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Abstract

Protein aggregation into oligomeric and fibrillar species are the hallmark of many 

degenerative diseases like Alzheimer’s and prion diseases, as well as type II 

diabetes. Compounds that can modulate protein aggregation or disintegrate the 

preformed fibrils can serve as potential drug candidates for the remedial treatment 

of aggregation diseases. In present study we have examined the anti-amyloidogenic 

potency of the synthetic isoquinoline alkaloid coralyne by employing various 

spectroscopic and imaging approaches. The kinetics of amyloid fibrillation by 

chicken egg-white lysozyme (HEWL) and the anti-amyloidogenic influence of 

coralyne on the fibrillogenesis process were studied using thioflavin T assay. The 

kinetics of HEWL fibrillation were significantly modulated in presence of coralyne. 

We have demonstrated that coralyne significantly inhibits the fibrillation of HEWL. 

A complementary Congo red assay in absorbance was also performed to reaffirm the 

fibril inhibition propensity of coralyne. The changes in surface hydrophobicity of the 

protein upon fibrillation were monitored by nile red assay. The steady-state 

fluorescence studies, anisotropy measurements and circular dichroism 

measurements collectively confirm the attenuation of the amyloid fibrils in the 

isoquinoline alkaloid coralyne. Atomic force microscopic imaging suggested that the 

fibrillation was reduced in presence of coralyne and the fibrils formed were also less 

matured. The complete binding thermodynamics was also elucidated using 

microcalorimetry and docking studies lend insights into the type of forces governing 

the binding interaction. Since lysozyme is an important model system for studying 

Page 2 of 42New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
1 

Ja
nu

ar
y 

20
22

. D
ow

nl
oa

de
d 

by
 R

eg
io

na
l R

es
ea

rc
h 

L
ab

or
at

or
y 

(R
R

L
-B

hu
) 

on
 1

/1
8/

20
22

 1
2:

50
:1

3 
PM

. 

View Article Online
DOI: 10.1039/D1NJ06007D

https://doi.org/10.1039/d1nj06007d


REVISED MANUSCRIPT

3

protein aggregation, the synthetic isoquinoline alkaloid coralyne can serve as a 

promising model compound for the treatment of amyloidosis.

Page 3 of 42 New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
1 

Ja
nu

ar
y 

20
22

. D
ow

nl
oa

de
d 

by
 R

eg
io

na
l R

es
ea

rc
h 

L
ab

or
at

or
y 

(R
R

L
-B

hu
) 

on
 1

/1
8/

20
22

 1
2:

50
:1

3 
PM

. 

View Article Online
DOI: 10.1039/D1NJ06007D

https://doi.org/10.1039/d1nj06007d


REVISED MANUSCRIPT

4

Introduction

Type II diabetes, Parkinson’s disease, transmissible spongiform encephalopathies, 

Huntington’s disease, and Alzheimer’s disease, are a group of amyloid diseases 

where extracellular insoluble deposits are formed in different tissues and organs.1-5 

These extracellular insoluble aggregates are known as amyloid fibrils. X-ray 

diffraction studies have indicated that the amyloid fibrils possess characteristic β-

rich structure where the polypeptide chains form β-strands that are perpendicular to 

the fibrillar long axis and the inter chain hydrogen bonding that imparts stability to 

the β-strands are oriented parallel to the same axis and β-sheets running in the 

direction of the fibrils.6-8 Since extracellular accumulation of amyloid fibrils in organs 

and tissues is the characteristic feature of amyloidosis so a comprehensive 

knowledge of the mechanism underlying fibrillation along with the possible means 

of its inhibition have received a lot of interest recently.9-11 Aggregation of proteins is 

associated various human pathological conditions12 and hence from a biomedical 

point of view, suppression of protein aggregation is a major priority in the public 

health sector. Presently, effective therapeutics for amyloidosis are still obscure as 

most of the potential anti-amyloidogenic drugs have failed at different stages of 

clinical trials but the design and identification of organic molecules that suppress 

fibrillation of amyloidogenic proteins is an area of promising research.13-15

Although amyloid fibrillation is associated with various diseases but still amyloid 

fibrils has been observed in various self-assembling nonpathogenic proteins such as 

serum albumins and chicken egg-white lysozyme under suitably modified 

conditions which has led to the belief that amyloidosis is a generic property of the 
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polypeptide chains.16,17 This knowledge is an important step in understanding the 

mechanisms underlying fibrillogenesis as well as the possible ways to disrupt this 

process. The knowledge that aggregation is an inherent property of 

proteins/peptides has led to the belief that there may be common inhibitors for 

amyloid fibrillation. Natural as well as synthetic small molecules capable of 

inhibiting fibrillation of various proteins/peptides are known.18-22

Lysozyme is basically N-acetylmuramide glyconohydrolase which is a monomeric 

globular protein with 129 amino acid residues. It is found abundantly in various 

animal protective secretions and lymphatic tissues. It can cause damage to the 

bacterial cell walls thereby providing protection from bacterial infections. It is even 

employed as a food preservative as well as an antimicrobial agent.23-25 Lysozyme is a 

preferred candidate to study protein folding and dynamics, ligand interactions and 

amyloid fibrillation because it is stable, naturally abundant and also has drug 

binding properties.26-29 It consists of six tryptophan (TRP) and three tyrosine 

(Tyr)residues as well as four cross-linked disulfide bonds including multitude of α-

helices, β-sheets, turns, and loops.28,30 Active site of lysozyme has a deep crevice 

which divides it into two domains that are interconnected via an α-helix. One of the 

domains (amino acids 40-85) has mainly β-sheet conformations while the other 

domain (amino acids 89-99) is mainly α-helical.31 Crystal structure of the lysozyme 

has revealed that TRP-62, 63, and 108 residues are situated near its ligand binding 

site.32 

Alkaloids are important nitrogen-containing bases which are produced by plants at 

the time of metabolism. Alkaloids have an indispensable importance in medicinal 
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chemistry. Protoberberine alkaloids, an important class of isoquinoline alkaloids, has 

received lot of attention because they are the active constituents of folk medicines 

used for centuries. Coralyne (Fig. 1) is an important member of the protoberberine 

family that has a planar crescent-shaped structure with dibenzoquinolizinium 

skeleton. It posesses diverse biological properties ranging from antimicrobial, anti-

inflammatory, antimalarial, antisecretory, to antileukemic activity and it acts as a 

dual poison of topoisomerases I and II.33-36 It has less toxicity but very high 

antitumor potential.33,37,38 The nucleic acid binding properties of coralyne are also 

well documented.36,38-54 However, the anti-amyloid potential of these alkaloids 

including coralyne is still unexplored. 

Fig. 1. Molecular structure of coralyne.

Chicken egg-white lysozyme (HEWL) is sequentially homologous (~60%) with 

human lysozyme, which is associated with hereditary non-neuropathic systemic 

amyloidosis.55,56 Therefore, in this work we have investigated the anti-amyloid 

potential of coralyne using HEWL as a model protein system.

Experimental

Materials 
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HEWL, Coralyne chloride (COR), Thiofalvin T (ThT), Congo Red (CR), Nile Red 

(NR), 8-anilino-1-naphthalenesulfonic acid (ANS), were purchased from Sigma-

Aldrich Corporation (St. Louis, MO, USA). All the buffer components were of 

analytical grade. All the solutions were prepared in deionized Milli-Q water. The 

fibrils were prepared in glycine-HCl buffer of pH 2.20 containing 100 mM sodium 

chloride and 1.54 mM sodium azide. HEWL was purified as per the standard 

protocol57 while COR was used as recieved. The concentration of COR was 

determined using molar absorption coefficient value of 14,500 M-1cm-1 at 421 nm.47

HEWL fibrils preparation

100 mg HEWL was dissolved in freshly prepared 10 mL glycine-HCl buffer of pH 

2.20. 2 mL of HEWL stock solution was diluted ten folds with the glycine-HCl buffer 

and stirred at 60 oC with polytetrafluoroethylene coated stirring bars (200 

rpm).5,58,59A similar solution containing 25 μM COR was simultaneously prepared 

and stirred maintaining identical conditions. At desired time intervals 1 mL aliquots 

of both the solutions were withdrawn and stored for the subsequent experiments.

Instruments and Methods 

The fluorescence experiments like ThT assay, NR assay, ANS assay and intrinsic 

fluorescence experiments were performed on a Shimadzu RF5301 PC 

spectrofluorimeter (Shimadzu Corporation, Kyoto, Japan) while the steady state 

anisotropy experiments were performed on a Quanta Master 400 unit (Horiba PTI, 

Canada) controlled with FelixGX spectroscopy software. For ThT assay a stock 

solution of ThT was prepared at first and its concentration was determined 

following the protocols reported earlier.5,60 Thereafter, 150 mL of aliquots taken out 
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at varying time intervals were diluted with 600 mL glycine-HCl buffer and ThT was 

added to it so that the final concentration of ThT was 25 µM. The resulting mixtures 

were incubated in dark for 1 h and then their fluorescence was noted at 485 nm after 

exciting them at 440 nm. 

For NR assay at first a stock solution of 1 mM NR was prepared in DMSO and then 

50 mL aliquots withdrawn at various time intervals were diluted to 750 mL with 

buffer followed by addition of the stock NR solution so that its final concentration 

was 1 µM. The fluorescence of the resulting mixtures after incubation in dark for 30 

mins was noted at the corresponding emission maxima by exciting them at 550 nm.

For ANS assay an aqueous ANS stock solution was prepared and then 50 mL 

aliquots withdrawn at varying time intervals were diluted to 750 mL followed by 

addition of ANS stock solution so that its final concentration was 25 µM and the 

solutions were incubated in dark for 30 mins. Thereafter, the emission spectra were 

recorded in the 400-600 nm wavelength region after exciting at 370 nm.

For intrinsic fluorescence studies 50 µL aliquots withdrawn at varying time periods 

were diluted with 700 µL buffer and the fluorescence at the emission maxima was 

recorded by exciting the solutions at 295 nm.

For steady-state anisotropy experiments 25 µL aliquots were diluted with 725 µL 

buffer and properly homogenized. Then the anisotropy values were determined at 

the emission maxima by exciting the solutions at 295 nm.

CR assay was performed on a Jasco V660 spectrophotometer (Jasco International Co, 

Hachioji, Japan). For CR assay a stock solution of 1 mM CR was prepared in DMSO 

and then 50 µL aliquots were diluted with 1 mL buffer followed by addition of CR 
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from the stock solution. The absorbance of the solutions after incubation for 30 min 

at the maxima was noted.

Circular dichroism (CD) experiments were performed on a Jasco J815 unit in 1mm 

path length quartz cuvettes. 100 µL aliquots were diluted three folds with the buffer 

and thoroughly homogenized and the CD spectra was recorded in 190-250 nm 

wavelength region. The CD spectra were deconvoluted using the “CONTINLL” 

analysis program available at DICHROWEB while set 4 was used as the reference.61-

65

Atomic force microscopy (AFM) experiments were carried out on a Pico plus 5500 

ILM AFM (Agilent Technologies, USA) having piezo scanner of maximum range 9 

µm. The samples were diluted 100 times with autoclaved Milli-Q water and then 5 

µL of the resulting solution was placed on a on a freshly cleaved muscovite Ruby 

mica sheet and dried completely under vacuum in inert atmosphere. Then the 

images were taken and subsequently processed using Picoview version 1.1 software 

 and Pico Image Advanced version. 

Differential scanning calorimetry (DSC) and isothermal scanning calorimetry (ITC) 

experiments were performed on a MicroCal VP DSC and ITC units, respectively 

(MicroCal, Inc., Northampton, MA, USA) following the procedures described in 

details earlier.66-73

Molecular docking analysis has been performed employing the AutoDock 4.2.6 

implemented with a Lamarckian genetic algorithm (LGA) to get a thorough insight 

into the binding site of COR (ligand) on HEWL protein.74 The three dimensional 

structure of HEWL was downloaded from RCSB Protein Data bank (PDB ID: 1DPX). 
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The spatial data file of COR was downloaded from zinc database (ID ZINC625876) 

and it was used in docking as a ligand without any further modification. Before 

starting the docking process, polar hydrogen atoms and Kollman charges were 

added to HEWL and to avoid hindrance during docking, the water molecules were 

removed using AutoDock tools. For flexible rotation, the macromolecule was set to 

be rigid so that the ligand may achieve suitable binding conformation and to 

estimate these binding conformations Lamarckian genetic algorithm was selected for 

accomplishing docking. The dimension of the grid box along X, Y, Z axis was set at 

94 × 96 × 102 respectively with a grid point spacing of 0.631 Å. The number of 

Genetic Algorithm Runs was set at 50 and was performed with each run comprising 

of a population size of 15 individuals and 2,500,000 energy evaluations. The binding 

conformer was visualized in 2D form by using BIOVIA Discovery Studio Program. 

Accessible surface areas (ASAs) of HEWL protein in native and complexed form 

with COR were obtained using an online server available from the Center for 

Informational Biology, Ochanomizu University.75 The best docked conformation 

with lowest binding energy was chosen to analyze the difference in ASA. 

Statistical Analysis. The data represented here are mean ± standard deviation of 

four independent determinations. 

Results and Discussion

ThT Assay

 The formation of fibrillar assemblies was monitored at low acidic pH and elevated 

temperature under vigorously agitated conditions by examining both the ultra-

structural characteristics of the HEWL samples. ThT being a histochemical dye 
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capable of staining amyloid aggregates is widely used as a standard extrinsic probe 

for monitoring the growth of amyloid fibrils.76 The kinetics of fibrillogenesis were 

studied both in the absence and presence of COR by observing the evolution of ThT 

fluorescence with time. ThT shows weak fluorescence in aqueous acidic buffer but 

its fluorescence increases several folds upon binding with linear array of β-strands. 

On association with ordered aggregates of HEWL ThT emits high fluorescence 

which can be used as a key index for studying the fibrillation kinetics. In the absence 

of COR the ThT fluorescence of HEWL at 485 nm followed a typical nucleation-

dependent pathway (Fig. 2A). The plot of ThT fluorescence vs time was sigmoidal in 

nature with a well defined lag phase where no change is fluorescence was observed 

followed by an elongation phase where there was a rapid and significant 

enhancement in ThT fluorescence and finally an equilibration phase where again the 

fluorescence was virtually unaltered. The nucleation phase for HEWL samples in 

absence of COR lasted for 4.5 h whereas the growth phase was observed between 5 

to 7 h and thereafter there was a saturation phase with marginal changes in 

fluorescence indicating completion of fibrillogenesis process. In presence 

Fig. 2. Variation of the ThT fluorescence intensity at 485 nm with time for HEWL samples in the (A) 

absence and (B) presence of COR.
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of COR the nucleation phase duration was increased till 5.5 h while the growth  

phase lasted between 6 to 8 h (Fig. 2B). The ThT fluorescence after corrections for 

inner filter effects77,78 were fitted to the sigmoidal plot which can be represented by 

the equation79

 
0

max
min {t t }[ ]

FF F ( )
1 e






 


         (1)

where F, Fmin and Fmax denote the fluorescence at time t, initial time and equilibration 

phase, respectively. t and t0 are the time of incubation and the time needed to reach 

50% of the fluorescence maximum, respectively. The first order aggregation constant 

(τ) was determined by nonlinear regression whereas the apparent growth rate 

constant (kapp) and lag phase time were determined using the relationships 1/τ and t0 

− 2τ, respectively. The initial nucleation phase was determined to be (5.07 ± 0.06) and 

(5.77 ± 0.07) h, respectively, in the absence and presence of COR. The t0 value was 

determined to be (5.80 ± 0.10) and (7.45 ± 0.13) h, respectively, in the absence and 

presence of COR. The value of kapp was calculated to be (2.73 ± 0.08) and (1.19 ± 0.03) 

h-1, respectively, in the absence and presence of COR. Hence, every individual act of 

the fibrillation process was retarded/suppressed in presence of COR. Moreover, 

COR delays fibrillation by elongation of the initial nucleation phase, an early step in 

the fibrillogenesis process, whereby the non-amylodogenic conformations in HEWL 

are stabilized through COR-HEWL complexation.80,81 The length of the elongation 

phase is substantially reduced in the presence of COR. The inhibitory influence of 

COR on HEWL fibrillation was quantified using the equation 
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                               (2)  o

o

F -F%  reduction in ThT fluorescence= ×100%
F

where, Fo and F are the ThT fluorescence intensities of HEWL fibrils in the absence 

and presence of COR after 9 h of incubation. The inhibitory influence of COR on the 

formation of HEWL fibrils was envisaged to be around 97% after 9 h. This 

remarkable attenuation in fibrillogenesis in the presence of COR can be interpreted 

in terms of the association between COR and the partly unfolded aggregation-prone 

form of HEWL generated during the initial nucleation phase via a multitude of weak 

non-covalent interactions. The complexation prevents the hydrophobic portions of 

the partly unfolded HEWL to interact amongst themselves which results in 

reduction of the aggregation of the partly unfolded HEWL thereby leading to the 

inhibition of fibrillation.82-84 So, we can infer that COR had a remarkable inhibitory 

influence on the entire process of HEWL fibrillation. 

CR Assay

 CR is a known histological dye capable of detecting the formation of amyloid fibrils. 

Amyloid deposits show apple-green birefringence when stained with CR under the 

cross polarized light.85,86 Additionally, binding of CR to amyloid fibrils caused an 

increase in absorbance of the maximum at 542 nm.86,87 The absorption spectra of 

HEWL samples stained with CR before and after fibrillation both in the absence and 

presence of COR is depicted in Fig. 3. The CR absorbance spectra (curve 1, Fig. 3) 

exhibited a peak at 493 nm but the HEWL fibrillar species incubated with CR 

showed a red shift of the absorption spectra (curve 2, Fig. 3). A well-defined 

maximum was observed at 542 nm with concomitant enhancement in absorbance 
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suggesting the formation of β-sheet-rich, ordered fibrillar assemblies. CR absorbance 

of HEWL samples treated with COR showed reduced absorbance with a 

Fig. 3. Absorbance spectra of CR before (curve 1) and after (curves 2 and 3) fibrillation.  Curves 2 and 

3 represent the CR absorbance spectra of HEWL fibrils after 9 h in the absence and presence of COR, 

respectively.

blue-shift of the maximum to 537 nm (curve 3, Fig. 3) signifying a reduction in 

amyloid fibrillar species formation that has cross β-pleated sheet morphology. 

Hence, both ThT and CR assay revealed that COR had an inhibitory effect on every 

step of the fibrillation process. An overall reduction of ~22% in absorbance was 

observed after 9 h of incubation in presence of COR (Fig. 4). Therefore, ThT 

fluorescence assay in conjunction with CR assay testified that COR exerted a 

significant attenuating effect on the fibrillogenesis of HEWL.
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Fig. 4. Difference in CR absorbance after 9 h for HEWL samples in the (A) absence  and (B) presence  

of COR at 542 nm.

NR Assay

 Surface hydrophobicity can often act as a gauge for monitoring the tertiary 

structural changes in HEWL. Monitoring the fluorescence evolution of NR at the 

corresponding emission maxima against time during the incubation process can 

yield information about the tertiary structural changes in HEWL during fibrillation. 

NR is a lipophilic fluorescent dye that is widely used to monitor the 

microenvironmental changes in biomolecules.88 Fig. 5 depicts the variation of 

normalized NR fluorescence at the emission maxima against time. Initially, the 

HEWL samples in absence of COR showed no noticeable increase in the first 4.5 h 

accompanied by a marked increase from 5 to 6.5 h of incubation, and thereafter 

reaching an equilibration plateau after 7 h. In presence of COR, there was noticeable 

change in NR fluorescence upto 5.5 h followed by a significant increase between 6 to 
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Fig. 5. Variation of the fluorescence intensity of NR at the emission maxima with time for HEWL 

samples in the absence in the absence (■) and presence (•) of COR.

8.5 h of incubation. Thus, the changes in microenvironment of HEWL accompanying 

the fibrillation process were retarded in presence of COR. Additionally, a blue-shift 

in the emission maximum (λmax), indicative of theexposure of buried hydrophobic 

patches, was observed prior to the increase in NR fluorescence. The variation of NR 

λmax against time is depicted in Fig. S1.The λmax of NR blue shifted from around 655 

to 615 nm in the absence of the COR. Initially, there was no shift in NR λmax upto 4 h 

and then there was a rapid blue shift between 4 to 5 h and thereafter it reached 

reached a plateau. This suggested that λmax shift is more sensitive to the tertiary 

structural changes of HEWL compared to NR fluorescence evolution and blue shift 

of λmax precedes than the rise of the NR fluorescence emission. In presence of COR 

the λmax did not exhibit any significant alterations before 4 h of incubation. 

Thereafter, there was blue shift of λmax from ~653 to ~640 nm between 4.5 to 6 h 

followed by an equilibration plateau. Thus, there was marked decrease in the extent 

of blue shift of NR λmax upon addition of COR indicating that the changes in the 

tertiary structure of HEWL upon fibrillation were arrested in presence of COR. The 
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significant reduction in the extent of shift of NR λmax in the presence of COR in 

comparison to the control is suggestive of the suppression of the changes in surface 

hydrophobicity of HEWL and retention of the native structure of HEWL. Since 

microenvironmental changes and changes in surface hydrophobicity are closely 

associated with the fibrillation process therefore significant attenuation of these 

changes in presence of COR suggests COR had a significant inhibitory effect on the 

overall fibrillation process.

ANS Assay

 ANS has high affinity for the hydrophobic patches present in HEWL. ANS can bind 

to the fibrillar species of HEWL resulting in marked enhancement of the intensity of 

fluorescence along with a blue shift of the emission maximum from 

Fig. 6. ANS fluorescence spectra of HEWL samples before (curve 1) and after fibrillation (curves 2 and 

3). Curves 2 and 3 represent the ANS fluorescence spectra of HEWL fibrils in the absence and 

presence of COR, respectively.

around 510 to 480 nm.89,90 Before the commencement of amyloid fibrillation 

conformational changes take place in HEWL which leads to the exposure of 

accessible hydrophobic regions in HEWL. Thus, monitoring the degree of 

hydrophobic exposure can serve as an useful tool for studying the fibrillation 
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process.82,91-93 In acidic aqueous buffer ANS is weakly fluorescent with an emission 

maximum centered at 513 nm but the fluorescence intensity of ANS showed a 

prominent increase in the presence of HEWL fibrils along with a blue shift of the 

emission maximum from 477 nm suggesting the complexation of ANS with exposed 

hydrophobic patches of HEWL. (Fig. 6). The addition of COR to HEWL resulted in a 

drastic reduction in ANS fluorescence intensity (Fig. 6) indicating that under 

fibrillation conditions COR could efficiently inhibit the exposure of buried 

hydrophobic patches of HEWL via stabilization of the native HEWL structure. This 

large fluorescence decrease is indicative of the inhibition of exposure of large buried 

hydrophobic patches on the surface of HEWL in the presence of COR. As the 

exposure of accessible non-polar surface area of HEWL is an essential step in the 

fibrillogenesis process so a significant reduction in the extent of exposure of the 

hydrophobic regions in presence of COR suggested that COR could efficiently arrest 

the HEWL fibrillogenesis.

Intrinsic Fluorescence Studies

 To decipher the influence of COR on the conformation of HEWL upon fibrillation 

the intrinsic fluorescence of HEWL in the absence as well as presence of COR was 

monitored. The fluorophores in HEWL are sensitive to their microenvironmental 

polarity. TRP residues 62 and 63 of HEWL being positioned in the amyloid prone 

region are consequently involved in the fibrillation process. Hence, by investigating 

the fluorescence changes in these residues we can gain insights into various aspects 

of the fibrillation process.94 The HEWL samples exhibit an emission maximum at 338 

nm when excited at 295 nm.27 During fibrillation there is unfolding of HEWL which 
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changes the microenvironment of the initially buried TRP moieties from a 

hydrophobic environment to a more hydrophilic one (exposure to bulk aqueous 

acidic buffer solution) resulting in quenching of intrinsic fluorescence intensity of the 

fibrillar HEWL samples in comparison to native HEWL. With the onset of the 

fibrillogenesis process there was a marked reduction in the fluorescence of the 

HEWL samples. A plot of the normalized fluorescence of HEWL samples both in the 

absence and presence of COR at the emission maxima (338 nm) against time is 

shown in Fig. 7. Such drastic alterations in TRP fluorescence are indicative of 

changes in the tertiary structure of HEWL upon fibrillation. Since the fluorescence 

quantum yield of TRP is less in a polar environment than in a non-polar one so the 

decrease in fluorescence suggests that the TRP residues are exposed from a 

Fig. 7. Variation of the intrinsic fluorescence intensity of HEWL samples at the emission maxima with 

time in the absence (■) and presence (•) of COR.

hydrophobic to a more hydrophilic (aqueous acidic buffer) environment during 

fibrillogenesis.  The TRP fluorescence can also be quenched by the different 
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neighboring amino acid residues through various quenching mechanisms.95-99 Such 

quenching interactions result from the intra/intermolecular interactions of the TRP 

residues with its surrounding amino acids present within the fibrillar network of 

HEWL.100 This indicates that the local environment of the tryptophan residues in the 

HEWL fibril has become more accessible to aqueous solvent during the process of 

fibril formation, resulting in the quenching of fluorescence by water.101,102 The 

change in intrinsic fluorescence of HEWL samples was delayed upon addition of 

COR. This indicated that the changes in the local environment surrounding the TRP 

residues were arrested/delayed in presence of COR. Since the drop in intrinsic 

fluorescence of HEWL is associated with the exposure of the TRP residues to a more 

hydrophilic aqueous acidic environment so we can conclude that the 

microenvironmental changes of the initially buried TRP residues during 

fibrillogenesis of HEWL were delayed upon addition of COR. Thus, the intrinsic 

fluorescence studies indicated that COR retarded fibrillation in HEWL which further 

reinstates the observations from ThT fluorescence and CR absorbance assays.

Anisotropy Studies. Steady-state fluorescence anisotropy experiments can be 

employed to monitor the aggregation behavior of HEWL.103,104 So, the steady-state 

TRP fluorescence anisotropy measurements were performed to study the fibrillation 

in HEWL both in the absence and presence of COR. Variations in the anisotropy 

behavior of HEWL samples before and after fibrillation in aqueous acidic buffer was 

monitored using steady state anisotropy experiments. The anisotropy values of 

HEWL increased upon fibrillation which indicated that the local environment 

surrounding the TRP residues became more compact which restricted the motion of 
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TRP residues leading to an enhancement in fluorescence anisotropy. However, in the 

presence of COR, the relative increase in the anisotropy value was decreased from 

(0.216±0.003) to (0.174±0.003). Thus, COR affected a by ~19.44% reduction in the 

anisotropy value which suggested that the extent of fibrillation in HEWL was 

suppressed by COR. Thus, fibrillation in HEWL proceeds with burial of the TRP 

residues into a more compact environment, which is mitigated to an extent by COR 

highlighting its ability to suppress HEWL fibrillation. 

CD studies

 CD is a useful tool widely used in protein chemistry. Far UV CD spectroscopy was 

employed to investigate the secondary structural changes in HEWL upon fibrillation 

in absence as well as presence of COR. When amyloid fibrils are generated,

Fig. 8. Far-UV CD spectral changes of HEWL samples upon fibrillation. Curve 1 represents the far-UV 

CD spectrum of HEWL before fibrillation while curves 2 and 3 represent the CD spectrum of HEWL 

samples after fibrillation in the absence and presence of COR, respectively.

there is a marked increase in the β-sheet content of proteins/peptides. To study the 

effect of COR on the secondary structural changes induced in HEWL upon 

fibrillation the far-UV CD spectra of HEWL in the absence and presence of COR 
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were recorded and subsequently analyzed. The changes in the far UV CD spectra of 

HEWL upon fibrillation both in the absence and presence of COR are depicted in 

Fig. 8. The far UV CD spectra of HEWL showed α-rich conformation (∼35.90% α-

helix, ∼15.10% β-sheet, ∼49% turns and unordered) which was characterized by 

minimum at ∼208 nm and a negative shoulder at ∼222 nm before the advent of 

fibrillation (with or without COR)22,105,106 With increase in time there was a structural 

transition in HEWL which caused a prominent shift in its secondary structure to an 

extremely amyloidogenic but soluble β-sheet rich structure.22,72,106 After 9 h the CD 

spectrum of HEWL showed a marked change and was characterized by a well 

defined minimum at 221 nm. This is characteristic of the β-sheet rich 

Fig. 9. Changes in the α-helical and β-sheet content of HEWL before (A) and after fibrillation both in 

the (B) absence and (C) presence of COR. 

conformation (∼0.90% α-helix, ∼50.70% β-sheet, ∼48.40% turns and unordered). 

HEWL samples treated with COR after 9 h also exhibited a minimum at ~222 nm but 

upon deconvolution of the CD spectrum there was a noticeable decrease in the β-

sheet content (∼2.40% α-helix, ∼42.10% β-sheet, ∼55.50% turns and unordered) of 

HEWL. The changes in the α-helical and β-sheet content of HEWL before and after 
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fibrillation both in the presence and absence of COR are presented in Fig. 9. These 

observations unequivocally state that COR arrests α to β structural transition in 

HEWL yielding less β-sheet structure but the original α-helical structure in native 

HEWL was not restored. There was an increase in the proportion of turn and 

unordered structures in HEWL. Thus, the CD results suggested that the increase in 

β-sheet content and concomitant α-to-β transition of HEWL, which is the hallmark of 

amyloid fibrillation, was successfully attenuated by COR which reinstate our earlier 

observations from ThT fluorescence.

Fig. 10. AFM images of HEWL fibrils in the absence (A) and presence (B) of COR after 9 h. 

AFM imaging

 To examine the fibril attenuating of COR in more details AFM was performed. AFM 

enabled us to study the morphological characteristics of HEWL samples both in the 

absence and presence of COR. Fig. 10A clearly revealed that after 9 h large amount 

of thickly populated, compact, elongated and matured fibrillar assemblies were 

formed. These elongated, dense and matured fibrillar aggregates are the 

characteristic of amyloid fibrils. On the other hand Fig. 10B showed that upon 

addition of COR HEWL fibrillogenesis was markedly inhibited. On treatment with 

COR the fibrils became less dense, fragmented, sparsely populated and resembled 
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the protofibrillar structures. The HEWL fibrils were not only highly scattered and 

lesser in quantity but significantly less matured/developed and their morphology 

was also altered in presence of COR. The figures also confirm that the growth of 

fibrillar assemblies was significantly disrupted by COR. Thus, AFM studies 

reaffirmed COR inhibited fibrillogenesis in HEWL remarkably. Thus AFM imaging 

conclusively indicate that treatment of HEWL samples with COR suppresses 

amyloid fibril formation efficiently. The spectroscopic assays in conjunction with the 

imaging experiments conclusively establish that exposure of HEWL to COR causes 

bona fide retardation/inhibition of amyloid fibrillation.

DSC studies. Alkaloids on complexation with proteins can affect their thermal stability 

which is manifested by changes in their thermal denaturation temperature. DSC is a 

microcalorimetric tool to detect any such alterations in the thermal stabilities of proteins. 

Additionally, it also provides insights into the energetics associated with the thermal 

denaturation process. Effect of COR on the thermal stability of HEWL was monitored 

using DSC. The DSC thermogram of HEWL exhibited a single endothermic peak at 

(331.77 ± 0.03) K (Fig. S2, curve 1). In presence of COR the peak in the thermogram 

remained virtually unaltered at (332.09 ± 0.05) K (Fig. S2, curve 2). So COR did not affect 

any significant change in the melting temperature of HEWL suggesting that the HEWL-

COR complexation under amyloidogenic buffer conditions did not alter its thermal 

stability which in turn implies that the structural integrity of native HEWL was retained 

in presence of COR. Furthermore, there was no alteration in the shape of the 

thermograms in presence of COR indicating that COR did not affect the thermal 

denaturation pathway of HEWL. The transitional enthalpy of HEWL (ΔHcal) enhanced 
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from (65.05 ± 0.58) to (94.52 ± 0.13) kcal/mol in presence of COR. Overall, we can say 

that in presence of COR the thermal denaturation process of HEWL at pH 2.20 was not 

affected significantly which can be linked to the fibril attenuating potential of COR and 

its ability to resist the conformational changes in native HEWL.

ITC Studies

 The binding reaction between COR and HEWL under amyloidogenic buffer conditions 

was characterized by ITC. ITC is the most efficient tool for characterizing the binding 

thermodynamics of a biomolecular interaction process. The ITC thermogram for the 

complexation of HEWL with COR at 25 oC is presented in Fig. 11. Analysis of the ITC 

thermogram after appropriate correction for the heats of dilution using one set of site 

binding model afforded the equilibrium constant (K), binding stoichiometry (N)  and 

standard molar enthalpy contribution (ΔH0). The K value for COR-HEWL complexation 

was deduced to be (6.41 ± 0.46) × 104 M-1 while the N value was found to be (1.13 ± 0.02) 

suggesting 1 : 1 association between HEWL and COR. The complexation was favored by 

negative ΔH0 value of (-4.37 ± 0.04) kcal/mol which mainly originated from the restricted 

mobility of COR molecules entrapped in the low dielectric interior of HEWL. The 

standard molar Gibbs energy (ΔG0) and the entropic contributions (TΔS0, where T is the 

absolute temperature and ΔS0 is the standard molar entropy change) to the binding were 

calculated using the relationships ΔG0 = -RT ln(K)  and ΔG0 = ΔH0 - TΔS0, respectively.
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Fig. 11. The upper panel represents the ITC thermogram for COR-HEWL complexation at 298.15 K 
(curve on the top), along with the dilution profile (curve at the bottom offset for clarity). The bottom 
panel shows the integrated heat data after correction of heat of dilution. The symbols (■) represent the 
data points and the solid line represents the best-fit data.

The value of ΔG0 and TΔS0 for HEWL-COR binding was calculated to be (-6.56 ± 0.46) 

and (2.19 ± 0.42) kcal/mol, respectively. The negative ΔG0 value accounts for the 

spontaneity of HEWL-COR complexation under fibrillogenic buffer conditions. The 

positive TΔS0 arises due to the release of condensed counterions and changes in the 

HEWL hydration layers consequent to the COR binding. 

Molecular docking

In silico molecular docking was used to study for further investigating the binding 

interaction between HEWL and COR. The conformational cluster analysis of 50 runs 

Page 26 of 42New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
1 

Ja
nu

ar
y 

20
22

. D
ow

nl
oa

de
d 

by
 R

eg
io

na
l R

es
ea

rc
h 

L
ab

or
at

or
y 

(R
R

L
-B

hu
) 

on
 1

/1
8/

20
22

 1
2:

50
:1

3 
PM

. 

View Article Online
DOI: 10.1039/D1NJ06007D

https://doi.org/10.1039/d1nj06007d


REVISED MANUSCRIPT

27

was performed using RMSD tolerance of 2.0 Å and the lowest energy with most 

populated conformation was utilized for investigating the binding details as shown 

in Fig. 12. The value of Gibbs free energy (∆G°) of binding for the best conformation 

with the lowest energy was found -7.61 kcal/mol. The sum of van der Waal’s 

energy, hydrogen bond energy and desolvation energy was -8.71 kcal/mol and the 

electrostatic energy was -0.09 kcal/mol which were added to obtain the value of the 

total intermolecular energy (∆E1 = -8.81 kcal/mol). There were 4 active torsions 

between C2_3 and O1_2, C11_13 and O2_14, C13_16 and O3_17, C21_25 and O4_26 

which contributed to the torsional free energy (∆E3) of +1.19 kcal/mol. The internal 

energy (∆E2) and the unbound system’s energy (∆E4) afforded the same value of -

0.48 kcal/mol (Table 1). In the interaction cavity of HEWL, some amino acid residues 

are present and are involved in hydrophobic interactions like VAL109, GLU35, 

ASN59, ILE58, ILE98, LEU75, TRP63 as shown in Fig. 13. However, that doesn’t 

indicate that the interaction of COR with HEWL protein is exclusively hydrophobic. 

There were some polar interactions also like π-σ (TRP108), π-π stacked, π-π T shaped 

(TRP62) and carbon hydrogen bonding (ASP101, GLN57, LEU56, ALA107). These 

polar interactions had played a significant role in the stability of the COR-HEWL 

binding interaction.
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         ∆G°                                          -7.61                                 -7.58                                     -6.37

Table 1. Evaluated docking energies with possible binding sites of COR in HEWL.

Energy (kcal/mol)                           Site I                               Site II                                  Site III

          ∆E1 (a+b)a                        (-8.71)+(-0.09)                   (-8.65)+(-0.13)                    (-7.33)+(-0.24)

          ∆E2                                                                 -0.48                                 -0.72                                    -0.71

          ∆E3                                           +1.19                               +1.19                                    +1.19

          ∆E4                                            -0.48                                -0.72                                     -0.71

awhere a = van der Waal’s energy+ hydrogen bond energy + desolvation energy; b = 
electrostatic energy.

Fig. 12. 3D image of the lowest energy conformer of COR (ball and stick form) on HEWL with 
hydrophobic amino acid residues marked with golden colour (site I).
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Fig. 13. 2D image of conformation displaying interactions with amino acid residues.

The change in the value of ASA of the residues (i), which depends on its accessibility 

to the solvent were calculated for HEWL and HEWL-COR complex were calculated 

using the following equation:

                                             ∆ASAi = ∆ASAi
HEWL - ∆ASAi

HEWL-COR        (3)                            

Total ASA of native HEWL (1dpx) was 6313.746Å2 while upon complexation with 

COR it declined to 6178.86Å2 (Fig 14). The substantial decrease in the value of ASA 

of HEWL complexed with COR in respect of ASA of native HEWL provides 

important information about the binding interaction. The amino acid residues with 

ASA difference of >10Å2 in between native HEWL and complexed HEWL are 

considered to have effective and significant role in the binding mechanism. Such 

amino acid residues which show a decrease in ASA value greater than 10Å2 are 
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enlisted in Table 2. Among all these amino acid residues, TRP-62 showed the highest 

decrease of 74.371Å2 in ASA after binding with COR due to π-π stacked & π-π T 

shaped interactions. Some other amino acids such as ALA-107, ASP-101, ASN-59 and 

TRP-63 also shows reduction in the value of ASA in HEWL.

A                                                                       B

Fig 14. Solvent-accessible surface area of (A) native HEWL and of (B) HEWL complexed with COR.
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Mechanistic Insights

Our results suggested that nucleation as well as fibril growth were efficiently inhibited 

by COR. COR interacted with HEWL at very low (µM) concentration directly in a site-

specific manner and arrested exposure of the partially unfolded HEWL surface which in 

turn, caused concomitant inhibition of self-association and amyloid fibrillation. In the 

presence of COR there is a possibility of interaction through preferential hydration of the 

HEWL surface.107 However, COR did not cause refolding of HEWL into its native state 

Table 2. Changes in the ASA (Å2) values of the interacting residues of HEWL before 
and after binding with COR.

System Residues ASA(Å2) in 
HEWL

ASA(Å2) in 
complex

ΔASA (Å2)

HEWL-
COR

GLU-35

LEU-56

GLN-59

ILE-58

ASN-59

TRP-62

TRP-63

LEU-75

ILE-98

ASP-101

ALA-107

TRP-108

VAL-109

31.959

0.00

11.920

2.383

28.724

135.967

23.466

78.280

7.583

100.565

53.977

10.919

96.281

26.186

0.00

3.183

0.113

0.871

61.596

4.874

68.180

1.001

65.887

13.302

0.000

88.976

5.773

0.00

8.737

2.27

27.853

74.371

18.592

10.10

6.582

34.678

40.675

10.919

7.305
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which suggests that COR binds with the partially unfolded HEWL and thereby leads to 

suppression of formation of amyloid fibrils. Under the highly acidic experimental 

conditions COR which has a planar extended π molecular framework can bind with 

HEWL through a multitude of forces like π-π stacking, hydrophobic interactions, etc. 

which inhibit the fusion of HEWL molecules and inhibits the formation of fibrillar 

assemblies.82 Previous reports demonstrated that the active hydroxyl groups of 

polyphenols play a major role in the inhibition of fibrillation.104,108-110 Although no such 

active hydroxyl groups are present in COR but it is highly likely the methoxy groups 

present in COR play a major part in its inhibitory influence on fibrillogenesis through 

their involvement in multiple hydrophobic interactions with partially unfolded HEWL.  

HEWL denaturation opens up the binding sites for interaction with COR and this 

interaction prevents amyloid fibrillation through the intercalation of smaller fibrils to 

generate larger fibrillar assemblies.

Conclusions

This paper describes the influence of the protoberberine alkaloid COR on HEWL 

amyloidogenesis. In the presence of COR the formation of fibrillar assemblies in 

HEWL was markedly delayed as revealed by monitoring the fibrillation kinetics 

through ThT fluorescence assay. CR assay in absorbance also reiterated that COR 

had a significant inhibitory effect on the fibrillation process. The margin of 

fibrillation was also remarkably suppressed in the presence of this protoberberine 

alkaloid. NR assay indicated that COR exerted an inhibitory effect on the tertiary 

structural changes in HEWL which also pointed towards its fibrillation inhibitory 

propensity. ANS assay showed that the exposure of the buried non-polar regions 
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associated with fibrillation was suppressed by COR. The changes associated with the 

microenvironmental polarity and the steady state anisotropy of the TRP residues 

present in HEWL due to fibrillation were delayed as well as arrested in presence of 

COR. Far UV CD experiments indicated that α to β transitions in HEWL which is the 

hallmark of fibrillogenesis was efficiently suppressed by COR and the β sheet 

content of HEWL was reduced upon addition of COR. The imaging studies also 

testified that the amyloid fibrillation was remarkably inhibited by COR. DSC studies 

showed that COR did not alter the thermal denaturation process of HEWL under 

amyloidogenic buffer conditions significantly. The complete thermodynamic profile 

for HEWL-COR binding along with the equilibrium constant and binding 

stoichiometry was also evaluated with the help of ITC. Molecular docking analysis 

provided further insights into the nature of interactions between HEWL and COR. 

All these experiments unequivocally establish that COR can effectively arrest 

fibrillogenesis at very low concentrations (in μM range). Hence, such protoberberine 

alkaloids can be used for designing viable therapeutics for effective treatment of 

amyloidosis and other ailments related to protein aggregation. 
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