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A B S T R A C T   

Protein misfolding lead to pathological amyloid aggregates causing neurodegenerative disorders. Interaction and 
effect of benzophenanthridine alkaloid, sanguinarine (SNR hereafter), on lysozyme fibrillation was studied in the 
quest for designing potent antiamyloidogenics. SNR quenched the intrinsic fluorescence of lysozyme and the 
quenching mechanism was static. There existed one type of binding site for SNR on lysozyme and TRP residues 
were mainly involved in binding. 3D-fluorescence studies indicated conformational changes in lysozyme upon 
complexation with SNR. The binding between lysozyme and SNR was also studied by molecular docking to 
understand the forces involved in the binding. Effect of SNR on lysozyme fibrillation was examined from Thi
oflavin T assay which revealed that SNR suppressed the fibrillation of lysozyme significantly. Nile red and ANS 
assay revealed that SNR arrested the fibrillation. FTIR and circular dichroism showed that β-sheet content of the 
fibrillar species was reduced by SNR implying fibrillogenesis was inhibited as amyloid fibrils have β-sheet rich 
structures. AFM also revealed that SNR induced a marked decrease in the fibrillar quantity. These results can be 
utilized for designing potential drugs for amyloidosis.   

1. Introduction 

Misfolding, aggregation and pathological deposition of proteins 
cause fatal diseases called amyloidoses. It is marked by long dense 
amyloid fibrils [1]. Many human peptides and proteins have been re
ported to be associated with pathological amyloid aggregates [2]. 
Inspite of having little structural and sequential similarities, they form 
amyloid fibrils which has similar fibrillar morphology and other 
biochemical properties [3,4]. Unfolding of the protiens and their ag
gregation starts with destabilization of its native conformation resulting 
in partially unfolded intermediates [5–8]. So, inhibition of fibrillation or 
rupture of existing fibrillar structures is an useful therapeutic approach 
for the remedial treatment of amyloidosis [5,9–12]. One strategy to 
reduce amyloidosis is to use small natural or synthesized compounds as 
aggregation inhibitors. Chicken egg-white lysozyme (CEWL hereafter) is 
homologous to human lysozyme and its amyloidogenic variants is seen 
to correlate with the occurence of systemic amyloidosis [13]. The core 
structure called the CEWL K peptide (GILQINSRW, residues 54–62 in the 
β-domain of the cleft), can self-assemble and fibrillate [14,15]. In livers 

and kidneys human lysozyme mutants can form large amyloid deposits 
[16]. Lysozymes from different sources form amyloid aggregates under 
destabilizing conditions [17–19]. No clinical treatments are known for 
preventing or reversing the amyloid fibrillation. Small molecules can 
inhibit amyloidogenesis [20,21–25] but knowledge on the precise 
mechanism of inhibitory action, their effect on different kinetic aggre
gation parameters and unfolding pathway are still being explored [26]. 
Natural products, particularly the alkaloids represent an attractive pool 
of compounds with diverse medicinal properties which can be devel
oped as potential therapeutic agents for amyloid related diseases [27]. 
Among the alkaloids, the benzophenanthridines are an interesting class 
of molecules having multiple pharmacological properties [28–33]. The 
premier benzophenanthridine alkaloid SNR (Fig. 1) has diverse medic
inal applications but its antiamyloidogenic potential is still not studied 
[28,30,31,34–42]. Thus, in our quest to design viable antiamyloidogenic 
agents we have probed the interaction and influence of the benzophe
nanthridine alkaloid, SNR, on lysozyme fibrillogenesis using multiple 
biophysical assays. 
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2. Materials and methods 

2.1. Materials 

CEWL (CAS Number: L6876), SNR (CAS Number: 5578-73-4), Thi
oflavin T (ThT), Congo Red (CR), Nile Red (NR) and 8-Anilino-1-naph
thalenesulfonic acid (ANS) were purchased from Sigma-Aldrich 
Corporation (St. Louis, MO, USA). 50 mM glycine-HCl buffer pH (~2.20) 
containing 100 mM NaCl and 1.54 mM NaN3 was used for all the ex
periments. The components used for buffer preparation were of 
analytical grade. 

2.2. Methods 

Steady state fluorescence experiments were performed on a Hitachi 
F–7100 or Shimadzu RF-5301 PC (Shimadzu Corporation, Kyoto, Japan) 
spectrofluorimeter. 

The fluorescence titration experiments were done keeping band
widths of 5 nm. The excitation wavelength for CEWL was 295 nm and 
excitation wavelength for SNR was 470 nm. A constant concentration of 
CEWL (13.20 µM) was titrated with 0 µM to 33.60 µM concentrations of 
SNR while in another experiment 12 µM of SNR was titrated with 0 µM to 
19.89 µM CEWL. After inner-filter effect correction [43,44], the 
quenching constant was envisaged using the Stern - Volmer equation 
[45], 

Fo
F

= 1+Kqτ0[Q] = 1+Ksv[Q] (1)  

where F0 and F are the CEWL fluorescence intensities in absence and 
presence of SNR, respectively. Kq and τ0 are the equilibrium quenching 
constants and average life time of CEWL, respectively. KSV and [Q] are 
the Stern-Volmer quenching constant and concentration of SNR, 
respectively. 

Fluorescence lifetime decay values were measured in Horiba Delta
FlexTM Modular Fluorescence Lifetime System (Horiba Yvon, Glasgow, 
UK) at excitation and emission wavelengths of 288 nm and 338 nm, 
respectively. The lifetime decay data were evaluated using the equation 
[46], 

F(t) = Σαiexp
(

−
t
τi

)

(2)  

where F(t) = fluorescence intensity at time t and αi is the pre-exponential 
factor of ith time constant. For multiexponential experimental decay τavg 
is given by the equation [47,48], 

τavg =
∑

aiτi (3)  

here, τi denote the fluorescence life time and αi is the relative amplitude, 
respectively. 

The CEWL-SNR binding constant (KA) and the number of binding 
sites (n) were subsequently derived from the equation [49–51], 

log
(F0 − F)

F
= log KA+ nlog[Q] (4)  

here, KA = CEWL-SNR equilibrium binding constant and ‘n’ represents 
the binding sites on CEWL. KA and n were determined from the intercept 
and slope of the linear graph of log (F0 − F)

F vs log[Q]. 
3D-fluorescence spectra of CEWL (3.4 µM) in presence and absence 

of SNR (24 µM) were obtained by the analysis of emission (220 to 450 
nm) and excitation (200 to 400 nm) spectral range with 5 nm increment. 
The data is average of 15 scans. 

200 mg of CEWL was dissolved in glycine-HCl buffer (20 ml). To 
prepare CEWL fibrils 2 ml stock CEWL solution was diluted five folds 
with the buffer and agitated (580 rpm) at 60 ◦C for 6 h [52–54]. A 
similar solution with 50 µM SNR was also prepared which was also 
stirred (580 rpm) at 60 ◦C for 6 h. 0.75 ml aliquots were withdrawn from 
both the solutions at 30 mim intervals for 6 h and stored carefully for 
monitoring the fibrillation kinetics by ThT assay and other related 
experiments. 

For ThT assay a stock solution of ThT was prepared. 75 μl aliquots 
withdrawn at varying time interval were diluted with 675 µl buffer. 
Then appropriate volumes of stock ThT solution was added to it and 
stored for 1 h. Fluorescence at 485 nm were measured by exciting the 
samples at 440 nm and after inner filter effect corrections [43,44] the 
inhibitory effect of various SNR concentrations on CEWL fibrillation was 
determined from the percentage of ThT fluorescence decrease at 6 h 
using the equation 

%decreaseinThTfluorescence =
Fo − F
Fo

× 100% (5)  

where, Fo and F are ThT fluorescence of CEWL samples in absence and 
presence of SNR. 

The kinetics of fibrillation was analyzed using the equation [55] 

F = Fmin +

(
Fmax − Fmin

1 + e[{t− t0}/k]

)

(6)  

where F, Fmin and Fmax are fluorescence at time t, initially and after 
saturation, respectively. t and t0 are incubation time and time to reach 
half of the maximum fluorescence while k is first order aggregation 
constant. Apparent growth rate constant (kapp) is given by 1/k. All the 
data reported are average of four independent determinations. 

For NR assay 1 mM solution of NR in DMSO was prepared. 50 μl of 
the CEWL samples were diluted to 750 μl with buffer. NR solution was 
then added so as to keep the final concentration at 1 μM. It was stored for 
30 mins, then fluorescence at emission maxima were noted by exciting 
at 550 nm. 

For ANS assay a stock solution of ANS was prepared and 50 μl of 
CEWL sample solutions were diluted to 750 μl. Then the stock ANS so
lution was added so that ANS concentration was 25 μM. Fluorescence 
spectra were taken after exciting at 370 nm. 

Using the Parkin Elmer’s FTIR spectrophotometer decorated with 
Zinc Selenide (ZnSe) for Attenuated Total Reflectance (ATR), KBr beam 
splitter and LiTaO3 detector (Perkin Elmer, USA) the secondary struc
tural changes in CEWL upon fibrillation both in the absence and pres
ence of SNR was investigated. 

100 μl of CEWL samples were diluted to 300 μl and far-UV circular 
dichroism (CD) was recorded on Jasco J815 spectrometer [49]. Sec
ondary structure of CEWL was measured using “CONTINLL” program of 
DICHROWEB (dataset 4 was the reference set) [56–60]. 

Atomic force microscopy (AFM) imaging studies were done accord
ing to the protocols described in details earlier [61–63]. CEWL solutions 
were diluted 200 folds, 5 μl of the solution was placed on freshly cleaved 
mica and dried before imaging. AFM images were processed with 
Picoview 1.1 version software. 

Fig. 1. Molecular structure of SNR.  
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2.3. Statistical analysis 

The data are represented as mean ± standard deviation (S.D.) of four 
independent determinations. 

3. Results and discussion 

3.1. Spectrofluorimetric studies 

Fluorescence gives detailed information about CEWL fluorophores 
which are very sensitive to the surrounding polarity and ability of CEWL 
to bind with SNR [49,64]. SNR quenched the intrinsic fluorescence of 
CEWL which gives information about that the nature and binding mode. 
Tryptophan (TRP) 62 and 63 are more exposed towards the solvent. The 
TRP residue at position 63 is not buried in the hydrophobic core, it is 
lying in the active site hinge region. On the other hand, the TRP 62 is 
exposed to the solvents [65]. Information about the changes in the local 
environment of these residues upon SNR binding (TRP-62, TRP-63) can 
be obtained through fluorescence quenching studies [66]. CEWL was 
excited at 295 nm and the emission maximum was around 338 nm. 

In Fig. 2A we can see the emission spectral change of CEWL in 
presence of SNR. The intrinsic fluorescence spectra of CEWL were suf
ficiently quenched (78%) by SNR with a marked red shift of about 23 
nm. After certain time, these effects reached a saturation point. 

The KSV value was estimated to be (4.57 ± 0.12) × 104 at 25 ◦C using 
equation (1) after inner filter effect correction. Furthermore, the KSV 
values were determined at 20, 30 and 35 ◦C. The KSV values were found 
to decrease gradually on increasing the temperature from 20 to 25 to 30 
to 35 ◦C, suggesting a static quenching mechanism which was inde
pendently verified by fluorescence lifetime experiment. 

SNR also has a fluorophore that exhibit emission maxima at 584 nm 
when excited at 470 nm. The fluorescence changes of SNR upon adding 
CEWL is presented in Fig. 2B. 

After successive additions of CEWL the fluorescence of SNR reached 
a saturated point and further addition of CEWL did not cause any 
change. 

Further knowledge about the microenvironment of the fluorophores 
and the binding interaction between SNR and CEWL was studied from 
time-resolved fluorescence experiment. The fluorescence lifetime study 
is most effective to analyze the quenching mechanism (static or dy
namic). The time resolved fluorescence decay profiles of CEWL in 
presence and absence of SNR (Fig. 3) were analyzed and the average 
lifetime value of CEWL was 1.096 ns whereas that of CEWL-SNR com
plex was 1.074 ns which supported the fact that the mechanism of 
quenching process was static in nature and due to the formation of 

ground state complex between CEWL and SNR because in case of dy
namic quenching the fluorescence lifetime value significantly changes 
[46]. 

From the above fluorescence lifetime studies we can assume that the 
specific binding interaction occurred between SNR and CEWL leading to 
ground state complexation. Therefore, SNR can bind independently to 
identical site of CEWL. 

KA was (5.22 + 0.17) × 104 M− 1, which suggested moderate binding 
interaction. We obtained the binding sites from the value of ‘n’ and it is 
almost unity indicating that one type of binding site exists and TRP 
residues are mainly involved in binding. 

3D-excitation-emission matrix analysis gives additional information 
about conformational changes of CEWL upon binding of SNR [67,68]. 
The 3D-excitation-emission spectrum and the contour form of CEWL in 
presence and absence of SNR is presented in Fig. 4. In Fig. 4 peak 1 (Δλex 
= 280 and and Δλem = 337 nm) and peak ‘a’ (Δλex = Δλem) is mainly 
expressed due to the fluorescence excitation-emission spectrum of TRP 
and tyrosine residues of CEWL and 1st order Rayleigh scattering (λex =

λem), respectively [69]. After successive addition of SNR to CEWL we 
observed that the Stokes shift (Δλ) increased from 57 to 84 nm and the 
intrinsic fluorescence intensity decreased. 

This suggested that the less polar region and the TRP and tyrosine 
residues of CEWL inserted into the hydrophobic cavity were exposed due 
to SNR-CEWL binding. The increase in Stokes shift value indicated the 
conformational change of CEWL. We have another fluorescence peak 2 
(Δλex = 225 and Δλem = 339 nm) due to the n → π* transition in 

Fig. 2. Fluorescence spectra of (A) CEWL (13.20 µM) treated with 0 to 33.60 µM SNR (curves 1–9) and (B) SNR (12 µM) treated with 0 to 19.89 µM CEWL 
(curves 1–7). 

Fig. 3. Time-resolved fluorescence decay profile of CEWL and its complex 
with SNR. 
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polypeptide backbone. SNR induced conformational change and shift of 
CEWL amino acid residues from hydrophobic to hydrophilic environ
ment, i.e, non-polar to polar region. 

3.2. Molecular docking studies 

In silico investigation of binding interaction between CEWL and SNR 
was performed using Autodock at RMSD tolerance of 2 Å. SNR has no 
active torsion because it does not contain any rotatable bond. The 
binding Gibbs free energy (ΔGbinding) of each conformation was calcu
lated using the equation [70].  

ΔGbinding = ΔGvdW + ΔGelec + ΔGH-bond + ΔGdesolv + ΔGtors              (7) 

where ΔGvdW, ΔGelec, ΔGH-bond, ΔGdesolv and ΔGtors are the free energy 
changes due to Van der waal’s interaction, electrostatic interaction, H- 
bonding, desolvation and torsional degree of freedom, respectively. 

Lowest binding energy between CEWL and SNR was found to be 
− 6.12 kcal/mol over 100 probable conformations generated from 
docking result using two PDB ID. Best conformers clearly indicate that 

SNR interact in big enzymatic cavity of CEWL and make different types 
of interaction (Fig. 5A). Binding energy and interaction type with dis
tance of best interacting conformer of each PDB ID is given in Table 1. In 
best docking conformation there are two conventional H-bonds between 
SNR and ASN 59 & ARG 61 residue of CEWL with distance 2.30 Å and 
1.81 Å, respectively. Besides, conventional hydrogen bond, some non- 
classical H-bond such as carbon-hydrogen bond and π-donor hydrogen 
bonds was also found in docking study. TRP 62 makes a π-cationic 
interaction with aromatic π-electron cloud of SNR. In addition to these 
interactions other hydrophobic interactions like π-π stacked, π-π T-sha
ped, π alkyl and alkyl are also present. The visualization of docking data 
on both 3D (Fig. 5B & C) and 2D (Fig. 6) indicate that binding of SNR 
with CEWL is not hydrophobic exclusively but there are other in
teractions such as conventional H-bond, π-cationic dipolar interaction, π 
donor H-bond etc. 

Change in accessible surface area to solvent was calculated using 
following equation 

ΔASA = ASACEWL − ASACEWL− SNRcomplex (8) 

Fig. 4. 3D-fluorescence spectra of CEWL (A & B) (3.40 µM) and CEWL-SNR (C & D) (24 µM) system.  
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ΔASA of each residue of more stable conformer with lowest binding 
energy was calculated in Å2 and significant changes are given in Table 2. 
Reduction of ASA of CEWL-SNR complex in comparison to CEWL sug
gests that some solvent accessible area of CEWL was captured by SNR 
due to its close proximity to CEWL during the binding reaction. Location 
of residues enlisted in Table 2 also confirmed that SNR bind at the 
enzymatic cavity of CEWL. 

3.3. ThT assay 

ThT is a fluorescent dye used for detecting β-sheet structures. So, ThT 
fluorescence was measured to monitor CEWL fibrillation and whether 
SNR can suppress the fibrillation kinetics. Fluorescence intensity of ThT 
is weak in aqueous acidic medium but it increases on binding with linear 

Fig. 5. (A) 3D placement of SNR in enzymatic cavity of CEWL along with (B) H-bonding and (C) Hydrophobic interaction.  

Table 1 
Binding parameters of the interactions between PDB entries of CEWL and SNR 
obtained through molecular docking.  

PDB 
ID 

Gibbs free 
energy 
(kcal/mol) 

Inhibition 
constant(µM) 

H bond 
making 
residues 

Hydrophobic interacting 
residues 

2vb1  − 6.12  32.42 ASN 59, 
ARG 61 

ILE 58, TRP 62, TRP 63, 
ILE 98, ALA 107 and 
TRP 108 

2ydg  − 5.88  49.4 – TRP 62, TRP 63, ILE 98, 
ALA 107 and TRP 108  

Fig. 6. 2D image of interaction of most stable conformation of CEWL with SNR.  
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array of fibrils [71]. The ThT fluorescence of CEWL fibrils in absence of 
SNR was significantly higher than those in presence of SNR. Addition of 
SNR resulted in inhibition of CEWL fibrillation. Compared to the CEWL 
samples without SNR, increase in ThT fluorescence of CEWL samples 
treated with SNR was significantly less. At 15, 30 and 50 µM concen
trations of SNR the ThT fluorescence of CEWL fibrils was reduced by 
(34.70 ± 3.15), (48.50 ± 3.52) and (63.84 ± 4.75)%, respectively, after 
6 h. Thus, the extent of inhibition enhanced with increasing SNR con
centration. Thereafter, at 55 and 60 µM SNR concentration only small 
variations in extent of fibrillation was observed (Fig. 7). Hence, the 
subsequent assays have been performed keeping an optimum SNR 
concentration of 50 µM. 

The ThT fluorescence for CEWL samples followed a nucleation- 
dependent pathway. ThT fibril formation profiles of CEWL samples is 
shown in Fig. 8 which revealed that ThT fluorescence of CEWL samples 
alone increased significantly after 1 hr of incubation followed by satu
ration phase. The variation of ThT fluorescence against time was 
sigmoidal with a lag phase when the critical nuclei are formed followed 
by a growth phase where the fluorescence enhanced rapidly and finally a 
saturation phase. The apparent growth rate constant of the fibrils were 
estimated to be (8.22 ± 0.04) and (7.32 ± 0.03) h− 1, respectively, in the 
absence and presence of SNR. 

The decrease in ThT fluorescence in presence of SNR can be 
explained on basis of the non-covalent inhibitory interaction between 
SNR and aggregation-prone partially unfolded form of CEWL formed 
initially. The aromatic chromophore of SNR along with its methylene 

dioxy groups provides a template for SNR-CEWL complexation through 
π-stacking, hydrogen bonding, van der Waals and hydrophobic in
teractions which inhibit the hydrophobic regions in the partially 
unfolded CEWL to interact resulting in the reduction of aggregation 
propensity of partially unfolded CEWL which leads to suppression of 
fibrillation ultimately. Such inhibition of fibrillation due to different 
non-covalent interactions between small molecules and proteins has also 
been reported previously [72–74]. 

3.4. NR assay 

Effect of fibrillation on the CEWL tertiary structure was determined 
by examining the NR fluorescence emission with time. NR is a lipophilic 
fluorescent dye for studying the microenvironmental changes in bio
macromolecules [52,75]. Fluorescence of NR is related to CEWL surface 
hydrophobicity. In Fig. 9 changes in NR emission spectra is shown 
before and after fibrillation. CEWL samples stained with NR were 
weakly fluorescent before fibrillation but there was increase in fluo
rescence of CEWL samples after fibrillation which indicates change in 
CEWL surface hydrophobicity upon fibrillation. 

CEWL samples treated with SNR showed comparatively less 
enhancement in fluorescence indicating that surface hydrophobicity and 
microenvironmental changes in CEWL are arrested by SNR. So, tertiary 
structural changes in CEWL were arrested in presence of SNR. As surface 
hydrophobicity and tertiary structural changes occur upon fibrillation 
therefore we can say that fibrillation is suppressed by SNR. There was 
also a blue-shift in NR emission maximum before the enhancement in 
fluorescence from 664 to 616 nm which indicates the exposure of buried 
hydrophobic clusters. The NR emission maxima is even more sensitive to 
tertiary structural changes in CEWL than the fluorescence. 

Table 2 
ASA value of CEWL, CEWL-SNR complex and change in ASA during CEWL-SNR 
complexation.  

Residue ASA CEWL (Å2) ASA CEWL-SNR complex (Å2) ΔASA (Å2) 

23 TYR  48.199 38.498  9.701 
34 PHE  67.317 58.459  8.858 
53 TYR  15.124 11.139  3.985 
57 GLN  21.546 17.543  4.003 
58 ILE  4.313 0.227  4.086 
59 ASN  40.393 10.762  29.631 
61 ARG  73.426 52.369  21.057 
62 TRP  104.391 39.923  64.468 
63 TRP  15.147 0.207  14.94 
73 ARG  134.574 128.723  5.851 
75 LEU  68.398 61.837  6.561 
76 CYS  18.127 16.538  1.589 
84 LEU  52.547 43.388  9.159 
89 THR  52.9 46.602  6.298 
90 ALA  19.539 17.104  2.435 
98 ILE  2.837 0  2.837 
99 VAL  9.935 1.856  8.079 
100 SER  53.235 46.345  6.89 
102 GLY  74.072 65.658  8.414 
103 ASN  43.951 36.036  7.915 
106 ASN  91.133 87.668  3.465 
107 ALA  53.042 7.005  46.037 
108 TRP  8.378 2.966  5.412  

Fig. 7. Percentage of inhibition of ThT fluorescence intensity of CEWL fibrils at 
485 nm in presence of 15, 30, 50, 55 and 60 µM SNR. 

Fig. 8. Variation of the ThT fluorescence intensity at 485 nm with time for 
CEWL samples in absence (■) and presence (•) of 50 µM SNR. 

Fig. 9. NR fluorescence spectra of CEWL samples before (curve 1) & after 
fibrillation (curves 2 and 3). Curves 2 and 3 represent the NR fluorescence 
spectra of CEWL in absence and presence of 50 µM SNR, respectively. 
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3.5. ANS binding assay 

ANS being a fluorescent probe which binds to hydrophobic regions of 
CEWL can detect the partially unfolded state of CEWL. Before aggre
gation certain conformational changes occur in CEWL which results in 
the exposure of non-polar surface area. 

Exposure of initially buried hydrophobic patches of CEWL is a key 
step in the fibrillation. Therefore, changes in the hydrophobic regions is 
used for monitoring fibrillation [73,76–78]. Fig. 10 depicts the ANS 
fluorescence of CEWL before and after fibrillation both in absence and 
presence of SNR. It has weak fluorescence in aqueous acidic buffer but in 
presence of fibrils the ANS fluorescence enhances remarkably with blue 
shift of maxima to 480 nm suggesting the complexation of ANS with 
exposed hydrophobic regions of CEWL. However, SNR caused the ANS 
fluorescence to be decreased by 47% at 480 nm. This drastic reduction in 
ANS fluorescence indicated lesser exposure of hydrophobic regions of 
CEWL leading to lesser degree of complexation between ANS and the 
hydrophobic patches of CEWL. As hydrophobic patches of CEWL are 
exposed during fibril formation therefore a reduction in exposure of non- 
polar regions suggest SNR induced a reduction in the extent of CEWL 
fibrillation. 

3.6. FTIR analysis 

The characterization of the secondary structure of CEWL fibrils in the 
absence and presence of SNR can be accomplished using FTIR spec
troscopy. Secondary structure of CEWL was investigated using the amide 
I, II and III FTIR spectral bands in the region 1800–1300 cm− 1, which are 
derived from the polypeptide backbone’s vibrational modes. The amide 
I band (1600–1700 cm− 1) which is most frequently used to evaluate the 
secondary structure of proteins arises due to the sensitivity of C ¼ O 
bond stretching vibration. The N-H bending combined with –CN 
stretching and –NH bending are responsible for amide II and amide III 
bands, respectively. The amide I band is made up of various assignments 
like β-sheet within 1610–1635 cm− 1; random coil within 1630–1645 
cm− 1; alpha helix within 1648–1660 cm− 1; antiparallel β-sheet and 
β-turn within 1665–1695 cm− 1 [79–81]. 

From Fig. S1 it is evident that native CEWL has sharp peak at 1648 
cm− 1 which indicate α-helical conformation of CEWL. After CEWL fibril 
formation the peak position shifted to 1628 cm− 1, which suggested the 
formation of β-sheet rich conformation. In presence of SNR a lower 
absorbance at 1628 cm− 1 was observed compared to the CEWL fibrils 
not treated with SNR, which indicated loss of β-sheet rich fibrillar 
conformation [82]. 

3.7. CD studies 

Conformational changes in CEWL upon fibrillation were studied 
from far-UV CD spectra. Prior to fibrillation CEWL exhibited minima at 
208 and negative shoulder at 223 nm which are the characteristics of 
α-helical structure (Fig. S2) [83,84]. However, upon fibrillation the far- 
UV CD spectrum of CEWL changed to a highly amyloidogenic β-sheet 
rich conformation with a minimum at 221 nm (Fig. S2). The β-sheet 
content of CEWL enhanced from (13.70 ± 1.65) to (63.10 ± 4.77)% 
upon fibrillation. In presence of SNR the β-sheet content was signifi
cantly reduced to (48.80 ± 3.17)%. The change in β-sheet content of 
CEWL before and after fibrillation is depicted in Fig. 11. This decrease in 
β-sheet content suggests inhibition of fibrillation by SNR as α-to-β 
transition with increase in β-sheet content is the hallmark of 
fibrillogenesis. 

3.8. AFM imaging 

AFM was performed to understand the morphology of CEWL fibrils 
as well as to examine the fibril arresting ability of SNR. From Fig. 12A it 
is evident that after 6 h the CEWL samples showed large quantities of 
long, matured, compact and dense fibrillar structures which are typical 
of amyloid fibrils. Fig. 12B shows clearly that fibrillation was suppressed 
by SNR. Fibrils were significantly less dense and compact upon addition 
of SNR. From comparison of these two figures we see that after 6 h 
amyloid fibrillation was arrested by SNR. Fibrils were markedly lesser in 
quantity and sparsely populated in presence of SNR. Thus, AFM studies 
unequivocally establish that CEWL fibrillogenesis was inhibited by SNR. 

Protein aggregation resulting in cognitive dysfunction is responsible 
for neurodegenerative diseases. CEWL undergoes aggregation leading to 
amyloid fibrillation. So, CEWL fibrillation inhibition by small molecules, 
nanoparticles, ionic liquids and peptides has gained eminence 
[52,49,55,61–63,72,85–87]. SNR has been studied as potential inhibitor 
of amyloid fibrillation due to its multiple medicinal properties 
[31,34–42]. Monitoring the changes in CEWL conformation early during 
its unfolding allow a better understanding of CEWL fibrillation and ways 
to arrest it by preventing CEWL to form locally unfolded intermediates. 
The results suggested that SNR can efficiently inhibit CEWL fibrillation 
by complexing with CEWL. The reduction in ANS fluorescence is an 
indicator of a lesser hydrophobic core being exposed to solvent, sug
gesting that SNR stabilizes conformation of CEWL even when exposed to 
fibrillation conditions. SNR binds with CEWL molecules and glues the 
aggregation-prone region of the β-domain with the α-domain causing 
reduction in the β-domain unfolded intermediates which results in the 
suppression of fibrillation [73,88]. Several azo dyes like amaranth, 
tartrazine, carmoisine, fast green FCF, sunset yellow and ponceau 4R 
have been reported to possess excellent antifibrillation potential against 
CEWL but their use as antiamyloidogenic agents is restricted due to their 
potential toxicity [49,61,84,89]. Amaramth (25 µM), carmosine (50 µM) 

Fig. 10. ANS fluorescence of CEWL samples before (curve 1) & after fibrillation 
(curves 2 and 3). Curves 2 & 3 represent the ANS fluorescence spectra of CEWL 
in absence and presence of 50 µM SNR, respectively. 

Fig. 11. Content of β-sheet of CEWL (A) before & after fibrillation in the (B) 
absence and (C) presence of SNR. 
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and tartrazine (100 µM) inhibited fibrillation by 47, 81 and 73%, 
respectively. Other dyes like toluidine blue O and methylene blue has 
also shown inhibitory effects on lysozyme fibrillation [90]. Polyphenols 
like quercetin, myricetin, morin, luteolin, kaempferol, curcumin and 
EGCG have also been reported to possess significant inhibitory effect 
towards lysozyme fibrillation [15,16,88,91,92]. Curcumin is reported to 
suppress fibrillation completely at 200 µM and EGCG suppresses fibril
lation by 70% at 400 µM [92] whereas SNR suppressed fibrillation by 
around 64% at relatively lower concentration (50 µM). Wu et al. re
ported that carnoisine, an eye-drop component for treatment and pre
vention of senile cataract, exhibited its antiamyloidogenicity in 
millimolar concentration range [52]. Thus, SNR appears to possess 
much higher antiamyloidogenic potential compared to carnoisine as it 
can arrest fibrillation effectively in micromolar concentration range. 
The isoquinoline alkaloid coralyne was reported to arrest fibrillation in 
CEWL by 97% at 25 µM concentration [63]. So, it is an even more potent 
inhibitor of fibrillation than SNR. 

4. Conclusions 

Interaction and effect of SNR on amyloid fibrillation in CEWL has 
been studied. There was ground state complexation between SNR and 
CEWL which resulted in exposure of the buried amino residues of CEWL 
to a hydrophilic environment. 3D-fluorescence studies revealed SNR 
binding caused conformational changes in CEWL. Molecular docking 
study reveals effective binding of SNR at enzymatic site of CEWL. SNR 
suppressed CEWL fibrillar assembly formation markedly as revealed by 
ThT assay. NR and ANS assay testified that CEWL surface hyrdopho
bicity changes along with exposure of hydrophobic regions upon 
fibrillation were suppressed efficiently by SNR. β-sheet content of CEWL 
increases upon fibrillation but SNR affected significant reduction in the 
β-sheet content of CEWL suggesting SNR had an inhibitory effect on the 
fibrillation. AFM imaging showed that quantity of fibrils was markedly 
reduced by SNR. Thus, we conclude SNR attenuated CEWL fibrillo
genesis which provides a model for exploring the inhibitory effects of 
alkaloids on protein fibrillation in vitro. As the inhibitory effect was 
observed in micromolar concentration range so such compounds having 
minimal toxicity can be studied for their potential antiamyloidogenic 
effects for the development of amyloid related therapeutics. 
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