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Amyloidfibrils are highly ordered protein assemblies known to contribute to the pathology of a variety of genetic
and aging-associated diseases. Here, we have investigated the aggregation propensity of lysozyme in the pres-
ence of a negatively charged surfactant (SDS) and evaluated the anti-aggregation activity of rutin. Multiple ap-
proaches such as turbidity measurements, dye binding assays, intrinsic fluorescence, circular dichroism (CD),
transmission electron microscopy (TEM), MTT and comet assays have been used for this purpose. We inferred
that SDS induces aggregation of lysozyme in 0.2–0.6 mM concentration range while at higher concentration
range (0.8–1.0 mM), it leads to solubilization/stabilization of protein. Intrinsic/extrinsic fluorescence and CD
analysis confirmed significant conformational changes in lysozyme at 0.2 mM SDS. Thioflavin T (ThT), congo
red binding and TEM analysis further reaffirmed the formation of lysozyme fibrils. Moreover, MTT assay demon-
strated cytotoxicity of these fibrils towards neuroblastoma cell lines (SH-SY5Y) and their attenuation by rutin.
Comet assay supported the cytotoxicity mechanism via DNA damage. Molecular docking results also advocate
a strong interaction between lysozyme and rutin. The current study indicates a mechanistic approach assuming
structural constraints and specific aromatic interactions of rutin with HEWL aggregates.

© 2018 Published by Elsevier B.V.
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1. Introduction

Protein amyloid aggregation has received extensive attention in bi-
ology, medicine, and biophysics because of its implication in several
human diseases [1]. Amyloid aggregates are insoluble protein aggre-
gates with the characteristic cross-β structure and fibrous morphology
[2]. Deposition of amyloid aggregate in tissues is a pathological hallmark
of N40 neurodegenerative, systemic, and nonsystemic diseases which
apart from others include some degenerative disorders such as chronic
and progressive Alzheimer's, Parkinson's and Huntington's diseases or
diabetes mellitus [3]. Several studies have shown that aggregation of
proteins can be induced in vitro by conditions that favor partially folded
or molten globule (MG)-like states [4]. Proteins, despite their unrelated
amino acid sequences and tertiary structures, can unfold and assemble
into fibrils with similar ultra-structures and identical biochemical
rtment of Biochemistry, College
properties. Protein aggregates are characterized by long and un-
branched fibrils with enriched β-sheet structure, increased surface hy-
drophobicity, fluorescence upon binding to thioflavin T (ThT) and the
ability to disrupt cellular membranes [5]. Inhibition of amyloid fibrils
thus opens up a scope for the treatment of neurological disorders
which involves either preventing the proteins to undergo self-
association or disintegration of mature fibrils.

Hen egg-white lysozyme (HEWL), a 129-residue monomeric globu-
lar protein withmolecular weight of 14.3 kD, has been extensively used
as a food preservative owing to its lytic activity against the cell wall of
Gram-positive bacteria [6,7]. Structurally, HEWL, in its native conforma-
tion, is a helix-rich protein (α-helix: ~30%) containing two different do-
mainswhich are cross-linked using four disulfide bonds [8,9]. HEWL has
been widely used as a model protein in research related to protein fold-
ing, unfolding, and aggregation as its structural information is well-
defined. Moreover, it shares a high degree of sequence and structural
homology with human lysozyme [10,11], which is affiliated with famil-
ial lysozyme systemic amyloidosis [12]. Numerous studies have demon-
strated that HEWL is prone to fibrillate in a heated and acidic
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environment [13], a concentrated ethanol solution [14], a concentrated
solution of guanidine hydrochloride [15], and a vigorously agitated con-
dition [16]. Therefore, HEWL serves as an excellent model system to
study in vitro phenomena associated with fibril formation. Sodium do-
decyl sulfate (SDS), an anionic surfactant having negatively charged
the head group with a hydrophobic tail mimicking the structure of
lipid molecules of biological membranes. SDS is a common denaturant
that destroys protein's native conformation. It provides an anionic mi-
cellar interface that has been shown to accelerate the aggregation of
Aβ (1–40) over a limited range (low SDS) of concentrations [17].
Since the conditions required to induce aggregation varies from protein
to protein, the present study was designed carefully to induce protein
aggregation or amyloid formation with SDS by choosing appropriate
conditions based on its concentration.

Polyphenols and flavonoids have drawn considerable attention due
to their potential role in neurodegenerative and cardiovascular diseases
as well as for their anticarcinogenic, antioxidative, anti-inflammatory
properties that have increased their application for medicinal and phar-
maceutical purposes [18–21]. Rutin (quercetin-3-O-rutinoside) is one
such flavonoid with a wide range of biological activities. It comprises
quercetin and the disaccharide rutinose (rhamnose and glucose).
Rutin is found in many plants (such as buckwheat seeds), fruits (such
as citrus fruits), and vegetables [22,23]. Rutin is an important nutritional
supplement because of its many pharmacological properties including
anti-carcinogenic, cytoprotective, antiplatelet, antithrombic,
vasoprotective, and cardioprotective activities [24,25]. Also, rutin is a
powerful antioxidant and anti-inflammatory polyphenol [26]. Rutin
and its analogs such as epigallocatechin-3-gallate (EGCG) and quercetin
act as efficient free-radical inhibitors and are reported to rescue spatial
memory impairment in rats with cerebral ischemia [27]. Pretreatment
with rutin in chronic dexamethasone-administered mice attenuated
cognitive deficits and brain impairment [28]. Numerous investigations
demonstrate that the analogs of rutin can interfere with Aβ aggregation
and neurotoxicity, prevent oxidative stress induced by Aβ, reduce Aβ42
levels in mutant human amyloid precursor protein (APP)-overexpress-
ing cells, and decrease senile plaques in the brain of APP transgenicmice
[29]. These effects of rutin analogs suggest that they are promising
agents for the treatment of amyloidosis. The present study analyzes
how rutin interferes with SDS mediated lysozyme fibrillation as well
as with the pathogenic factors of protein aggregation.
2. Materials and methods

2.1. Materials

Hen egg white lysozyme (HEWL), Thioflavin T (ThT), 8-anilino-1-
naphthalenesulfonic acid (ANS), rutin were purchased from Sigma
Chemical Co. (St. Louis, USA). Buffer components (Tris-HCl) and SDS
were obtained from SRL (India). PD-10 desalting column (GE,
healthcare). The protein concentration was determined spectrophoto-
metrically. All other reagents were of analytical grade.
2.2. Methods

2.2.1. Preparation of protein and ligand
The stock solution of lysozyme was prepared using its molar ex-

tinction coefficient of εM = 37,970 M−1 cm−1 at 280 nm [30]. A
stock solution of lysozyme (70 μM) was prepared in 20 mM Tris-
HCl buffer, pH 9.0. Working concentration of lysozyme was 5 μM
for all our studies. A stock of SDS (20 mM) was prepared in double
distilled Milli-Q water. Protein and ligand were further filtered
through 0.22-μm filter. SDS was used in between 0.2 and 1 mM
concentration range which is far less than critical micellar
concentration (CMC) in tris buffer (8 mM) [30].
2.2.2. Turbidity measurement
Turbidity assay was used as an indicator to suggest the formation of

protein aggregates. The absorbance of the native and SDS-treated lyso-
zyme was carried out at 350 nm on UV–vis spectrophotometer
(Ultrospec-2100 Pro, Amersham Bioscience). The concentration of the
lysozyme was 5 μM, and SDS was varied between 0.2 and 1.0 mM.

2.2.3. Rayleigh light scattering (RLS) measurement
RLS analysis of HEWL (5 μM) in absence and presence of SDS

(0.2–1.0mM)was performed on a Jasco (FP-750) fluorescence spectro-
photometer at pH 9.0. The excitation wavelength was fixed at 350 nm,
and the emission spectra were recorded between 300 and 400 nm.

2.2.4. Kinetics of SDS- induced aggregation
SDS-induced aggregation kinetics of lysozyme was done by RLS

measurements on Jasco (FP-750) fluorescence spectrophotometer at
room temperature. Lysozyme was treated with different concentration
of SDS (0–1.0 mM). The emission was recorded at the 350 nmwith re-
spect to time after excitation at 350 nm. Also, their aggregation kinetics
was measured in the presence of rutin (10–30 μg/ml). 5 μM lysozyme
was used and kinetics was obtained at pH 9.0. The excitation and emis-
sion slit width were fixed 5′5′ nm.

2.2.5. Steady-state fluorescence measurement
SDS-induced conformational changes in lysozymewere investigated

using tryptophan fluorescence. Conformational changes in lysozyme
treated with SDS were monitored on spectroflurometer (Jasco FP-
750). The excitation of protein samples was performed at 295 nm, and
the emission spectra were recorded over a wavelength range of
300–400 nm.

2.2.6. Surface hydrophobicity measurements
ANS (8-Anilinonaphthalene-1-sulfonic acid) is used for monitoring

conformational changes in proteins and is specifically binds to hydro-
phobic domains of proteins [31]. A stock solution of ANS (hydrophobic
dye)was dissolved in double distilledwater, filtered and further its con-
centration was determined at 350 nm using a molar extinction coeffi-
cient, εM = 5000 M−1 cm−1 [32]. SDS-treated lysozyme samples were
incubated with a 50-fold molar excess of ANS for 30 min in the dark.
The samples were excited at a wavelength of 380 nm, and emission
spectra were recorded in the wavelength range of 400–600 nm. All
spectra were corrected for their appropriate blanks.

2.2.7. CD measurement
Far-UV CD spectra were acquired using applied photophysics

Chirascan spectrophotometer. Far-UV CD spectra of lysozyme treated
with different concentration of SDS were recorded between 200 and
250 wavelength ranges. The protein concentration was 5 μM, and a
quartz cuvette of 0.1 cm path length was used.

2.2.8. Thioflavin T (ThT) fluorescence
A stock solution of ThT was prepared in distilled water and filtered

with 0.45 μM Millipore filter. A molar extinction coefficient (εM =
36,000 M−1 cm−1) was used to determine the concentration of ThT at
412 nm [33]. Aliquots (5 μM) of HEWL solutions, pre-incubated over-
night with different concentrations of SDS in 0–1.0 mM range, were
mixed with ThT (10 μM) followed by 30 min of incubation in the dark.
Fluorescence spectra were measured on Jasco (FP-750) fluorescence
spectrofluorometer at excitation and emission wavelengths of 440 and
450–550 nm, respectively. Spectra were appropriately corrected for
their respective blanks.

2.2.9. Congo red (CR) binding
CR dye has been extensively used as an indicator of the presence of

protein aggregates/fibrils. CR stock solution was prepared in Milli-Q
water, and its concentration was calculated using molar extinction
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coefficient of 45,000M−1 cm−1 at 498nm.HEWL (5 μM)with andwith-
out 0.2 mM SDS were incubated for 12 h. After centrifugation, aggre-
gated and non-aggregated samples were further incubated with CR (5
μM) for 30 min in the dark. The absorbance spectra (400–600 nm) of
the samples were recorded on a Carry 60UV–visible spectrophotometer
in a 1 cm path length cuvette.

2.2.10. Aggregation kinetics of lysozyme in the presence of rutin: ThT fluo-
rescence measurement

The amyloid inhibitory potential of rutin for SDS-mediated
amyloidogenesis of HEWL was investigated using ThT fluorescence
assay. SDS (0.2 mM)-mediated lysozyme fibrillation was treated with
various concentrations of rutin ranging from (10–30 μg/ml) and mea-
sured for ThT binding. 5 μM protein sample was aliquoted after certain
interval of time and treated with 20 μM ThT solution. The spectrum
was obtained between 450 and 550 nm after excitation at 440 nm.
ThT Fluorescence intensity at 482 nm against various time intervals
was plotted. All data are fitted by using following equation:

F ¼ Fi þmitþ
Ff þmft

1þ e− t−toð Þ=τ½ �

where F is the fluorescence intensity at time t, and t0 is the time to attain
50% ofmaximal fluorescence intensity. (Fi +mit) and (Ff +mft) repre-
sent the initial base line related to the induction time and final constant
line, respectively. The apparent rate constant for fibril growth is given
by 1/τ, and the lag time is calculated by t0 − 2τ.

2.2.11. Cytotoxicity measurement via cell viability (MTT) assay
MTT (3, (4, 5-dimethylthiazol-2-yl) 2, 5-diphenyltetrazolium bro-

mide) reduction assay was used to measure the cell viabilities of SH-
SY5Y. MTT in the presence of viable cells get reduced to form blue
formazan crystals; toxicity leads to inhibition of formazan production
[34]. For the MTT reduction assays, SDS was removed from aggregated
lysozyme using PD-10 desalting column (GE healthcare, USA). Further,
aggregated lysozyme (3 μM) in the absence and presence of rutin
(10–50 μg/ml) were added to SH-SY5Y cells in 96-well plates. Cells
were seeded at 5000 cells/well on 96-well plates and incubated for
24 h before the treatment. MTT was added to the culture medium to
yield a final concentration of 0.5 mg/ml and incubated for 4 h at 37 °C
in the CO2 incubator. The supernatant carefully removed, and DMSO
(200 μl) was added and mixed. After incubation, absorbance at
585 nmwas measured using a Micro-plate absorbance reader (Chame-
leon, USA).

2.2.12. Morphological analysis of lysozyme aggregates by TEM
Themorphology of SDS-induced aggregates of the lysozymewas ex-

amined by transmission electron microscopy (TEM). JEOL transmission
electron microscope operating at an accelerating voltage of 180 kV was
used to capture the morphology of aggregates. 5 μl of aggregated sam-
ples in the absence and presence of rutin were applied on 200-mesh,
copper grid covered by the carbon stabilized the formwar film. 1% ura-
nyl acetate was used for negative staining. The concentrations of lyso-
zyme were fixed 5 μM in all the samples. The images were viewed at
high resolution.

2.2.13. In situ studies

2.2.13.1. Animal treatment. Six adult male Swiss albino mice (35–40 g,
2–3 months old) were purchased from the central animal house, De-
partment of Pharmacy, King Saud University, Riyadh, KSA. They were
housed and treated under the hygienic conditions (25 ± 5 °C with
12 h day: night cycle) as per the institutional guidelines. All the rodents
were acclimatized for a week on a standard pellet diet and fresh drink-
ing water ad libitum. They were sacrificed by cervical dislocation, and
the blood was collected in vacuum collecting tubes (EDTA coated) and
kept in the cold.

All the animal-based experiments were conducted by the guidelines
for the care and use of experimental animals by the Committee for Con-
trol and Supervision of Experiments on Animals and the National Insti-
tutes of Health. The treatment method and study protocol (care and
handling of experimental animals) were approved by the Animal Ethics
Committee of the Zoology Department in the College of Science at King
Saud University, Riyadh (KSA).

2.2.13.2. Isolation of lymphocytes. The isolation of the lymphocytes was
done by the method by Chibber et al. (2011) [35]. Three milliliters of
blood from each mouse was diluted in Ca2+ and Mg2+ free PBS sepa-
rately. The separation of the lymphocytes from these samples was
achieved by mild centrifugation using Histopaque 1077. The cells thus
separated were finally mixed with RPMI-1640. All the six samples
were appropriately labeled and stored in microfuge tubes (Eppendorf,
Germany) in cold condition.

2.2.13.3. Viability assessment of lymphocytes. Viability of the lymphocytes
was assessed before the start and after the end of the reaction using
trypan blue exclusion test [36].

2.2.13.4. Treatment of lymphocytes. One ml of cells (~100,000) was
pippetted in 4 separatemicrofuge tubes. Thefirst tubewas taken as con-
trol (Group I). 20 μl of aggregated protein and polyphenol rutin were
added in second and third tubes denoted as group II and III respectively.
Their incubation was allowed for 2 h at room temperature. 20 μl of the
protein was added to the fourth tube (group IV); to which 10 μl of the
polyphenol was added after 2 h of incubation that was further kept
under incubation for 2 h.

2.2.13.5. Comet assay (single cell electrophoresis). Isolated lymphocytes
were exposed to aggregates of HEWL in a total reaction volume of
1.0 ml of 20 mM phosphate buffer pH 7.2. Incubation was performed
at 37 °C for 1 h. After incubation, the reaction mixture was centrifuged
at 700 ×g, the supernatant was discarded, while the pellet containing
lymphocytes were resuspended in 100ml of PBS and processed further
for Comet assay. Remaining all the steps of comet assay of aggregated
protein was performed under alkaline conditions with standard proto-
col [37].

2.2.14. Molecular docking of rutin with lysozyme
Differentmodules of Schrödinger suite (Schrödinger, LLC, New York,

NY, USA) were used to perform different steps involved in molecular
docking. All the computational work was performed on Intel®
Xenon® E3-1245v5 8C @ 3.50 GHz with 28.0 GB RAM and 1 TB hard
disc running Windows 7 and equipped with NVIDIA Quadro M2000
graphics card.

2.2.14.1. Proteins/ligand retrieval and preparation. Maestro was used for
all the steps involvingprotein and ligand preparation, receptor grid gen-
eration and docking. The X-ray crystal structure of ligand-bound lyso-
zyme (PDB Id: 1HEW) at 1.92 Å resolution was retrieved from PDB
database (http://www.rcsb.org/pdb). Before molecular docking, the
structure of lysozymewas prepared using “protein preparation wizard”
of GLIDE at pH 9.0 to simulate the experimental conditions. Missing
loops and any side chains were added using PRIME. Protein was then
optimized to create H-bondnetwork, andfinally, energywasminimized
using an OPLS2005 force field. The structure of rutin was drawn using
2D sketcher of Schrodinger suite and optimized for docking by assigning
the bond orders and angles using LigPrep module. 2D structure of rutin
was converted into the 3D structure, and the energy was minimized
using OPLS2005. The ionization state of rutin was generated at pH 7.0
± 2.0 with the help of Epik module of LigPrep, keeping other parame-
ters to default values.

http://www.rcsb.org/pdb


Fig. 1. Turbidity analysis of SDS-lysozyme solution. Turbidity measurements were carried
out on samples to detect the quantity of aggregates at 350 nm. Lysozyme (5 μM) was
incubated with and without different concentrations (0.0–1.0 mM) of SDS at pH 9.0. All
the samples were incubated for 12 h before measurements at room temperature.
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2.2.14.2. Grid generation and molecular docking. The active site of lyso-
zyme was predicted by SiteMap. The binding site with the best site
score was selected as the most probable active site of the protein. The
grid box was generated by selecting the centroid of the predicted site
as the centroid of the grid box. Molecular docking of rutin with lyso-
zyme was performed using GLIDE in four different stages namely high
throughput virtual screening (HTVS), standard precision (SP), extra
precision (XP) and induced-fit docking (IFD). Post-docking analysis
and visualization were performed on Maestro.
Fig. 2. Rayleigh scatteringmeasurement. Lysozyme (5 μM)was exposed to different concentrati
pH 9.0 and their fluorescence emission spectra was recorded between 300 and 350 nm after e
conditions.
2.2.14.3. Molecular Mechanics-General Born Surface Area (MM-GBSA) cal-
culations. The effect of solvent on the binding property of rutin with ly-
sozyme was also elucidated by performing Molecular Mechanics-
General Born Surface Area (MM-GBSA) using molecular mechanics
(MM) force fields and implicit solvation solvent model, which incorpo-
rates the OPLS 3 force field, VSGB solventmodel, and rotamer search al-
gorithms [19]. In this study, we have used Primemodule of Schrodinger
suite (Prime, Schrödinger, LLC, NY, USA) for calculating MM-GBSA ac-
cording to the following equation:

ΔG ¼ E complex minimizedð Þ−½E ligand minimizedð Þ
þE receptor minimizedð Þ�

MM-GBSA was calculated keeping the default setting. The protein-
ligand complexes were ranked based on their binding free energy
calculation.

2.2.15. Statistical analysis
All the experiments were conducted in triplicates. All the experimen-

tal datawere represented asMean±SEManalyzed by GraphPad Prism 5
software. The datawere analyzed by one-way ANOVAwith Tukey's post-
hoc and p-value was selected b0.05 as statistically significant calculated
by the software. The number of asterisk mark* and #indicates the extent
of statistically different from the respective positive control (group I) and
Control positive (group II) values respectively in situ studies.

3. Result and discussion

HEWL is one of the best known globular proteins for which three-
dimensional structure, folding-unfolding mechanism, and conforma-
tional stability have been extensively studied [38,39]. Many studies
have exploited lysozyme to elucidate the nature of amyloid fibrillization
with the aim to understand various aspects of amyloid formation in
humans [40,41].Moreover, HEWL is highly homologous in the sequence
ons of negatively charged surfactant (SDS) from0.0 to 1.0mM at 20mM tris-glycine buffer
xcitation at 350 nm. (Inset) shows the fluorescence intensity at 350 nm under the same

Image of Fig. 2
Image of Fig. 1


Fig. 3. Kinetics of SDS-lysozyme interactions. SDS-induced aggregation kinetics of
lysozyme was done by RLS measurements. 5 μM lysozyme was treated with different
concentration of SDS (0–1.0 mM). The emission was recorded at the 350 nm with
respect to time after excitation at 350 nm. RLS kinetics was also measured in the
presence of 0–30 μg/ml rutin.
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and structure to human lysozyme. Human lysozyme is known to form
massive amyloid deposits in liver and kidneys of the patients suffering
from fatal hereditary non-neuropathic systemic lysozyme amyloidosis.
Human lysozyme variants namely Ile56Thr and Asp67His are the most
amyloidogenic and their deposits often lead to massive hemorrhaging
resulting in the death of the patient [42]. In vitro, HEW or human lyso-
zymes form amyloid aggregates at conditions which lead to the trans-
formation of native molecules into partially unfolded states (low pH,
high temperature and presence of denaturants, salts and others). The
partially unfolded state allows intermolecular interactions of the
amyloidogenic regions leading to the formation of amyloid fibrils. Stud-
ies indicate that highly amyloidogenic regions consist of residues from
57 to 107 or from 49 to 101 [43,44]. A convenient strategy for induction
of aggregation in such system requires neutralization of positive charge
along with increased hydrophobic interactions. Both of these require-
ments can be fully fetched by an amphipathic anionic detergent such
as SDS. SDS contains negatively charged polar head groups and a twelve
carbon long non-polar hydrophobic tail. In general, the negatively
charged head group of SDS interacts with positive charge developed
on protein and the hydrophobic region makes contact with its protein
counterpart by repelling the water molecules wrapped around the pro-
tein molecule. As a result, solute-solvent interactions are perturbed
leading to the induction of aggregates [45]. Aggregation occurred read-
ily in enzymes possibly due to the provision of favorable hydrophobic
interaction by SDS, thus collapsing the molecules into aggregates. Poly-
phenols are naturally occurring compounds which have been reported
to be proficient amyloid inhibitors. They have also been found to pos-
sess the potency to disaggregate preformed fibrils [46]. We have inves-
tigated the effect of rutin, a polyphenol on HEWL fibrillation induced by
an anionic surfactant (SDS). HEWL fibrillation was carried out by incu-
bating the protein with various concentration of SDS for 12 h at room
temperature. Results show that lysozyme undergoes amyloidogenesis
most efficiently at 0.2 mM SDS, and rutin is capable of inhibiting
HEWL fibrillation in a dose-dependent manner. SDS mediated aggrega-
tion process of HEWL, as well as the inhibitory efficacy of the rutin, was
monitored using multi-spectroscopic and microscopic techniques.

3.1. Turbidimetric aggregation analysis

The self-association process of SDS treated HEWL was investigated
using solution turbidity assay by recording absorbance at 350 nm. An in-
crease in the absorbance value at 350 nm indicates greater aggregation
due to an increase in the scattering of light by aggregated particles. Fig. 1
shows that in the absence of SDS, the absorbance value is almost negli-
gible indicating no aggregation for control HEWL. The turbidity in-
creased remarkably upon addition of SDS, showing maximum value at
0.2 mM SDS with around 109-fold increase relative to the native
HEWL. The results clearly suggested the formation HEWL aggregates
in the presence of 0.2 mM SDS. Upon further sequential additions of
SDS from 0.4 mM to 1.0 mM, the turbidity showed a decline as com-
pared to HEWL incubated with 0.2 mM SDS. However, the turbidity
was still on the higher side as compared to native HEWL. The possible
explanation for this could be at lower concentration of SDS
(0.2–0.6 mM) ionic interactions was dominant between HEWL and
SDS leading to conformational changes and formation of aggregates.
Lower concentration of SDS induced aggregates has been reported for
many proteins [30]. As evident in Fig. 1, higher concentration of SDS
(0.8–1.0 mM) less turbidity was observed, suggesting stabilizing or sol-
ubilizing effect. This could be due to hydrophobic or crowding affect as
CMC of SDS in tris buffer is 3.4 mM [47].

3.2. RLS measurements

In addition to measuring absorbance at 350 nm, measuring the scat-
tering of light by recording fluorescence intensity at 350 nm proves to
be a valid indicator for the formation of protein aggregates. As is evident
from Fig. 2, there was an almost twenty-fold increase in light scattering
when HEWL was incubated with 0.2–0.6 mM SDS, suggesting the for-
mation of aggregates. However, the scattering of light was reduced on
further increasing surfactant concentration above 0.8 mM. Moreover,
at 1.0 mM SDS concentration, scattering of lysozyme was only 3.7-fold
higher than the native state of the protein. The possible reason could
be the fact that above 0.6 mM SDS concentration range, the secondary
structure of lysozyme was getting stabilized rather than unfolded.
3.3. Kinetics of SDS-induced aggregation

Kinetics of lysozyme aggregation in the presence of SDS is shown in
Fig. 3. From the figure, it was observed that the fluorescence intensity at
350 nm is significantly less in the absence of SDS, suggesting that lyso-
zyme alone do not form aggregates. However, in the presence of
0.2 mM SDS, maximum increase in the fluorescence intensity was re-
corded just after mixing, demonstrating SDS induced aggregation of ly-
sozyme does not contain lag phase. The absence of lag phase suggesting
that SDS-induced aggregation of lysozyme is nucleus independent.
With further increase in SDS concentration, RLS at 350 decreased, illus-
trating stabilization of lysozyme. Rutin inhibited the aggregation of ly-
sozyme as indicated by decrease in intensity at 350 nm (Fig. 3b).

Image of Fig. 3


Fig. 4. Intrinsic fluorescence analysis. Tryptophan fluorescence of SDS-lysozyme solution was monitored using excitation wavelength of 295 nm and emission were recorded in
300–400 nm range. Lysozyme was used in the concentration of 5 μM in the absence and presence of 0.0–1 mM SDS. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)
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3.4. Steady-state fluorescence measurements

Intrinsic fluorescence is a very sensitive and specific tool to deter-
mine and investigate the conformational changes in a protein during
experimental studies. Intrinsic fluorescence spectra of HEWL samples
incubated in the presence of different SDS concentrations are shown
Fig. 5. Surface hydrophobicity of lysozyme in the presence of SDS. SDS-lysozyme solution aft
naphthalenesulfonic acid) dye was added and incubated further for 30 min. Spectrum were o
references to color in this figure, the reader is referred to the web version of this article.)
in Fig. 4. The intrinsic fluorescence of lysozyme was drastically
quenched in the presence of 0.2 mM SDS, suggesting major conforma-
tional changes in the protein and loss of their tertiary structure. With
further increase in SDS concentration (0.4–0.6 mM), a blue shift of
3 nm was observed, which indicated a gross structural derangement
of HEWL molecules, possibly due to aggregation. Further, the
er overnight incubation was analyzed for its hydrophobicity. 250 μM ANS (8-Anilino-1-
btained between 400 and 600 nm, after excitation at 380 nm. (For interpretation of the

Image of Fig. 5
Image of Fig. 4


Table 1
Secondary structure content of SDS-treated lysozyme.

Reported value (%) Experimental (%)

CDSSTR pH 7.4 pH 9 0.2 mM SDS 0.4 mM SDS 0.6 mM SDS 0.8 mM SDS 1.0 mM SDS

Alpha helix 44 43 53 19 39 58 62 60
Beta sheet 10 11 12 26 14 11 16 13
Random coil 46 26 21 30 28 19 15 17
Turns – 20 14 25 20 13 8 11
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fluorescence intensity andwavelengthmaxima of lysozyme in the pres-
ence of higher SDS concentration (0.8–1.0 mM) regained a value which
was similar to that of protein in the native state. The results indicate that
SDS in the concentration range of 0.8–1.0 mM had a stabilizing or solu-
bilizing effect on lysozyme. Moreover, the fluorescence intensity and
wavelength maxima of native HEWL at pH 7.4 were found to be
339.606 and 343 nm respectively. Similarly, the fluorescence intensity
and wavelength maxima of native HEWL at pH 9.0 were found to be
287.653 and 344 nm respectively. The decrease in fluorescence inten-
sity alongwith a red-shift of 1 nm indicated that the conformation of ly-
sozyme was slightly altered at pH 9.0 as compared to that at pH 7.4.

3.5. Surface hydrophobicity measurements

To investigate the relative exposure of hydrophobic regions and to
characterize the intermediate states involved in the passage from the
folded to the unfolded state or vice versa during anionic detergent in-
duced fibrillation of HEWL, ANS binding studies were performed
(Fig. 5).We found that therewas no significant binding of ANS to native
HEWL in the absence of SDS (red dotted curve) due to the fact that the
hydrophobic site groups are hidden inside the native HEWLwith folded
and compact structure. Whereas HEWL incubated with 0.2 mM SDS
showed a prominent increase of around 6-fold in intensitywith a signif-
icant blue shift from 510 to 486 nm. We also observed same blue shift
(∼24 nm) although with comparatively low intensities in the ANS fluo-
rescence for HEWL incubated with 0.4–0.6 mM SDS. The results indi-
cated that at lower concentration of SDS (0.2–0.6 mM), HEWL was
Fig. 6. Secondary structural conformational analysis. Far-UV CD spectra of lysozyme (5 μM) in th
this figure, the reader is referred to the web version of this article.)
likely in partially folded conformation with abundant exposed hydro-
phobic surfaces. HEWL samples at higher doses of anionic surfactant
(0.8–1.0 mM) showed only about 1.8-fold hike in ANS intensity and a
blue shift of 19 nm thereby indicating less exposure of hydrophobic
patches as the protein is apparently stabilized in this range of surfactant.

3.6. Secondary structure analysis: far UV-CD

The circular dichroism spectroscopy (CD) was utilized to investigate
the changes in the secondary structure of lysozyme associated with its
fibrillization in the presence of different concentrations of SDS relative
to the native control (Table 1, Fig. 6). CD spectrum of native lysozyme
indicates a high content of the α-helical structure as reflected by pro-
nounced ellipticity signals at 208 and 222 nm (Fig. 6, blue curve). At
0.2mMSDS, the protein lostmost of its secondary structure as indicated
by loss in negative ellipticity along the whole spectrum. This CD spec-
trum indicates HEWL transformation into amyloid fibrils with high con-
tent of β-structure as indicated by retention of some negative ellipticity
at ~218 nm (Fig. 6, dark red curve). The CD spectra recorded in presence
of increasing concentration of anionic detergent are also presented in
Fig. 6. At low SDS concentrations (0.4 and 0.6 mM) the spectra are sim-
ilar to the spectrumdetected for lysozymefibrils at 0.2mMSDS as sharp
decrease in negative ellipticity signal around 208/222 nm while as re-
tention in negative maximum at ∼218 nm is observed (Fig. 6 green
and purple curves). At higher SDS concentrations (0.8 and 1.0 mM)
the spectra exhibit a steep change characterizing the high content of
α-helical secondary structure resembling to that of the native lysozyme
e absence and presence of SDS (0–1.0mM). (For interpretation of the references to color in

Image of Fig. 6


Fig. 7. Amyloid formation: ThT fluorescence spectra of lysozyme incubated at 25 °C for 12 h in absence and presence of SDS (0–1.0 mM).
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(Fig. 6 black and red curves). Thus at concentrations higher than 0.6mM
of SDS, the shape of the CD spectra are similar to the CD spectrum of the
native lysozyme possibly due to the stabilizing effects of the anionic de-
tergent/surfactant on lysozyme. It can be safely concluded that SDS at
lower concentrations of up to 0.4 mM causes unfolding of the HEWL
which consequently leads to the aggregation and amyloidogenesis of
the enzyme, while higher concentrations stabilize its secondary struc-
ture. The findings also show that 0.2 mM concentration of SDS was
the most significant in bringing about aggregation of the HEWL. To fur-
ther support secondary structural changes in lysozymeunder SDS treat-
ment, FTIR spectroscopy was measured. The observed results clearly
showed lysozyme incubated with 0.2 mM SDS, undergoes conforma-
tional changes from alpha helix to β-sheet as peak shifted from 1656
to 1633. With further increase in SDS concentration various secondary
Fig. 8. Congo red binding: Amyloid fibril formation in lysozyme in the
structures dominated by β-sheet and β-turn are formed (Supplemen-
tary Fig. 1).

3.7. Amyloid analysis: thioflavin T assay

Thioflavin T is an important and sensitive assay for the identification
of protein aggregates and fibrils in vitro. ThT dye shows enhanced fluo-
rescence upon binding to intermolecularβ-sheets present in protein ag-
gregates but not with native and soluble protein [48]. In the present
study, ThT fluorescence assay was performed to complement light scat-
tering and turbidometric results about the presence of HEWL aggregates
induced by SDS. As depicted in Fig. 7, ThT fluorescence signal of native
HEWL was very weak, indicating negligible binding of ThT to native
HEWL. At 0.2 mM SDS, there was a marked increase in the intensity of
presence of SDS (0.2 mM) was measured by Congo red binding.

Image of Fig. 8
Image of Fig. 7


Fig. 10. Cytotoxicity of fibrillated lysozyme and their attenuation by rutin. MTT reduction
assay for cell cytotoxicity of 0.2 mM SDS treated lysozyme fibrils in absence and presence
of rutin (10 and 50 μg/ml) on SH-SY5Y cell lines. Control represents the cells without
exposed to lysozyme fibrils.

Fig. 9. Aggregation kinetics of lysozyme in the presence of rutin: ThT fluorescence kinetics
of lysozyme (5 μM) amyloid aggregation with respect to incubation time (0–250 min) in
absence and presence of 10–30 μg/ml rutin. Results have been represented as Mean ±
SEM (n = 3).
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ThT fluorescence (about 88%), indicating the presence and formation of
abundant HEWL fibrillar aggregates. A similar trend was also observed
at 0.4 mM and 0.6 mM SDS concentrations, accounting for an increase
of about 86% ThT signal relative to thenative lysozyme. At further higher
concentrations of SDS from 0.8 mM to 1.0 mM, the respective ThT sig-
nals were lowered relative to lower concentrations but still higher
than that of native HEWL. The most convincing reason behind this
could be due to the stabilizing effects of anionic detergent at higher
doses. These findings further indicate and validate that the most effec-
tive SDS concentration for inducing fibrillar aggregates in HEWL was
0.2 mM.
3.8. Congo red binding

Congo red assay is utilized to probe for the presence ofβ-sheet struc-
ture associated with ordered protein aggregates. An enhanced absor-
bance and red-shifted spectral maximum indicate the presence of
increased cross β-sheet rich structures which is a prime feature of pro-
tein aggregates [49]. In support the findings of ThT assay, Congo red
binding assay was also performed to detect amyloid formation of
HEWL. Congo red binding absorption spectra of HEWL in the absence
and presence of SDS are shown in Fig. 8. As shown in the figure, HEWL
sample incubated with 0.2 mM SDS had significantly bound Congo red
and shifted the spectral properties of Congo red relative to the native
HEWL. An increase in Congo red absorbance supplemented with a red
shift of the spectralmaximum indicated the formation of amyloidfibrils.
This is a typical feature of amyloid fibrils and has been observed in ear-
lier reports also [49].
Table 2
Kinetics of SDS-treated lysozyme in the presence of rutin.

Samples Lag time, to − 2τ
(min)

Apparent rate,
(min−1)

Lysozyme + 0.2 mM SDS 0.08 0.0698
Lysozyme + 0.2 mM SDS + 10 μg/ml rutin 5.25 0.0533
Lysozyme + 0.2 mM SDS + 20 μg/ml rutin 12.93 0.0480
Lysozyme + 0.2 mM SDS + 30 μg/ml rutin 18.21 0.0432
3.9. Aggregation kinetics of lysozyme: rutin as anti-amyloidogenic
polyphenol

ThT is an extrinsic fluorophore that exhibits fluorescence upon bind-
ing with characteristic cross β- sheet structure. Here, we have used ThT
dye to monitor the aggregation kinetics of SDS-mediated lysozyme and
their suppression in the presence of polyphenols rutin with respect to
ThT fluorescence intensity. Fig. 9 shows the aggregation kinetics of lyso-
zyme with respect to incubation time. The ThT fluorescence intensity
starts increasing just after mixing of lysozyme with 0.2 mM SDS, sug-
gesting lack of lag phase and nucleation independent aggregation. How-
ever, In the presence of rutin, ThT fluorescence intensity decreased and
their lag phase was found to be increased to 18.21 min in the presence
of 30 μg/ml rutin (Table 2). This delay in lag time also slows down the
apparent growth rate of amyloid formation. Polyphenols have been re-
ported to inhibit aggregation and amyloid formation of many proteins
[50–55]. This could be due interaction of aromatic rings to hydrophobic
groups or ROS scavenging activity of polyphenols like rutin [50].
3.10. Cytotoxicity and their attenuation by rutin: MTT assay

The cytotoxicity associated with SDS-induced HEWL aggregates and
the potential cytoprotective role of rutin against this amyloid toxicity in
the human neuronal cell line (SH- SY5Y) was determined using MTT
assay. As shown in Fig. 10, cell viability was decreased to 67% in the
presence of HEWL aggregates, suggesting the neuronal apoptosis by
these HEWL aggregates. Moreover, rutin had a dose-dependent effect
on cell viability which increased from 67% to 79% and 89% in the pres-
ence of 10 and 30 μg/ml rutin, respectively (Fig. 10). A higher concentra-
tion of rutin (50 μg/ml) had significantly attenuated cell toxicity by
1/τ RelativeThT fluorescence intensity
(%)

% reduction in ThT fluorescence
intensity

100.0 –
70.6 29.4
38.2 61.8
20.6 79.4

Image of Fig. 10
Image of Fig. 9


Fig. 11. TEM analysis: A drop of 5 μM lysozyme solution was placed on a grid followed by 1% uranyl acetate negative staining. (A) lysozyme solution at pH 9.0, (B) lysozyme treated with
0.2 mM SDS (C) SDS-treated lysozyme in the presence of 50 μg/ml rutin.

54 M.S. Khan et al. / International Journal of Biological Macromolecules 120 (2018) 45–58
around 27% due to the inhibition of SDS-induced HEWL amyloid fibril
formation process by rutin. Thus, the results are suggestive of the fact
that the regained cell viability was due to the anti-amyloidogenic
Fig. 12. Genotoxicity of aggregated lysozyme: Comet assay. Images of treated lymphocyte nucl
(C) lysozyme fibril + rutin (10 μg/ml) (D) lysozyme fibril + rutin (50 μg/ml).
behavior of flavonoid (rutin) and its ability to inhibit cross-β-sheet con-
formation. Amyloid induced cytotoxicity and their attenuation by flavo-
noid have been reported earlier [41].
ei (A) lysozyme control in 20 mM phosphate buffer, pH 9.0 (B) lysozyme+ SDS (0.2 mM)

Image of Fig. 12
Image of Fig. 11
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3.11. Microscopic analysis (TEM)

The physical evidence of SDS-induced HEWL aggregation and the ef-
fect of polyphenol rutin on aggregation were analyzed with the help of
transmission electron microscopy (TEM). As shown in Fig. 11, HEWL
samples showed no aggregation whether amorphous or fibrillar
(panel a), while asHEWL incubatewith SDS (0.2mM)without polyphe-
nol displayed large, branched fibrils that are characteristic feature of
amyloids (panel b). However, samples coincubated with rutin showed
sparsely populated aggregates (panel c). These results demonstrate
that rutin inhibits amyloid formation process in HEWL. The aggregation
inhibition by rutin may be due to constraining the protein in its native
state or the aggregation pathway might be somehow altered by rutin
since significant changes in the morphology were observed. The results
from TEM analysis are in clearly agreement with the ThT assay and
demonstrate that rutin inhibits SDS induced HEWL amyloid formation.

3.12. Genotoxicity assessment: comet assay

To assess the genotoxic nature of SDS-inducedHEWL aggregates and
to support cytotoxicity results discussed above, we performed comet
assay test. This test detects nicks with high sensitivity in damaged
single- or double-strands of the nuclear DNA even if it is very less. In
this assay, lymphocytes were treated with HEWL aggregates induced
by 0.2 mM SDS (Fig. 12). In control (native HEWL), there was no
genotoxic effect on lymphocytes in the presence of 20 mM phosphate
buffer of pH 9.0 (Fig. 12A). However, when treated with SDS-induced
HEWL aggregates (HEWL + 0.2 M SDS), lymphocytes showed DNA
damage by 57.50% as compared to the control, group I (Fig. 12B). More-
over, we have also evaluated the effect of rutin in diminishing the
genotoxicity of SDS-induced HEWL aggregates. We found that SDS-
induced HEWL aggregates in the presence of 10 μg/ml rutin had
Fig. 13.Molecular docking of rutin with lysozyme. (A) Binding of rutin at the active site of lysoz
bonds are displayed as yellow dash and their distances are mentioned in Å, (C) 2D representati
stabilizing complex with rutin. (For interpretation of the references to color in this figure legen
significantly attenuated lymphocyte damage by 29.61% (Fig. 12C),
while at higher rutin concentration (50 μg/ml), the damage was nearly
prevented (Fig. 12D). The tail length of nuclei is represented in Fig. 12E.
These results suggest that aggregated HEWL (0.2M SDS+HEWL) has a
predominant genotoxic effect on lymphocytes in relative to the native
control in vitro. It also suggests that rutin exerts a concentration depen-
dent preventive effect on HEWL aggregate mediated genotoxicity of
lymphocytes. These findings are in good agreement with the above
discussed MTT assay results which advocate that the attenuation in
the genotoxicity of SDS-incubated HEWL aggregates was actually due
to the aggregation inhibition potency of rutin.

3.13. Molecular docking studies

Molecular docking technique is a useful tool to elucidate themecha-
nism of binding of a ligand with protein [31]. In this study, the protein
structure was first optimized to predict the charge on various ionizable
amino acid groups of lysozyme at pH 9.0. The structure was then sub-
jected tomolecular dynamics to elucidate the energyminimized confor-
mation of the enzyme at pH 9.0 (Supplementary Fig. 2). It appears from
the Supplementary Fig. 1 that the structure of lysozyme at pH 9.0 was
stabilized after 10 ns. We extracted the lysozyme structure at 10 ns for
further studies. Different stereoisomers and charge on rutin was pre-
dicted at pH 9.0 using LigPrep wizard of Schrodinger suite. A total of
90 stereoisomers of rutin were predicted by Ligprep. Molecular docking
of rutin with lysozyme was performed in four stages namely high
throughput virtual screening (HTVS), standard precision (SP) docking,
extra precision (XP) docking and induced-fit docking (IFD). HTVS was
performed on 90 stereoisomers of rutin. The stereoisomers of rutin hav-
ing more than−4.0 kcal/mol of binding energy (total 12 stereoisomers
in number) were selected and subjected to SP docking (Supplementary
Table 1). Out of the 12 stereoisomers of rutin, 9 showed a binding
yme, (B) 3D representation of the interaction between rutin and lysozyme. The hydrogen
on of the involvement of various amino acid residues of lysozyme and molecular forces in
d, the reader is referred to the web version of this article.)
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Table 3
Molecular interactions and forces involved in forming lysozyme-rutin complex.

Hydrogen bonds Hydrophobic interactions Binding energy
(kcal/mol)

Binding affinity
(M−1)

MM-GBSA
(kcal/mol)

Lysozyme Asp48a, Gln57a, Trp63, Asn103, Ala107, Arg112 Ile58, Trp62, Trp63, Ile98, Ala107, Trp108, Val109 −8.359 1.35 × 106 −16.479

a These residues form two hydrogen bonds.
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affinity greater than −5.0 kcal/mol. These 9 rutin stereoisomers were
then subjected to XP docking. The results showed that 5 stereoisomers
of rutin interacted with lysozyme with an overall binding energy of
more than −8.0 kcal/mol. The analysis of XP docking results indicated
that amino acid residues in different loops and helices were involved
in stabilizing the rutin-lysozyme complex. Hence, these 5 stereoisomers
of rutinwere subjected to induced fit docking (IFD)with lysozyme so as
to accurately predict the involvement of different amino acid residues of
lysozyme in interacting with rutin. Out of 5 stereoisomers, 3 showed a
binding energy of greater than −13 kcal/mol.

The docking complex of rutin with lysozyme and the corresponding
interacting amino acid residues are shown in Fig. 13(A, B & C). It is evi-
dent that rutinwas bound at the active site of lysozyme and the interac-
tion was stabilized by 11 hydrogen bonds and 9 hydrophobic
interactions (Fig. 13 and Table 3). Other polar and charged residues
such as Asp46, Thr47, Ser50, Asp52, Asn103 and Arg112 were also in-
volved in the interactions. Rutin formed two hydrogen bonds each
with Asp48, Gln57, and Asn59 amino acid residues of lysozyme. More-
over, Arg61, Trp62, Trp63, Arg73 and Asp107 of lysozyme were also
found to form hydrogen bonds with rutin. The induced-fit docking
score of lysozyme-rutin interaction was estimated to be−13.879 kcal/-
molwhich corresponded to the binding affinity of 1.51× 1010M−1. Sub-
sequently, the effect of solvation on the rutin-lysozyme interaction was
predicted by deducing MM-GBSA score. The MM/GBSA energy of
lysozyme-rutin interaction was found to be −102.6425 kcal/mol. The
magnitude of binding energy and the binding affinity indicates that
rutin formed a very strong complex with lysozyme. The details ligand-
protein interactions are presented in Fig. 13 and Table 3.
Fig. 14. Mechanistic pathway of lysozyme aggregati
Recent computational as well as experimental aggregation profiling
of HEWL have shown that there are three main “hot spots” located
spanning the amino acid residues 24–34, 50–62 and 76–98 [56]. The
amino acid residues corresponding to these “hot spot” are Ser24,
Leu25, Gly26, Asn27, Trp28, Val29, Cys30, Ala31, Ala32, Lys33, Phe34,
Ser50, The51, Asp52, Tyr53, Gly54, Ile55, Leu56, Gln57, Ile58, Asn59,
Ser60, Arg61, Trp62, Cys76, Asn77, Ile78, Pro79, Cys80, Ser81, Ala82,
Leu83, Leu84, Ser85, Ser86, Asp87, Ile88, Thr89, Ala90, Ser91, Val92,
Asn93, Cys94, Ala95, Lys96, Lys97 and Ile98. The results of induced-fit
docking of rutin with lysozyme indicated that rutin interacted with
many key residues (Asp48, Ser50, Asp52, Leu56, Gln57, Ile58, Asn59,
Arg61, Trp62 and Ile98) of the aggregation “hot spot” region of HEWL.
Thus, it is clearly evident that rutin inhibits the aggregation propensity
of HEWL by interacting strongly with the amino acid residues that are
critically involved in the process of aggregation.

4. Conclusion

We have discussed here for the first time the effective and favorable
approach to induce aggregation in proteins and explore themechanism
behind aggregation by anionic surfactants. The inhibitory potential of a
flavonoid (rutin) against detergent induced aggregation of HEWL is also
simultaneously depicted and established in this study. The study clearly
comprehends that rutin exerts concentration dependent effect in
preventing the fibrillation process of HEWL. The ThT binding assay indi-
cates maximum inhibition of aggregation in the presence of 50 μg/ml
rutin. Intrinsic and extrinsic fluorescence results suggest the involve-
ment of gross structural changes in the presence of SDS which is more
on and their inhibition by polyphenols (rutin).

Image of Fig. 14
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pronounced at lower concentrations. Higher concentration of SDS
(0.8–1.0mM)was less than its CMC (8.01mM) value, thus; the stabiliz-
ing effect of SDS might be due to hydrophobic or crowding effect. The
CD study indicates a loss in helicity in the presence of SDS. Turbidity
assay shows aggregation propensity of HEWL is maximum in the pres-
ence of 0.2 mM SDS. The reason behind the inhibition potency of rutin
is attributed to a combination of its greater radical scavenging ability
along with significant aromatic and hydrophobic interactions. The pre-
dicted mechanism for SDS induced lysozyme aggregation and their at-
tenuation are represented in Fig. 14. Further elucidation of structure-
activity relations of such inhibitors is required to enhance our knowl-
edge of inhibition of aggregated fibrillar species that play a major role
in neurodegenerative diseases.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2018.07.112.
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