
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 1
0:

11
:3

5 
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
View Journal  | View Issue
Pyrogallol, Corila
aDepartment of Chemical Sciences, Tata In

Bhabha Road, Colaba, Mumbai 400005, Ind
bUM-DAE Centre for Excellence in Basic

Campus, Santacruz, Mumbai 400098, India

† Electronic supplementary information (
electronic absorption prole of ThT and th
(CLN) and Chebulagic acid (CA) (Fig. S1), 1

aSyn in various conditions (Fig. S2) and
intensity ratios of aSyn (Table S1). See DO

‡ Accession code: alpha-synuclein
(SYUA_HUMAN).

Cite this: RSC Adv., 2022, 12, 35770

Received 14th July 2022
Accepted 13th October 2022

DOI: 10.1039/d2ra04358k

rsc.li/rsc-advances

35770 | RSC Adv., 2022, 12, 35770–
gin and Chebulagic acid target the
“fuzzy coat” of alpha-synuclein to inhibit the
fibrillization of the protein†

Mandar Bopardikar, a Sri Rama Koti Ainavarapu *a and Ramakrishna V. Hosur*b

The accumulation of the intrinsically disordered protein alpha-synuclein (aSyn) in the form of insoluble

fibrillar aggregates in the central nervous system is linked to a variety of neurodegenerative disorders

such as Parkinson's disease, Lewy body dementia, and multiple system atrophy. Here we show that

Pyrogallol, Corilagin and Chebulagic acid, compounds containing a different number of catechol rings,

are independently capable of delaying and reducing the extent of aSyn fibrillization. The efficiency of

inhibition was found to correlate with the number of catechol rings. Further, our NMR studies reveal that

these compounds interact with the N-terminal region of aSyn which is unstructured even in the fibrillar

form of the protein and is known as the “fuzzy coat” of fibrils. Thus, Corilagin and Chebulagic acid target

the fuzzy coat of aSyn and not the amyloid core which is a common target for the inhibition of protein

fibrillization. Our results indicate that the N-terminus also plays a key role in the fibrillization of aSyn.
Introduction

Neurodegenerative disorders account for a signicant and
increasing proportion of deaths and disabilities worldwide. Neuro-
degenerative disorders such as Parkinson's disease (PD), lewy body
dementia (LBD) and multiple system atrophy (MSA) are character-
ized pathologically by the accumulation of alpha-synuclein (aSyn)
protein in the form of insoluble aggregates, known as Lewy Bodies
(LB), in the cytoplasm of dopaminergic neurons in the central
nervous system.1–3 Familial early onset PD is linked with the
duplication or triplication of the gene encodingaSyn (SNCA).4These
observations suggest a strong correlation betweenaSynbrillization
and the occurrence of neurodegenerative disorders like PD, LBD
and MSA which are collectively known as synucleinopathies.

aSyn‡ is an intrinsically disordered protein (IDP) that is
made up of 140 amino acid residues.5 aSyn consists of an
amphipathic N-terminal domain (residues 1–60), a hydrophobic
central part known as NAC (non-amyloid b component) region
(residues 61–95) and an acidic C-terminal region (residues 96–
140).6 Interestingly, the Lewy Body variant of Alzheimer's
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Disease is characterized by the accumulation of a 35 residues
long peptide, with the exact same sequence as that of the NAC
region of aSyn, along with amyloid b peptide in the form of
cytotoxic insoluble aggregates.7,8

There is no preventive therapy available for synucleino-
pathies as yet. However, inhibition of aSyn brillization with
the help of chemical reagents represents a likely therapeutic
strategy. In the past few years, several studies have reported the
inhibition of aSyn brillization by small organic molecules,9–35

nanomaterials,36–38 herbal formulations39–43 and chaperone
proteins.44–46 However, there are relatively fewer reports which
provide an in-depth residue-level understanding of how these
reagents inhibit aSyn brillization.14,15,17,20,45–48 A vast majority of
the small organic molecules that are capable of inhibiting aSyn
brillization are catechols.9 Here, we have investigated the
effect of Pyrogallol (PGL), Corilagin (CLN) and Chebulagic acid
(CA) (Fig. 1) on aSyn brillization. The choice of these mole-
cules was driven by the presence of different number of catechol
rings. PGL, CLN and CA consist of one, three and four catechol
Fig. 1 The chemical structures of Pyrogallol, Corilagin and Chebulagic
acid.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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rings respectively. The point here is to understand qualitatively,
the dependence of amyloid inhibition potential of catechol
compounds on the number of catechol rings. Also, in a previous
study we had shown that triphala, a herbal preparation, is
effective in inhibiting aSyn brillization and that PGL, CLN and
CA are ingredients of triphala.39 Therefore, in the current study
we wanted to investigate the effect of each of these molecules on
aSyn brillization.

PGL is known to possess antiproliferative activity towards
human tumor cell lines.49 Also, it has been reported that PGL
induces G2-M arrest in human lung cancer cells and inhibits
tumor growth in animal model system.50 Another study has
shown that PGL regulates expression of pro-inammatory genes
in bronchial epithelial cells.51 On the other hand, CLN is
capable of alleviating hepatic brosis caused by egg granuloma
in Schistosoma japonicum infection.52 A study has shown that
CLN exhibits anti-hyperalgesic activity in thermal and chemical
stimulation cased nociception mice models.53 It has been
demonstrated that CLN produces anti-inammatory effect in
herpes simplex virus (HSV)-1 induced encephalitis.54 In the case
of CA, it is known that this compound exerts inhibitory effect on
neuraminidase-mediated inuenza A viral release55 and also
possesses broad-spectrum antiviral activity against viruses that
use glycosaminoglycans for entry.56 CA inhibits tumor necrosis
factor-a induced pro-angiogenic and pro-inammatory activi-
ties in retinal capillary endothelial cells by inhibiting the
phosphorylation of p38 group of mitogen-activated protein
(MAP) kinases, extracellular signal-regulated kinase (ERK) and
nuclear factor kappa-light-chain-enhancer of activated B cells
(NFkB).57 CA is a highly potent inhibitor of topoisomerase I.58

As mentioned above, there are several reports showing the
therapeutic potential of PGL, CLN and CA against different
disorders and infections. However, the effect of these
compounds on aSyn brillization has not been studied so far.
In the current study, we nd that they are independently
capable of delaying and reducing the extent of brillization of
aSyn. Further, our NMR studies provide residue-level insights
into the mode of interaction of these compounds with aSyn.

Materials and methods
Protein overexpression and purication

aSyn gene inserted into a pT7-7 vector construct, with the
capability to withstand ampicillin, was expressed in Escherichia
coli (E. coli) BL21 (DE3) cells. A glycerol stock of these E. coli
cells, containing aSyn plasmid, was inoculated into 10 ml of LB
containing 100 mg ml−1 of freshly prepared ampicillin. The
culture was allowed to grow overnight at 37 °C with shaking (180
rpm). The overnight culture was then transferred to 1 litre of LB
or M9 culture containing 100 mg ml−1 ampicillin. The resulting
culture was grown until an OD600 of 0.8–1.0 was reached. At this
point, the culture was instigated for protein expression with the
help of 1 mM IPTG for 6–10 h. Eventually, the cells were pelleted
down from the culture and then stored at −80 °C. aSyn protein
was puried by a method reported earlier.59,60 The method goes
as follows: initially, frozen cell pellet obtained from 1 litre
culture was resuspended in Tris buffer (50 mM Tris, 10 mM
© 2022 The Author(s). Published by the Royal Society of Chemistry
EDTA and 150 mM NaCl) pH 8. Subsequently, sonication was
performed for 10 min. Then, the suspension was placed in
a boiling water-bath for 20 min. This was followed by centrifu-
gation for 10 min. Aer centrifugation, the precipitate was
discarded and the supernatant was collected into a fresh tube.
Streptomycin sulphate (136 ml of 10% solution per ml of
supernatant) and glacial acetic acid (228 ml per ml of superna-
tant) were added to the supernatant. The resulting mixture was
centrifuged for 10 min. Again, the supernatant was collected,
whereas, the precipitate was discarded. Now, saturated ammo-
nium sulphate was added to the supernatant in 1 : 1 (v/v)
proportion which causes protein precipitation. Precipitated
protein was washed with ammonium sulphate solution (50%
saturated). The pellet was resuspended in 3 ml of 100 mM
ammonium acetate and re-precipitated with the help of an
equal volume of ethanol. The previous step was performed
a total of three times. The precipitate was then solubilized in
100 mM ammonium acetate. Ultimately, the solution was
frozen in liquid nitrogen and lyophilized. Prior to usage in
experiments, the lyophilized protein was further puried by
solubilizing it in 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, followed by centrifugation and then performing size
exclusion chromatography for the supernatant using a HiLoad
16/600 Superdex75 column (GE Healthcare, UK) with the help of
BioLogic DuoFlow FPLC system (Bio-Rad, USA). The protein
purity of the fractions was analyzed by SDS-PAGE. All of those
fractions which contained only pure aSyn were pooled together
and concentrated with the help of 3 kDa Amicon ultra centrif-
ugal lter units (Merck KGaA, Germany). Protein concentration
was determined spectrophotometrically by UV absorption
measurements using 3280 = 5960 M−1 cm−1.

Thioavin T (ThT) uorescence assay

The process of brillization was initiated with 150 mM aSyn in
2 ml Protein LoBind Eppendorf tube in PBS pH 7.4. The protein
samples either in the presence or absence of equimolar
concentration of PGL, CLN or CA were exposed to mechanical
agitation at 65 rpm and 37 °C. At different time points, 5 ml
aliquots were taken out from each of the samples. Each aliquot
was added to 245 ml of 15 mM ThT solution in PBS pH 7.4.
Fluorescence was immediately recorded for the resulting solu-
tion with an Agilent spectrouorometer. The excitation wave-
length and emission wavelength range were 444 nm and 455–
500 nm respectively. For all the measurements, both the exci-
tation and emission bandwidths were 5 nm. In the end, the
normalized uorescence intensity at 485 nm was plotted
against time.

ThT uorescence data analysis

The ThT uorescence data sets reporting the brillization of
aSyn in the absence and presence of PGL or CLN were tted
with the following equation:

yðtÞ ¼ Aþ B� A

1þ exp
��k

�
t� Thalf

�� (1)
RSC Adv., 2022, 12, 35770–35777 | 35771
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where ‘y’ is normalized ThT uorescence intensity at time ‘t’.
Thalf represents the inection point for the sigmoidal function
(eqn (1)). Thalf is also the time required to reach 50% of maximal
uorescence. B and A represent maximum and minimum ThT
uorescence respectively. The duration of lag phase (Tlag) was
calculated as follows:

Tlag = Thalf − 2/k (2)

All the data analysis was performed with the help of in-house
written python programs.
Transmission electron microscopy (TEM)

At the end of the brillization process, each sample was diluted
to 30 mM with 0.22 micron ltered distilled water. These
samples were then spotted onto a carbon-coated Formvar grid
and incubated for 5 min. Further, staining was performed with
a freshly prepared 1% (w/v) aqueous solution of uranyl acetate,
ltered through 0.22 mm syringe lter, by incubation for 1 min.
Eventually, the samples were washed with 0.22 micron ltered
distilled water. The samples were then allowed to dry overnight.
Finally, images were acquired using a 200 kV FEI Tecnai-20
transmission electron microscope (TEM).
Nuclear magnetic resonance (NMR) spectroscopy

NMR experiments were performed on 800 MHz Bruker Avance
NMR spectrometer equipped with cryogenically cooled triple-
resonance probe. All the NMR measurements were performed
in PBS, pH 7.4 at a temperature of 280 K if not otherwise indi-
cated. 1H–15N BEST-HSQC spectra were recorded for 108 mM 15N
isotopically enriched aSyn in the presence and absence of
different concentrations of PGL, CLN or CA with inter-scan
delays of 200 ms and 2048 × 512 points for the 1H and 15N
dimension respectively. Spectra were recorded in phase-
sensitive mode and quadrature detection was performed with
the help of States-TPPI method.61 The 1H and 15N dimensions
were zero-lled to 4096 and 1024 points, respectively. Sine
squared bell apodization with SSB = 2 was used as a window
function for both dimensions. Data was processed with the help
of Topspin 4.0 (Bruker, USA) and analysed with CCPN62

(Collaborative Computing Project for NMR, University of
Leicester, UK). Chemical shi assignments were obtained by
transfer from BMRB (accession number 16300) and other
previous reports.46 Chemical shi perturbations (CSP) were

calculated as
�
ðDHÞ2 þ

�
DN
5

�2�
where DN and DH represent

the difference in the nitrogen and proton chemical shis of
aSyn in the presence of PGL, CLN or CA with respect to that of
pure aSyn, respectively.
Fig. 2 Effect of Pyrogallol, Corilagin or Chebulagic acid on aSyn
fibrillization. (A) Normalized ThT fluorescence reporting aSyn fibrilli-
zation in the absence (black) and presence of equimolar concentration
of Pyrogallol (red), Corilagin (blue) or Chebulagic acid (green). Duration
of lag phase (B) and apparent first-order rate constant (C) for aSyn
fibrillization in the absence (black) and presence of Pyrogallol (red) and
Corilagin (blue).
Results and discussion
Pyrogallol, Corilagin and Chebulagic acid inhibit aSyn
brillization

The process of brillization of aSyn was monitored with the
help of thioavin T (ThT) binding assay63–65 in a time-dependent
35772 | RSC Adv., 2022, 12, 35770–35777
manner. aSyn brillization is a nucleation-controlled polymer-
ization66 process which shows a sigmoidal curve with three
different phases – (i) nucleation or lag, (ii) elongation and (iii)
saturation. It was observed that an equimolar concentration of
PGL or CLN increased the duration of the nucleation phase or
lag phase (Fig. 2(A)). In other words, both PGL and CLN delayed
the onset of aSyn brillization. Also, there was reduction in ThT
uorescence in the saturation phase to 52% and 13% in the
presence of PGL and CLN, respectively (Fig. 2(A)), indicating
that a smaller amount of the protein underwent the transition
from natively unstructured conformation into the amyloid
brillar form as compared to the protein in the absence of these
molecules. In order to check for any interfering effects of PGL,
CLN or CA on the ThT uorescence assay due to (a) absorbance
in the wavelength region where ThT uoresces or (b) absor-
bance in the wavelength region where ThT absorbs, UV-visible
spectrophotometric measurements were performed (see ESI
Methods). It was observed that PGL, CLN or CA do not absorb in
this spectral region (Fig. S1†). Therefore, the reduced ThT
uorescence (Fig. 2(A)) may be attributed to the inhibition of
aSyn brillization by PGL, CLN or CA in the respective cases.

Further quantitative insights into the effect of PGL and CLN
on aSyn brillization were obtained by tting the ThT data sets
with sigmoidal function (eqn (1) in Materials and Methods) to
obtain the values of some of the important parameters (eqn (2) in
Materials and Methods) characterizing the process of amyloid
formation – duration of lag phase (Tlag), inection point (Thalf)
which is also the time required to reach 50% of maximal uo-
rescence and apparent rst-order rate constant (k). For aSyn
alone, Tlag was 38 (h) (Fig. 2(B) and Table 1). In the presence of
PGL and CLN, the value of Tlag increased to 112 (h) and 86 (h)
respectively (Fig. 2(B) and Table 1). Thus, the presence of PGL
and CLN clearly caused a delay in the initiation of aSyn brilli-
zation. On the other hand, the value of k was 0.25 (h−1) for aSyn,
which decreased to 0.13 (h−1) and 0.047 (h−1) in the presence of
PGL and CLN respectively (Fig. 2(C) and Table 1). This shows that
PGL reduced the rate of aSyn brillization to nearly half its value,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Parametersa for aSyn fibrillization in absence and presence of
Pyrogallol or Corilagin as monitored by ThT fluorescence

Experiment Tlag (h) Thalf (h) k (h−1)

aSyn 38 � 9 45.8 � 0.9 0.25 � 0.06
aSyn + Pyrogallol 112 � 27 127 � 2 0.13 � 0.03
aSyn + Corilagin 86 � 14 128 � 3 0.047 � 0.007
aSyn + Chebulagic acid — — —

a Values of parameters in Table 1 were obtained by tting the data in
Fig. 2(A) with eqn (1) and Tlag was calculated with the help of eqn (2).
The errors represent twice the standard deviation (2s) from the mean.

Fig. 3 TEM images at the end of the aSyn fibrillization process in the
absence (A) and presence of equimolar concentration of Pyrogallol (B),
Corilagin (C) and Chebulagic acid (D). Scale bar represents 200 nm for
(A), (B), (C) and 500 nm for (D).

Fig. 4 Residue-level insights into the interaction of aSyn with the
amyloid inhibitors. Overlay of two-dimensional 1H–15N HSQC spectra
of 108 mM aSyn in the absence (black) and presence of 540 mM of
Pyrogallol (red), Corilagin (blue) and Chebulagic acid (green) is shown
in (A), (B) and (C) respectively.
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whereas, CLN caused more than ve times reduction. In the case
of CA, the efficiency of inhibition was so high that there was no
observable increase in ThT uorescence even up to 17 days of
incubation. Our ThT uorescence experiments suggest that the
efficiency of these compounds to inhibit aSyn brillization is in
the following order:

Chebulagic acid > Corilagin > Pyrogallol.
In order to conrm these observations, transmission elec-

tron microscopy (TEM) studies were performed to assess the
effect of these compounds on aSyn bril morphology and
density. It was observed that PGL, CLN and CA cause a decrease
in the bril density (Fig. 3). However, the most pronounced
effect was observed in the case of CA, where the reduction in
bril density was highest (Fig. 3). Thus, our TEM studies qual-
itatively support the trend shown by ThT uorescence data.

Corilgain and Chebulagic acid mainly interact with the N-
terminal region of aSyn

In order to understand the mechanism of inhibition of aSyn
brillization by PGL, CLN and CA, 1H–15N HSQC experiments
were performed on uniformly 15N isotopically enriched protein
in the absence and presence of each of these compounds.
However, before we understand the nature of interaction of
these amyloid inhibitors with aSyn by NMR, it is important to
note that the addition of each of these molecules to PBS solu-
tion introduced pH changes. It was observed the pH difference
between the ‘protein + ligand’ solution and the protein solution
was ∼0.3, ∼0.5 and ∼0.7 in the case of PGL, CLN and CA
respectively (Fig. S2†). Now it is possible that such a pH change
in the solution conditions might affect the NMR intensities and
thereby interfere with the experiment. Upon investigation, we
indeed observed a drastic deviation in the intensities of aSyn
peaks when the pH of the ‘protein + ligand’ solution and the
© 2022 The Author(s). Published by the Royal Society of Chemistry
protein solution was not adjusted to the same value as
compared to when there was no pH difference between these
two solutions (Fig. S2†). Interestingly, even a pH change, as
small as 0.3 (in the case of PGL) was found to have a profound
inuence on the intensities of 1H–15N resonances of aSyn
(Fig. S2(A) and (B)†). This shows that protein backbone reso-
nances could be extremely sensitive to the solvent conditions,
especially pH which is possibly due to the labile nature of the
backbone amide protons. Therefore, all our NMR experiments
were performed with utmost care taking into consideration
these drastic effects of pH conditions.

An overlay of the two-dimensional NMR spectra of aSyn in
the absence and presence of each amyloid inhibitor provided
crucial insight into the location of residues that were affected
the most by that particular compound (Fig. 4). It was observed
that most of these residues belonged to the N-terminus in all
the three cases (Fig. 4(A–C)). In order to obtain further insight,
the intensity ratio and CSP for each individual well-resolved
resonance were calculated for aSyn in the presence of each
compound and plotted against the corresponding residue
position in the protein primary sequence (Fig. 5). When equi-
molar amounts of PGL were used, the peak intensities were
unaffected (Fig. 5(A)). However, when ve molar equivalent
concentration of PGL was used, peak broadening was observed
for residues in the N-terminal domain and NAC region
(Fig. 5(A)). The peak intensities dropped to nearly 83% in these
domains of aSyn (Fig. 5(A) and Table S1†). This observation
suggests that it is the N-terminal domain and NAC region of the
protein which interact with PGL.

In the case of CLN, similar peak broadening was observed in
the N-terminus and NAC domain when ve molar equivalent
RSC Adv., 2022, 12, 35770–35777 | 35773

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04358k


Fig. 5 Corilagin and Chebulagic acid mainly interact with the N-
terminal region of aSyn. (A, C and E) 1H–15N HSQC signal attenuation
of aSyn in the presence of Pyrogallol (PGL), Corilagin (CLN) and
Chebulagic acid (CA) respectively. The horizontal solid line in (A), (C)
and (E) indicates an I/I0 ratio of 1. (B, D and F) CSP values for aSyn in the
presence of five equivalents of PGL, CLN and CA respectively. The
horizontal dashed line in (B), (D) and (F) indicates twice the standard
deviation (2s) above the mean. The vertical dash-dotted lines across (A
and B), (C and D) and (E and F) mark the different domains of aSyn.
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concentration of CLN was used (Fig. 5(C)). However, the
reduction in intensities for N-terminus was to a higher extent up
to 73% as compared to NAC region 82% (Fig. 5(C) and Table
S1†). The extent of signal attenuation for N-terminal region was
found to be statistically higher than NAC domain (Table S1†).
This suggests that the N-terminus is a preferred interaction
domain for CLN over the NAC region of aSyn. The small
magnitude of CSPs (<0.01 ppm) in the presence of PGL and CLN
(Fig. 5(B) and (D)) is suggestive of the weak and transient nature
of the interactions between each of these molecules and the
protein.

On the other hand, the addition of equimolar amount of CA
to aSyn resulted in a slight reduction in intensity for N-terminal
residues (Fig. 5(E)). At a higher concentration of CA, that is
aSyn : CA 1 : 5 molar stoichiometry, a drastic reduction in the
peak intensities for residues in the N-terminus was observed
(Fig. 5(E)). In fact, intensity ratios dropped to nearly 50% for
residues V3-V26 and A29-G51 (Fig. 5(E)). The average signal
attenuation of 51% for N-terminus was found to be statistically
much lower (Table S1†) as compared to 76% for NAC region
(Fig. 5(E) and Table S1†) indicating that CA prefers interaction
with N-terminal region over NAC domain. Clearly, the effect of
CA was muchmore pronounced as compared to that of PGL and
CLN. Also, the CSPs were higher in the case of CA (Fig. 5(F)) in
comparison to those observed due to PGL and CLN (Fig. 5(B)
and (D) respectively).
Signicance of the disordered N-terminus of aSyn in the
process of brillization

Protein brillization is a complex and heterogeneous process.
During this process, monomeric protein self-assembles along
amultitude of pathways to form a wide variety of species such as
off-pathway oligomers, on-pathway oligomers that transform
into brils in the due course of time, protobrils and brils. In
the case of aSyn, the brillar core consists of a rigid Greek-key
motif which is anked by the unstructured C- and N-
35774 | RSC Adv., 2022, 12, 35770–35777
termini.67,68 Current ways of inhibiting protein brillization
mainly target the amyloid core and include sequestration of
monomers to prevent self-assembly,69,70 treatment with reagents
that cause bril clustering which reduces fragmentation of
brils and consequently conceals binding site(s) for the addi-
tion of monomeric protein71,72 and using chaperones or engi-
neered proteins to choke bril surfaces.73–75 However, recent
years have witnessed a growing interest in understanding the
role of unstructured regions in bril elongation. Truncating the
disordered N- and C-termini modulates the aggregation kinetics
of aSyn suggesting that these unstructured regions are not mere
bystanders but actively participate in the process of
brillization.76–79 In fact, Yang et. al. showed that the rst 11
residues in the unstructured N-terminal region of aSyn form
a motif for the recruitment of monomeric protein to bril.80

Here we have shown that Pyrogallol, Corilagin and Chebu-
lagic acid inhibit aSyn brillization by interacting with the
extreme N-terminal region of the protein. Our results, especially
in the case of Chebulagic acid, clearly show that the N-terminus
of aSyn plays a crucial role in the process of brillization of the
protein. Similar to our ndings, Burmann et. al. had observed
that six different chaperone proteins inhibit aSyn brillization
by binding to a common motif consisting of 12 residues in the
N-terminus.46 Also, a recent study showed that an off-pathway
oligomer of aSyn acts as an auto-inhibitor of brillization by
recruiting monomeric protein through an N-terminal binding
site comprising of the rst 11 residues.80 All of these evidences
highlight the signicance of the N-terminal domain of aSyn in
the process of brillization of the protein.

Conclusions

Our results demonstrate that Pyrogallol, Corilagin and Chebu-
lagic acid inhibit aSyn brillization. Interestingly, each of these
amyloid inhibitors interact with aSyn in the N-terminal and
NAC regions of the protein. The C-terminal domain, which is
highly acidic in nature, remains unaffected. In the case of
Corilagin and Chebulagic acid, the interaction is more
pronounced in the N-terminus than the NAC region. Corilagin
and Chebulagic acid target the unstructured part of aSyn which
belongs to the extreme N-terminal region of the protein,
comprising of residues 3–26 and interact relatively weakly with
the amyloid core, consisting of residues 37–43, 52–59, 62–66,
68–77 and 90–95, which is a common target for inhibiting
brillization.81 Further studies need to be undertaken in order
to understand the role of N-terminus in aSyn brillization in
greater detail which could lead to the development of better
therapeutic approaches for amyloid inhibition in the future.

The compounds utilized in this study showed an efficacy to
inhibit aSyn brillization in the following order: Chebulagic
acid > Corilagin > Pyrogallol. Interestingly, the number of
catechol rings in these molecules follows the same order, that
is, Chebulagic acid, Corilagin and Pyrogallol consist of four,
three and one catechol rings respectively. This observation
possibly indicates that the capability of catechols to inhibit
aSyn brillization could be dependent on the number of cate-
chol rings. Further studies investigating the effect of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a systematically designed library of catechols need to be
pursued to conrm this observation. On the other hand, the fact
that the choice of Pyrogallol, Corilagin and Chebulagic acid was
also driven by these compounds being ingredients of triphala,
herbal preparation which was previously shown to be effective
in inhibiting aSyn brillization,39 strongly suggests that natural
product-based drug discovery is an exercise worth perceiving
towards the identication of new and effective amyloid
inhibitors.
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J. Lecher, D. Willbold, M. Stoldt and W. Hoyer, Angew.
Chem., Int. Ed., 2014, 53, 4227–4230.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04358k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 1
0:

11
:3

5 
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
70 E. D. Agerschou, P. Flagmeier, T. Saridaki, C. Galvagnion,
D. Komnig, L. Heid, V. Prasad, H. Shaykhalishahi,
D. Willbold, C. M. Dobson, A. Voigt, B. Falkenburger,
W. Hoyer and A. K. Buell, Elife, 2019, 8, e46112.

71 C. M. Cremers, D. Knoeer, S. Gates, N. Martin, J. U. Dahl,
J. Lempart, L. Xie, M. R. Chapman, V. Galvan,
D. R. Southworth and U. Jakob, Mol. Cell, 2016, 63, 768–780.

72 H. T. Lam, M. C. Graber, K. A. Gentry and J. Bieschke,
Biochemistry, 2016, 55, 675–685.
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