On the other hand, the
ratio of HSQC peak intensities (Fig. 3C) indicate that some of
the Triphala constituents probably also interact with C-terminal
residues causing an inhomogeneous broadening as is evident
from the decrease in the peak intensities due to the presence of
Triphala (Fig. 3C). This is particularly clear from the splitting of
S129 into two peaks (Fig. 3C) in the presence of Triphala which
is likely to be due to the slow exchange between bound and
unbound state.58 For the other C-terminal residues, the peak
splitting could be small compared to the spectral resolution and
hence, causes an inhomogeneous peak broadening instead of
showing up as two separate peaks.

Triphala does not disaggregate aSyn amyloid brils

It has been shown earlier that Triphala breaks down lysozyme
brils into smaller and thinner brils.76 Therefore, in order to
check the stability of aSyn brils in the presence of Triphala,
preformed briller aSyn was incubated with 0.5 mg ml�1 Tri-
phala. A spontaneous decrease in ThT uorescence was
observed upon the introduction of 0.5 mg ml�1 Triphala to
prebrillized aSyn (Fig. S8†). This suggested that Triphala may
be capable of destabilizing aSyn brils. In order to conrm the
above possibility, TEM images were recorded. Prebrillized
aSyn aer treatment with 0.5 mg ml�1 Triphala did not show
any signicant change in the morphology, shape or size of the
brils even aer incubation for a period of 5 and half days
(Fig. S9†). These results showed that 0.5 mgml�1 Triphala is not
capable of disaggregating aSyn brils. In view of these results,
the decrease in ThT uorescence upon addition of Triphala
(Fig. S8†) could be due to (i) competitive binding of ThT and
This journal is © The Royal Society of Chemistry 2019
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Triphala with aSyn brils or (ii) inner lter effect (Triphala
might absorb in the region 400–450 nm, where ThT also
absorbs). However, it was observed that Triphala does not
absorb in this region (Fig. S10†). Therefore, the decrease in ThT
uorescence upon addition of Triphala (Fig. S8†) may be
attributed to competitive binding of ThT and Triphala with
aSyn brils.

In order to check if a higher concentration of Triphala is
required to cause disaggregation of aSyn brils, the brils were
treated with 2.5 mg ml�1 Triphala. The effect of 2.5 mg ml�1

Triphala on aSyn brils was monitored in a time-dependent
manner by far-UV CD spectroscopy. Fibriller aSyn showed
a global minimum at 220 nm which is characteristic of b-sheet
secondary structure as expected for amyloid brils (Fig. S11†).
However, upon addition of Triphala, no change whatsoever was
observed in the b-sheet character of brillar aSyn even aer 5
and half days of incubation time (Fig. S11†). This suggested that
even 2.5 mg ml�1 Triphala may not be capable of destabilizing
aSyn brils. In order to see if this higher concentration of Tri-
phala caused any minor changes in the morphology of aSyn
brils without leading to any detectable changes in their
secondary structure, TEM images were taken. It was observed
that the rod-like lamentous shape of the brils remained
unchanged (Fig. S12†). The width of the brils was found to be
the same (z13 nm) in the presence and absence of Triphala
(Fig. S12†). These results indicate that even a high concentra-
tion i.e. 2.5 mg ml�1 of Triphala does not disaggregate pre-
formed aSyn brils. In order to understand why Triphala is
incapable of disaggregating preformed aSyn brils, it is
important to know the residues of aSyn which interact with
Triphala. As discussed above, certain stretches of residues of
aSyn are responsible for oligomerization (Fig. S7B†) and Tri-
phala probably interacts with these regions and thus arrests
oligomerization of aSyn. Now, in the briller state of aSyn, the
residues which form the bril core are known77 and are high-
lighted along the primary sequence of aSyn (Fig. S7C†). A
comparison of the residues (Fig. S7B and C†) suggests that the
ones which interact with Triphala in the native state of aSyn are
not available in the briller state of the protein since they are
buried in the bril core. Probably it is the inaccessibility of these
residues, in the briller state, which is responsible for Triphala
being incapable of disaggregating aSyn brils.

Conclusions

In summary, aqueous extract of Triphala, a natural herbal
preparation has been shown to inhibit brillization of aSyn.
While various biophysical tools have been used to study the
course of aSyn brillization, NMR analysis of the effect of Tri-
phala on the process have yielded insights into the nature of the
residues involved in the self-association of aSyn leading to the
formation of oligomers, which is one of the early events
preceding the formation of mature amyloid brils. We
demonstrate that stretches of residues which lie in the N-
terminal and the NAC regions of the protein chain play
important role in the early association process, and the Triphala
components, rich in polyphenols, interfere with this
This journal is © The Royal Society of Chemistry 2019
association. It is likely that different polyphenol components of
Triphala act in a synergistic manner to bring about the arrest of
aSyn self-association. Our results clearly state that Triphala has
a wealth of molecules which are amyloid inhibitors. Future
studies will determine the particular constituents which are
responsible for bringing about the inhibition of aSyn
brillization.
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8 M. Caruana, T. Högen, J. Levin, A. Hillmer, A. Giese and
N. Vassallo, FEBS Lett., 2011, 585, 1113–1120.

9 J. Li, M. Zhu, S. Rajamani, V. N. Uversky and A. L. Fink, Chem.
Biol., 2004, 11, 1513–1521.
RSC Adv., 2019, 9, 28470–28477 | 28475

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05551g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 6

/1
/2

02
5 

2:
50

:0
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
10 B. Ahmad and L. J. Lapidus, J. Biol. Chem., 2012, 287, 9193–
9199.

11 X. Meng, L. A. Munishkina, A. L. Fink and V. N. Uversky,
Parkinson's Dis., 2010, 1–16, DOI: 10.4061/2010/650794.

12 X. Meng, L. A. Munishkina, A. L. Fink and V. N. Uversky,
Biochemistry, 2009, 48, 8206–8224.

13 D. E. Ehrnhoefer, J. Bieschke, A. Boeddrich, M. Herbst,
L. Masino, R. Lurz, S. Engemann, A. Pastore and
E. E. Wanker, Nat. Struct. Mol. Biol., 2008, 15, 558–566.

14 P. K. Singh, V. Kotia, D. Ghosh, G. M. Mohite, A. Kumar and
S. K. Maji, ACS Chem. Neurosci., 2013, 4, 393–407.

15 G. R. Lamberto, A. Binol, M. L. Orcellet, C. W. Bertoncini,
M. Zweckstetter, C. Griesinger and C. O. Fernandez, Proc.
Natl. Acad. Sci. U. S. A., 2009, 106, 21057–21062.

16 L. Breydo, J. W. Wu and V. N. Uversky, Biochim. Biophys. Acta,
2012, 1822, 261–285.

17 M. Perni, C. Galvagnion, A. Maltsev, G. Meisl, M. B. D. Müller,
P. K. Challa, J. B. Kirkegaard, P. Flagmeier, S. I. A. Cohen,
R. Cascella, S. W. Chen, R. Limbocker, P. Sormanni,
G. T. Heller, F. A. Aprile, N. Cremades, C. Cecchi, F. Chiti,
E. A. A. Nollen, T. P. J. Knowles, M. Vendruscolo, A. Bax,
M. Zasloff and C. M. Dobson, Proc. Natl. Acad. Sci. U. S. A.,
2017, 114, E1009–E1017.

18 N. N. Jha, R. Kumar, R. Panigrahi, A. Navalkar, D. Ghosh,
S. Sahay, M. Mondal, A. Kumar and S. K. Maji, ACS Chem.
Neurosci., 2017, 8, 2722–2733.

19 T. Ibrahim and J. McLaurin, Biochem. Biophys. Res. Commun.,
2016, 469, 529–534.

20 A. A. Deeg, A. M. Reiner, F. Schmidt, F. Schueder,
S. Ryazanov, V. C. Ruf, K. Giller, S. Becker, A. Leonov,
C. Griesinger, A. Giese and W. Zinth, Biochim. Biophys.
Acta, 2015, 1850, 1884–1890.

21 K. Ji, Y. Zhao, T. Yu, Z. Wang, H. Gong, X. Yang, Y. Liu and
K. Huang, Food Funct., 2016, 7, 409–416.

22 N. Ahsan, S. Mishra, M. K. Jain, A. Surolia and S. Gupta, Sci.
Rep., 2015, 5, 9862.

23 N. N. Jha, D. Ghosh, S. Das, A. Anoop, R. S. Jacob, P. K. Singh,
N. Ayyagari, I. N. N. Namboothiri and S. K. Maji, Sci. Rep.,
2016, 6, 28511.

24 N. Ahsan, I. A. Siddique, S. Gupta and A. Surolia, Eur. J. Med.
Chem., 2018, 143, 1174–1184.

25 R. Chakraborty, S. Sahoo, N. Halder, H. Rath and
K. Chattopadhyay, ACS Chem. Neurosci., 2019, 10, 573–587.

26 J. Pujols, S. Peña-D́ıaz, D. F. Lázaro, F. Peccati, F. Pinheiro,
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