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phytoalexin polydatin inhibits
amyloid aggregation of recombinant human prion
protein

Preeti Rana Sirohi, ab Anchala Kumari, a Nikita Admane,a Pallavi Somvanshi *cd

and Abhinav Grover *a

Prion diseases involve misfolded and highly infectious aggregates of prion protein (PrPSc) which forms

amyloid plaques leading to fatal neurodegeneration. The absence of clinically proven therapeutics makes

the discovery of effective remedial interventions a prime concern. Herein, we report novel prion

intervention by the polyphenolic phytoalexin, polydatin which binds with moderate affinity to the

recombinant protease resistant core of human prion protein, encompassing the sequence 90–231

(rPrPres) and inhibits its conversion into the highly neurotoxic forms. An extensive evaluation using

biophysical techniques revealed that polydatin incubated rPrPres samples generate off-pathway

oligomers having reduced cross-b sheet signature, and relatively smaller in size than the native rPrPres

oligomers. The detailed structural analysis using molecular dynamics simulations elucidated the

induction of antagonistic mobilities in the b2–a2 loop, a3 helix and the N-terminal amyloidogenic region

of prions. This study puts forward novel prion fibrillogenesis inhibitory potential of polydatin, specifically

by stabilizing the N-terminal amyloidogenic region. Collectively our results affirm the importance of

polydatin in crippling the prion pathogenesis and may serve as a structural scaffold for designing novel

therapeutic agents targeting amyloidogenic transition in prions.
1. Introduction

Transmissible spongiform encephalopathies (TSE's),
commonly known as prion diseases, belong to a class of
neurodegenerative disorders represented by the aggregation of
an infectious, misfolded prion protein (PrP) capable of forming
amyloid plaques. Bovine spongiform encephalopathy (kuru),
fatal familial insomnia (FFI), Gerstmann–Straussler–Scheinker
disease, and Creutzfeldt–Jakob disease are some of the most
commonly occurring prion diseases in humans.1–3 At present,
no clinically proven therapeutics is available to treat these
prion-borne encephalopathies, making the discovery of effec-
tive remedial interventions a prime concern.

Glycosylphosphatidylinositol (GPI)-anchored cell-surface
prion proteins (PrPC) are expressed in different organs and
tissues, with maximum levels of expression in the peripheral
and central nervous systems.4–6 The pathogenesis of rapidly
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progressing, dementia-causing, eventually fatal prion diseases
usually involves converting the typical cellular form of a prion
protein, PrPC (a soluble, helical protein), into an infectious and
aggregation-prone scrapie form, PrPSc (an insoluble form-
containing b-sheet).7,8

A number of cell models of prion diseases have been
proposed, which have proven to be valuable in searching for
novel drug leads. Most of the reported assays have focused on
inhibiting the prion misfolding process, reducing the overall
amount of cellular prion proteins, and stabilizing the natively-
folded prion protein. The mechanism involved in catalyzing
the translation of PrPC into PrPSc and the structure of PrPSc

remain unknown, thus complicating the process of designing
potential drugs against pathogenic isoforms. Therefore, the
structural studies of prion protein and other and related
peptides in non-native forms signify an imperative step in
comprehending the molecular minutiae of prion proteins.

A mature human prion protein is composed of 208 amino
acids (residues 23–230).9 The recombinant polypeptide form of
this human prion protein encompassing the amino acid resi-
dues 90–231 (rPrPres), corresponds to the protease-resistant
fragment originating aer the truncation of amino-terminal.
This rPrPres fragment has a exible backbone that is similar
to the mature cellular PrP, which can undergo structural rear-
rangement to form PrPSc-like conformation, thus representing
an important model for studying the in vitro neurotoxicity of
RSC Adv., 2021, 11, 25901–25911 | 25901

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra01891d&domain=pdf&date_stamp=2021-07-27
http://orcid.org/0000-0002-7679-6557
http://orcid.org/0000-0003-3263-2494
http://orcid.org/0000-0003-1214-9374
http://orcid.org/0000-0002-3296-7860
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01891d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011042


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 1
0:

12
:4

4 
A

M
. 

 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
prions.10–12 Using this recombinant human prion protein frag-
ment, we performed high throughput virtual screening of
a library of natural compounds to discover molecules that bind
to the highly conserved b2–a2 region of the 90–231 fragment of
prion protein. Polydatin was found to be amongst the top
scoring hits obtained.

Polydatin, or piceid (3,40,5-trihydroxystilbene-3-b-D-gluco-
side, PD), is a monocrystalline stilbene derivative known to be
a natural precursor of resveratrol and is derived from the roots
of Polygonum cuspidatum.13,14 It has been found to exhibit anti-
inammatory, immunoregulatory, anti-oxidative, and anti-
tumor activity.14–16 Polydatin is also known to have neuro-
protective activity17–19 and is inhibitory to amyloid forma-
tion.20,21 But does not have any apparent cellular toxicity while
being cytotoxic to various cancerous cells thus possessing anti-
tumor activity.22

In our study, we utilized biophysical techniques, as well as in
silico and in vitro data, and found polydatin to be a pharmaco-
logically-signicant scaffold that can bind to the rPrPres reper-
toire and inhibit its conversion to the highly infectious and
neurotoxic PrPSc-like form. Hence, polydatin is a promising
anti-prion drug lead.

An efficient anti-prion treatment will involve the amalgam-
ation of drugs acting at various steps of the pathogenic process,
leading to the effective suppression of neurotoxic signaling,
along with reduced prion levels. This study provides, on the
atomic level, the conformational transitions of the rPrPres

monomer and the mechanism by which a natural, small
molecule (polydatin) inhibits prion aggregation, thus providing
new clues for the development of therapeutic candidates
against prion-borne encephalopathies and related neurode-
generative disorders. The collective conclusion of our data
Fig. 1 Structural details of polydatin and rPrPres. (A) Stick representatio
representation showing secondary structural elements (PDB: 2KUN; hum

25902 | RSC Adv., 2021, 11, 25901–25911
shows polydatin to be a probable structural candidate for
coherent drug discovery against prion diseases, which will be
benecial to both humans and animals.

2. Results and discussion
2.1 Polydatin specically binds to rPrPres and alters its
amyloidogenic transition

To assess the specic hetero-molecular interactions between
rPrPres and polydatin, we examined the binding kinetics of
rPrPres with polydatin using surface plasmon resonance (SPR)
experiments. Analysis of dose–response sensorgrams generated
during the interaction analysis suggests the presence of
a favorable polydatin binding pocket in the rPrPres structure
[Fig. 2C]. Corresponding dose–response curves were obtained
by plotting the maximum response signal against different
concentrations of polydatin [Fig. 2D]. The association (kon) and
dissociation rate constants (koff) of the binding reaction were
derived from the Langmuir global tting model, which was later
used to calculate the dissociation constants (KD) in each case
[Table 2].

The binding curves showed a plateau depicting the satura-
tion of binding sites and the absence of non-specic binding.
The tting model yielded kon and koff values in the range of
9.091 � 103 and 4.14 � 10�3, respectively, suggesting that pol-
ydatin exhibits fast association with rPrPres, but its dissociation
rate is signicantly slower. The equilibrium dissociation
constant (KD) of polydatin was in the range of 0.45 mM which
signies a good binding affinity. Aer affirming the binding
affinity, exible molecular docking was done for deducing the
plausible bindingmechanism. The top docking clusters showed
engagement of polydatin in the rPrPres structure near the
binding pocket encompassing the b2–a2 loop (residues Tyr162,
n of 2D and 3D chemical structure of polydatin. (B) rPrPres; cartoon
an prion residues 90–231).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Post-docking data on non-covalent interactions of polydatin
with binding pocket residues of prion structure

Compound Polydatin
Library FDA approved
Molecular weight 390 g mol�1

Glide docking score �8.5 kcal mol�1

H-Bonds Arg 164, Gln 172
Hydrophobic interactions Met 129, Gly 131, Met 134, Tyr 163,

Met 166, Phe 175, Gln 217, Tyr 218

Table 2 Kinetic and binding parameters for the interaction of rPrPres

with polydatin as determined by SPR analysis. The rate of association
(kon) and dissociation (koff) were deduced from the Langmuir global
fitting model and the dissociation constant (KD) was kinetically
determined

Association rate kon
(M�1 s�1)

Dissociation rate
koff (s�1)

Equilibrium affinity
KD (mM)

Polydatin 9.091 � 103 4.14 � 10�3 0.45
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Met166, Tyr169, Asp173, and Phe175) and C-terminal region of
a3 helix (residues Gln217, Tyr218, Gln221, Ala224, Tyr225, and
Arg228). The most favorable binding pose of the rPrPres and
Fig. 2 Interaction analysis of polydatin with rPrPres through molecular
polydatin at the binding pocket shown through LigPlot image. (B) Molec
the rPrPres. SPR sensorgrams (C) and the saturation curve (D) of titration o
with a density of 2700 RU. The rise in RUs from the baseline was measure
obtained from different concentrations of ligand (different colors of the
mM).

© 2021 The Author(s). Published by the Royal Society of Chemistry
polydatin complex showed a docking score of �8.5 kcal mol�1

which shows a stringer binding when compared to epi-
gallocatechin gallate (EGCG), a well-established inhibitor of
prion amyloidogenesis as revealed by the glide score of
�7.026 kcal mol�1.23–25

The chemical structure of polydatin and its molecular
interactions with rPrPres have been demonstrated in Fig. 1A and
B, respectively. Further analysis of the binding pose indicated
a strong association stabilized by several hydrophobic interac-
tions and hydrogen bonds. The hydrogen bonds with Arg164
and Gln172 of rPrPres and hydrophobic interactions with
various critical aromatic and hydrophobic residues like Met
129, Gly 131, Met 134, Tyr 163, Met 166, Phe 175, Gln 217, Tyr
218 [Table 1 and Fig. 2A, B] indicated a strong enthalpy driven
association of polydatin with rPrPres.

To further examine the mechanism of conformation transi-
tions consequent to the heteromolecular association of rPrPres

with polydatin, molecular dynamics (MD) simulations were
performed. The variations in both backbone RMSD and radius
of gyration (Rg) were lowered in case of polydatin-complexed
rPrPres (Fig. 3A and B) suggestive of a stable structure and
induction of compaction in the prion protein. Moreover, the
stability of RMSD trajectories of both the systems is implicative
of their suitability for further analysis on mean residue uctu-
ations, intermolecular bonding, and conformational sampling.
docking and SPR studies. (A) Non covalent bonding interactions of
ular representation of the docking pose of polydatin at the interface of
f polydatin on rPrPres monomer immobilized upon a gold surface chip
d and used for the calculation of Ka and Kd. Illustrated sensorgrams was
sensorgrams represent different concentrations ranging from 0.1–20

RSC Adv., 2021, 11, 25901–25911 | 25903
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Fig. 3 Analyzing molecular dynamics simulation trajectories for studying structural variations. (A) Depiction of backbone RMSD variations of
rPrPres alone (red traces) and rPrPres polydatin complex (blue traces) for the simulation time period (100 ns). (B) and (C) Shows the variations in
radius of gyration (Rg) and solvent accessible surface area (SASA), respectively, in case of rPrPres alone (red traces) and rPrPres polydatin complex
(blue traces) for the stable time frame (last 50 ns). (D) Root mean square fluctuations (RMSF) plot for studying the residual fluctuations. (E)
Variations in hydrogen bond numbers for the rPrPres-polydatin complex during the simulation trajectory. Secondary structural variations in rPrPres

structure (F) and rPrPres-polydatin complex (G) observed for the stable trajectory of all-atomistic MD simulations. Colored traces represent
various secondary structural elements. (H) Structural view of the prion protein through cartoon depiction of simulated and superposed rPrPres

alone (red) and rPrPres-polydatin complex (yellow) depicting the changes observed in absence and presence of polydatin after 100 ns of MD
simulation run.
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Interestingly, the root mean square uctuation (RMSF) plot of
prion–polydatin complex also denotes lower uctuations in the
N-terminal amyloidogenic region as compared to the unli-
ganded prion structure. The RMSF in the b2–a2 loop regions
and a3 helix also indicated stabilization upon binding to poly-
datin (Fig. 3D). The stabilization of these regions has been
previously reported to abrogate the malicious structural tran-
sitions in the prion protein and further crippling the disease
propagation.26–28

The variations in intramolecular H-bonds (depicted in
Fig. 3E) show the formation of more than 10 intermolecular
hydrogen bonds on an average which contribute in stabilizing
the prion–polydatin complex. Further, the native prion struc-
ture and docked polydatin ensemble were examined for any
changes in secondary structural elements. On assessing the
variations in secondary structural content, we observed
a decrease in b-sheet content in prion structure in the presence
of polydatin (Fig. 3F and G). A comparison between the
25904 | RSC Adv., 2021, 11, 25901–25911
stabilized structure of prion protein alone and the polydatin
ensemble obtained at the end of simulations was performed.
The overlapping structures were analyzed and the conforma-
tional alterations have been illustrated in Fig. 3H showing
conversion of b-sheet to random coil in the presence of poly-
datin. These results further motivated us to probe the effect of
polydatin on the amyloid aggregation and brillization of
rPrPres.
2.2 Polydatin inhibits rPrPres brillation stemming
aggregates of lower order

The kinetics of rPrPres brillation incubated with and without
polydatin was examined using thioavin T (a benzothiazole dye)
binding assay, which has a tendency to strongly uoresce upon
binding with amyloid brils' signature cross-b-sheet struc-
tures.29 rPrPres aggregating alone follows atypical sigmoidal
kinetics initiated by a lag phase of 30 h followed by an
© 2021 The Author(s). Published by the Royal Society of Chemistry
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exponential phase which saturates aer almost 120 h, marking
the formation of mature amyloid brils. rPrPres was incubated
with increasing concentrations of polydatin (30–150 mM),
resulting in a concentration-dependent decline in ThT uores-
cence [Fig. 4A], this decline was evident even at lowest
concentrations. There was almost a 12-fold decrease in the
magnitude of ThT uorescence upon binding with rPrPres

aggregates which were formed in the absence of polydatin at the
saturation phase of ThT kinetics [Fig. 4B]. The binding of pol-
ydatin plausibly affects the primary nucleation event in rPrPres

aggregation, which is evident by a signicant increase in the lag
phase and a remarkable drop in the rate of aggregation kinetics.

To conrm that reduction in ThT uorescence in presence of
polydatin is because of inhibition of bril formation rather than
interference between polydatin and ThT, quenching of ThT was
observed in presence of polydatin in reaction buffer, which
showed insignicant uorescence during brillation time-
Fig. 4 Effect on fibrillation kinetics and morphology. (A) Change in ThT
kinetics of rPrPres alone (black traces) and in the presence of different c
rPrPres followed a sigmoidal transition and a dose-dependent abrogatio
Corresponding suppression of ThT intensity upon increasing the concen
(C) alone and (D) in the presence of polydatin. Corresponding AFM ima
polydatin after 192 h of incubation. Scale bars represented are 100 nm a

© 2021 The Author(s). Published by the Royal Society of Chemistry
intervals. This negates the possibility of ThT uorescence
quenching in presence of polydatin.

The subdued ThT uorescence in presence of polydatin
motivated us to examine the structural and morphological
alterations of rPrPres aggregates formed in presence of poly-
datin. This was studied by using transmission electron
microscopy (TEM) and atomic force microscopy (AFM). A major
decline in brillar load was evident upon incubating mono-
meric rPrPres with polydatin, which corroborates with the
observed subdued ThT uorescence. rPrPres aggregates formed
in the presence and absence of polydatin were imaged using
TEM and AFM, wherein a considerable reduction in the
formation of mature amyloid brils was seen in the presence of
polydatin. Interestingly, rPrPres aggregating alone, formed
intertwined, laterally stacked, mature brils having an average
height of �16.6 nm [Fig. 4C and E].

Conversely, no mature brils were observed in the presence
of polydatin. Large, rod-shaped, feeble brillar structures
fluorescence plotted as a function of time to represent aggregation
oncentrations of polydatin (color traces). The aggregation kinetics of
n in ThT fluorescence was observed in the presence of polydatin. (B)
tration of polydatin. Electron micrographs of rPrPres aggregates formed
ges of rPrPres aggregates formed (E) alone and (F) in the presence of
nd 2 mm for TEM images and AFM images, respectively.

RSC Adv., 2021, 11, 25901–25911 | 25905

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01891d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 1
0:

12
:4

4 
A

M
. 

 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
having an average height of 5.6 nm were seen, along with
sparsely populated off pathway oligomeric aggregates (Fig. 4D
and F). A signicant decrease in brillation of rPrPres by poly-
datin at sub-stoichiometric ratios and the recognized use of
stilbene derivatives underline the relevance of these ndings at
physiological levels.

To further ascertain the inhibitory potential of polydatin and
validate its effect on rPrPres brillation, we performed dynamic
light-scattering (DLS) experiments. The DLS data collected from
aggregating rPrPres alone indicated a gradual increment in the
particle size with evidently distinguishable populations at 0 h
and 192 h. The ones at 0 h have hydrodynamic radii (RH) of 0–
5 nm and the end-stage aggregates obtained at saturation phase
at 192 h have relatively higher RH, beyond 500 nm [Fig. 5A],
depicting aggregates of higher-order. The DLS data substanti-
ated our ThT kinetics and TEM data, where small oligomeric
intermediates were observed at the end of the lag phase, which
were later organized into large brils at the end of the expo-
nential phase, conrming the on-pathway aggregation of rPrPres.
Interestingly, the RH of rPrPres incubated with polydatin showed
relatively slower diffusion into higher-order aggregates. At
Fig. 5 Effect on size distribution, secondary structure and hydrophobicit
colored bars for rPrPres alone ((A); black 0 h, red 192 h) and in the presence
rPrPres and aggregates formed after 192 h incubation in the absence (
aggregated rPrPres (blue) is also displayed. (D) Surface hydrophobicity ass
presence of different concentrations of polydatin (blue and brown trace).
are also shown. The ratio of ANS : protein was 5 : 1 with an ANS excitem
and emission slit widths of 5 nm each between 400 and 600 nm and a

25906 | RSC Adv., 2021, 11, 25901–25911
192 h, the inhibitor-treated sample showed a heterogeneous
particle size distribution of 50–500 nm [Fig. 5B]. Conclusively,
the study of particle size distribution during rPrPres aggregation
and gradual appearance of higher order aggregates corrobo-
rated their on-pathway nature that substantially gets averted in
the presence of polydatin. These ndings also authenticate the
AFM and TEM data that negated the formation of higher order
mature brillar species in polydatin incubated rPrPres samples.
2.3 Polydatin-induced off-pathway rPrPres aggregates exhibit
low cross-b content and retain a lower surface hydrophobicity

The morphological and size distribution of polydatin incubated
samples reveals heterogeneous aggregates indicating altered
aggregation kinetics owing to stabilization of rPrPres native
conformation polydatin. This ultimately impedes the conver-
sion of native rPrPres structures into a misfolded and
aggregation-prone state. It was now important to understand
the secondary structural characteristics of this altered aggre-
gation and resultant aggregates. Previous studies have authen-
ticated that the scrapie-like conversion of prion protein is an
y. Particle size distributions of the aggregating species are portrayed as
of polydatin ((B); black 0 h, blue 192 h). (C) Far-UV CD spectra of native

black) and presence of polydatin (red). CD spectrum of native, non-
essment using ANS fluorescence of rPrPres alone (red trace) and in the
ANS spectra of buffer only (black trace) and polydatin only (green trace)
ent wavelength of 350 nm. The spectra were recorded with excitation
scan rate of 50 nm min�1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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outcome of conformational transition of its chief helical
architecture (a1–a3) into a b-sheet rich structure.30 Thus, to
establish any such secondary structural variations, we per-
formed far-UV CD analysis of both types of aggregates. The far-
UV CD spectra of monomeric and unaggregated rPrPres revealed
a characteristic double minimum at 210 and 222 nm validating
its majorly a-helical architecture.31 On the contrary, saturation
phase rPrPres aggregation (192 h) displayed a single minimum
at 218 nm representative of their b-sheet rich conformation, as
observed in mature amyloid aggregates. The far-UV CD spectra
of rPrPres monitored aer 192 h of brillation showed a shi in
the negative ellipticity, indicating a structural transition from
the natively-unfolded conformation to a characteristic b-sheet
structure. Interestingly, this change in secondary structure was
not observed in presence of polydatin, which showed retention
of the 222 nm peak indicating the presence of a residual helical-
component and negated the formation of b-sheet rich struc-
tures [Fig. 5C].

It is a well-known fact that amyloid brils have a charac-
teristic feature of b-sheet formation. An important physico-
chemical property known to be involved in propelling the
development of b-sheet structures is an increase in the
hydrophobicity which can lead to the accumulation of oligo-
meric species that are highly toxic in nature.32 The amount of
hydrophobic surface area exposed in case of rPrPres was esti-
mated via ANS binding assay. 1-Anilino-8-naphthalenesulfonic
acid (ANS) is a solvent-sensitive dye having a property of
uorescing and giving a blue-shi in emission when it binds
with the hydrophobic surroundings. Elevated uorescence
intensity along with shis towards lower wavelengths is due to
the interaction of ANS with the hydrophobic patches of
proteins that are solvent-exposed. ANS uorescence spectra
were measured in the absence and presence of polydatin,
which showed a consequent rise in the intensity of uores-
cence with a typical blue-shied emission (lem at 470 nm) in
non-treated rPrPres brils. Emission spectra of ANS achieved in
case of polydatin treated rPrPres brils were shied towards
blue with a reduced intensity [Fig. 5D]. The intensity of ANS
uorescence was increased under brillating conditions
which signies the development of a globule-like molten form
that is necessary for bril formation by intrinsically disor-
dered proteins. These were absent in polydatin treating rPrPres

samples, thus demonstrating that an overall low surface
hydrophobicity was maintained by the polydatin modulated
species. Previous studies have reported the importance of
hydrophobicity and aromaticity in amyloid assembly and
brillation.33–36 The subdued hydrophobicity in presence of
polydatin further validates its potential to be used as a prion
intervening scaffold and therapeutic agent which may help in
abrogating the amyloid assembly of aggregating monomers by
binding to its aromatic and hydrophobic patches.

3. Materials and methods
3.1 Peptide preparation

The crystal structure of human prion protein was obtained in
from RCSB Protein Data Bank, PDB code: 2KUN.37 Protein
© 2021 The Author(s). Published by the Royal Society of Chemistry
preparation was done using Protein PreparationWizard available
at Schrodinger, wherein overlapping coordinates have been cor-
rected and missing atoms were added to obtain a monomeric
form. Acetylation and amidation of the N-termini and C-termini
of the peptide were carried out to reduce the risk of abrupt results
due to uncapped and non-neutralized terminals.
3.2 Molecular docking and scoring

Next, the receptor grid generation platform of Schrodinger's
Glide module was used to generate a grid of size 20 � 20 � 20 Å
around the literature reported binding pocket.38 Molecular
docking of polydatin with the above-described grids was per-
formed using the Glide module of Schrodinger.
3.3 Molecular dynamics simulation

All-atomistic MD simulations were performed on the highest
scoring ensemble obtained through docking using the GRO-
MACS 5.0 package.39 The GROMACS compatible topology
parameters for ligand polydatin were generated using PRODRG
server.40 The system was immersed in a cubic box using simple
point charge (SPC) water model and counter ions were added to
neutralize the overall charge on the system. Energy minimization
of the system was carried out using steepest descent algorithm
for 50 000 steps until it attained the maximum force
<10.0 kJ mol�1 nm�1. The long-range electrostatic interactions
were treated using particle mesh Ewald method.41 The energy
minimized system was further subjected to NVT and NPT equil-
ibration for 100 ps at a constant temperature set to 300 K and 1
bar constant pressure. During equilibration, v-rescale, a modied
Berendsen thermostat42was used for temperature coupling along
with Parrinello–Rahman barostat for pressure coupling.43 The
resulting system was subjected to 100 ns MD production run
using leap-frog integrator44 with 2 fs integration time step. The
linear constraint solver (LINCS) algorithm was used for
restraining the bond lengths.45 The trajectories were saved every
10 ps and further structural analyses were done using various
inbuilt GROMACS scripts, PyMol, chimera and LigPlot+.46–48
3.4 Protein purication

Human prion protein corresponding to the residues 90–231
(rPrPres), was expressed as a recombinant, his-tagged protein
and puried by on-column refolding protocol. Briey, the
inclusion bodies were solubilized by sonication in lysis buffer
(100 mM Na2PO4, 10 Tris–Cl, 8 M urea, and 10 mM reduced
glutathione, pH 8.0) and loaded on pre-equilibrated Ni-NTA
column. Following a slow decreasing gradient of urea (0–8 M)
on-column, the folded protein was eluted in 0.5 M imidazole
(pH 5.8). The eluted protein was dialyzed overnight against
100 mM Na2HPO4 (pH 5.8) followed by dialysis against Milli-Q.
The dialyzed protein solution was ltered, lyophilized and
stored in �20 �C until further use. The concentration of rPrPres

was determined using the extinction coefficient at 280 nm (3280
¼ 22 015 M�1 cm�1).38,49
RSC Adv., 2021, 11, 25901–25911 | 25907

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01891d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 1
0:

12
:4

4 
A

M
. 

 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
3.5 Amyloid aggregation experiments

The monomeric rPrPres was added at a 30 mM nal concentra-
tion in aggregation buffer [50 mM phosphate buffer (pH 7.4);
2 M GdnHCl; 0.02% (v/v) NaN3] and incubated at 37 �C in 1.5mL
tubes with continuous agitation at 200 rpm. Aggregation of
untreated control and in presence of increasing molar
concentrations of polydatin was monitored by standard ThT
uorescence assay and electron microscopy.
3.6 SPR binding kinetics analysis

The binding analysis of rPrPres and polydatin was carried out
using a BIAcore X100 instrument operating at 25 �C tempera-
ture (GE Healthcare. USA). Polydatin with a purity of >95% was
purchased from Sigma Life Sciences. A CM5 sensor chip (GE
Healthcare) having a self-assembled monolayer of carbox-
ymethylated dextran covalently attached to a gold surface was
activated using an equal molar concentration mix of EDC [N-
ethyl-N-(diethylaminopropyl)carbodiimide] and NHS (N-
hydroxysuccinimide). Coupling of the ligand was carried out in
presence of sodium acetate buffer at pH 5.8 and blocking was
completed using ethanolamine as per manufacturers' protocol.
The nal coupling level achieved for rPrPres was around 2700
resonance units (RU). Two times priming of the system was
done using a running buffer [20 mM phosphate buffer, pH 7.4]
followed by regeneration which was performed using a 30 s
pulse of the regeneration buffer [10 mM glycine, pH 2.5] with
a ow rate maintained at 30 mL min�1. One of the two ow cells
acted as a reference surface that was blocked using ethanol-
amine for monitoring the probable non-specic binding of the
analyte (polydatin). The nal dilution of polydatin was made in
the running buffer and it was injected over both ow cells.
Interaction analysis of polydatin with rPrPres was accomplished
by injecting varying concentrations of the compound (0.1–20
mM). The monitoring of association kinetics was done for 150 s,
which was followed by 180 s of dissociation kinetics. The
response obtained from the control ow cell without immobi-
lized ligand was subtracted from that obtained in the sample
cell containing the ligand to get the nal data. Dissociation
constant values were assessed using BIA evaluation 4.1 soware
(BIAcore) wherein Langmuir 1:1 binding model was used for
tting the obtained data.
3.7 Thioavin T (ThT) uorescence assay

The aggregation kinetics of rPrPres was examined via thioavin
T (ThT) uorescence assay. A stock solution of 10 mM ThT was
prepared in phosphate buffer (50 mM at pH 7.4). Aliquots of 10
mL samples were withdrawn at different time points and
uniformly mixed with 90 mL of ThT solution. The mixture was
incubated for 10 min at RT before taking measurements using
a 1 cm pathlength quartz cuvette with excitation and emission
wavelengths xed at 450 nm and 485 nm (slit width for excita-
tion and emission were set at 5 nm and 10 nm respectively) in
a LS 55 uorescence spectrometer (PerkinElmer, USA). For each
reaction, average uorescence from triplicate reactions was
tted using Boltzmann-sigmoidal equation in Origin soware.
25908 | RSC Adv., 2021, 11, 25901–25911
3.8 Transmission electron microscopy (TEM)

TEM imaging to study morphology of the aggregates was
done using a JEM-2100F transmission electron microscope
(JEOL Inc., USA) operating at 200 kV. The samples were three-
fold diluted prior to being adsorbed onto formvar-coated
carbon grids (300 mesh, Ted Pella, Inc., USA). These were
incubated for 2 min followed by negative staining for 30 s
with a 2% (w/v) uranyl acetate solution. The sample-coated
grids were then rinsed with Milli-Q water and imaged aer
air drying.
3.9 Atomic force microscopy (AFM)

The topographical analysis of aggregates was carried out
using a Bioscope Catalyst AFM (Bruker Corporation, Billerica,
MA, USA). The samples were three-fold diluted and layered
over a freshly cleaved mica surface. Aer an incubation
period of 30 min, the samples were washed with Milli-Q and
blown dried under a nitrogen stream. All images were
acquired at ambient temperature using Scan Asyst Peak Force
Tapping mode with 512 samples per line and a standard scan
rate of 0.5 Hz. All images were processed using Nanoscope
analysis, v.1.4.
3.10 Dynamic light scattering (DLS)

All DLS measurements were performed on an Xtal-Spectrosize-
300 (Marlowring, Germany) set at 25 �C. A correlation time
dened as 20 seconds per run with 10 runs for every measure-
ment was kept constant in all the samples. Samples collected at
different time points were centrifuged (10 000 g, 20 min) and
transferred into DLS cuvette before each measurement. A total
of 10 scans per sample were obtained, averaged and plotted as
hydrodynamic radii (nm) versus intensity of distribution (%) of
particles.
3.11 Far-UV circular dichroism (CD) measurements

Far-UV CD experiments were conducted to analyze variations in
the secondary structure of protein at the end stage of aggrega-
tion. A spectrum of rPrPres (30 mg mL�1) was noted from 200–
250 nm wavelengths at 25 �C (1 nm interval and a 50 nm min�1

scanning speed) using a peltier device equipped Jasco-815 CD
spectropolarimeter (Jasco Inc., USA). A quartz cuvette with
a path length of 1 mm was used for the experiments. An average
of three scans was obtained and the data was plotted in mean
residue ellipticity units (degrees square centimeters per
decimole).
3.12 Anilino-8-naphthalenesulfonate (ANS) binding assay

ANS binding emission spectra of uorescence were scanned in
a range of 400–600 nm at 25 �C and an excitation wavelength of
370 nm. The slit widths of excitation and emission were 5 nm. A
nal concentration of 5 mMANS was added to the 90 mL aliquots
of aggregated reaction mixture which were incubated at 25 �C
for 5 min before taking the scan.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

Detailed analysis using biophysical assays and computational
studies unraveled the important role of polydatin in prion
intervention. The data demonstrated here implies that the
selective inhibition of a specic, aggregated prion peptide is
viable and helpful in deciphering the mechanisms underlying
protein brillization, as well as in the therapeutic testing of
neuro-degeneration models. This research may help in the
development of new approaches that aid in rational drug
designing to obstruct the prion pathogenesis specically and
amyloid inhibition in general.

This study provides details of the varying effects of polydatin
upon brillation pathway of human prion protein depicting
that polydatin causes a considerable suppression of human
prion brillation by abrogating the structural transitions in the
N-terminal amyloidogenic region and inducing non-malicious
transitions in the b2–a2 loop and a3-helix. PrP brillation
inhibition property of polydatin can be justied through the
formation of off-pathway species that are retarded kinetically
and have an increased a-helical and random coil propensity.
The polydatin-mediated modulation of PrP brillation here
points to a signicant role of polyphenols in disease patho-
genesis suggesting that a thorough research on the effects of
this modulator on brillation pathway of the above mentioned
intrinsically disordered protein will be helpful in well under-
standing of the events that lead to the onset of prion-related
disorders and contribute towards developing novel and
productive intervention strategies.
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22 D. Şöhretoğlu, M. Y. Baran, R. Arroo and A. Kuruüzüm-Uz,
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S. Hornemann, T. Rülicke, et al. Prion Transmission
Prevented by Modifying the b2-a2 Loop Structure of Host
PrPC, J. Neurosci., 2014, 34(3), 1022–1027.

28 C. Bett, N. Fernández-Borges, T. D. Kurt, M. Lucero,
K. P. R. Nilsson, J. Castilla, et al. Structure of the b2-a2
loop and interspecies prion transmission, FASEB J., 2012,
26(7), 2868–2876.

29 H. LeVine III, Quantication of beta-sheet amyloid bril
structures with thioavin T, Methods Enzymol., 1999, 309,
274–284.
25910 | RSC Adv., 2021, 11, 25901–25911
30 P. K. Baral, J. Yin, A. Aguzzi andM. N. G. James, Transition of
the prion protein from a structured cellular form (PrP(C)) to
the infectious scrapie agent (PrP(Sc)), Protein Sci., 2019,
28(12), 2055–2063.

31 R. Banerjee and G. Basu, Direct evidence for alteration of
unfolding prole of a helical peptide by far-ultraviolet
circular dichroism aromatic side-chain contribution, FEBS
Lett., 2002, 523(1), 152–156.

32 B. Mannini, E. Mulvihill, C. Sgromo, R. Cascella,
R. Khodarahmi, M. Ramazzotti, et al. Toxicity of protein
oligomers is rationalized by a function combining size and
surface hydrophobicity, ACS Chem. Biol., 2014, 9(10), 2309–
2317.

33 F. Chiti, in Relative Importance of Hydrophobicity, Net Charge,
and Secondary Structure Propensities in Protein Aggregation BT
- Protein Misfolding, Aggregation, and Conformational
Diseases: Part A: Protein Aggregation and Conformational
Diseases, ed. Uversky V. N. and Fink A. L., Springer,
Boston, MA, USA, 2006, pp. 43–59.

34 J. H. M. van Gils, E. van Dijk, A. Peduzzo, A. Hofmann,
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