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A B S T R A C T

Misfolding, aggregation and fibrillation of amyloidogenic proteins have been established as hallmark events in
pathophysiology of various degenerative diseases. Inhibition of protein fibrillation through use of plant derived
molecular scaffolds is currently considered as one solution to it. Further, rational design of therapeutic originating
with the specific plant molecular scaffolds appeared passable to aid in mitigating amyloidogenic diseases. Sili-
binin (SB) is a flavonolignan obtained from milk thistle plant. SB is well acclaimed as a potent hepatoprotective,
cardioprotective and an attenuator of receptor signaling in case of type 2 diabetes. This work reports the
inhibitory capacity of SB against protein fibrillation under experimental conditions. Human serum albumin
(HSA), an ubiquitous serum protein was used and various platform studies were carried out for indepth under-
standing of similar effects. Biophysical studies and electron microscopy confirmed that SB inhibited HSA fibrils
formations by 36% at optimal molar ratio. In silico studies further demonstrated that intermolecular hydrogen
bonds and hydrophobic interactions hindered progressive aggregation and protein fibrillation.
1. Introduction

Proteins perform several biological functions with high specificity,
ascribed to their native three-dimensional structures [1,2]. Loss of
conformational stability of proteins may lead to misfolding of their native
structures and generation of highly ordered amyloid fibrils or amorphous
aggregates [3]. The formed fibrils are typically stabilized through several
inter- and intra-molecular interactions, and hence are resistant to thermal
and chemical denaturation [4,5]. Till now, around thirty seven physio-
logical proteins have been known to form amyloid deposits in tissues, and
each of these forms has certain distinctive molecular features and
different degrees of toxicity [6,7]. Deposition of fibrils and related
insoluble oligomers in extracellular as well as intercellular spaces is the
molecular hallmark of several degenerative conditions including Par-
kinson's disease, Alzheimer's disease and type 2 diabetes [8]. The
possible strategies for prevention andmitigation of these diseases involve
inhibition of the fibrillation process and clearance of amyloid aggregates
from cellular matrices [9]. A number of studies can be found in literature
which highlight the inhibition of amyloid fibrillation using small mole-
cules, peptides, proteins, carbohydrates, nanoparticles and quantum dots
[6,9]. However, there is no approved therapeutic available for the
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mitigation of amyloid related conditions [10].
Compounds from natural sources hold a pivotal place due to their

structural diversity, minimum toxicity and druggability, and have been
reported to deter amyloid fibrillation as well as disintegrate pre-existing
fibrils [11]. Silibinin (or silybin) is a bioactive flavonolignan and con-
stitutes 34% of silymarin, which is a flavonoid mixture obtained from the
flowers and leaves of milk thistle (Silybum marianum) plant. The milk
thistle plant has been used by different civilizations as a natural remedy
for centuries, especially in amatoxin mushroom (Amanita phalloides)
poisoning [12,13]. Renewed scientific interests in plant derived micro-
nutrients in the past decade led to a number of publications related to
silymarin [14]. The standardized mixture of silymarin containing silibi-
nin, isosilybin, silychristin, silydianin and others, is now an essential part
of contemporary medicines available for alleviation of several disease
conditions [15–17]. Among the different components of silymarin, sili-
binin (SB) has attracted considerable research interests owing to its
potent anti-oxidant [18], anti-inflammatory [19], anti-diabetic [20], as
well as neuroprotective properties [21]. SB has also been investigated as
an inhibitor of fibrillation of tissue specific proteins such as amyloid β,
human islet amyloid polypeptide and insulin [22–24]. However, the
fibrillation inhibitory mechanisms were different in each case and
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pertained to the target polypeptide [25]. Studies on amyloid deposition
using high resolution electron tomography revealed that fibril network
formations under in vivo conditions are often affected by interactions
with secondary components such as lipids [26]. Ionic surfactants are
structurally similar to lipids constituting the biological membranes and
have been reported to induce amyloid-like fibril formation of various
proteins through hydrophobic and electrostatic interactions [27]. So-
dium dodecyl sulphate (SDS) is an anionic surfactant which exhibits
fibrillation inducing effects at low (<150 μM) concentrations [28]. Fibril
inhibitory or modulatory innovations using plant bioactives in SDS
induced biomimetic conditions are but few [29].

This work has been designed to investigate the effects of flavonoligan
SB on SDS induced HSA fibrillation after a preliminary understanding of
protein-SB interactions. Although there are numerous proteins (such as
insulin, α-synuclein, lysozyme, β2 microglobulin) that produce amyloid-
like fibrils under in vitro conditions, HSA is one widely studied model
protein used to understand the molecular effects of various inhibitors or
disruptors of fibril formations [30,31]. Besides possessing amyloidogenic
characteristics, HSA attracts considerable interests in the area of drug
delivery due to its ability to bind with a variety of molecules [32]. HSA is
a typical α-helical (>60%), single chained protein containing 585 amino
acids arranged exquisitely in three homologous domains [33]. It has been
long established that the systematic aggregation of albumin occurs
through partial misfolding of its native structure and this process can
replicated in vitro through specific conditions such as high temperature,
metal ions interactions, treatment with denaturing chemicals, and
lowering of pH [34]. The aggregates often feature cross-β sheets which
are the target sites for different amyloid binding dye molecules, such as
thioflavin T and Congo red [35,36]. Incubation of HSA protein with SDS
molecules was considered to be an excellent model to understand the
generic mechanism through which oligomeric intermediates interact
with cell membranes, and disrupt the membrane integrity.

2. Experimental

2.1. Materials

SB and lyophilised HSA were purchased from Sigma Aldrich, US.
Thioflavin T (ThT) dye used for fibrillation experiments was purchased
from TCI Chemicals, Japan, while congo red (CR) dye and sodium
dodecyl sulphate (SDS) were obtained from Loba Chemie, India. Milli-Q
water from laboratory purification system was used for preparation of all
solutions and buffer.

2.2. Molecular docking

The molecular structures of SB and SDS were obtained from the
PubChem database [37], and HSA crystal protein structure PDB ID: 2BXP
was retrieved from Protein Data Bank (PDB) [38]. To perform the mo-
lecular docking, both the structures of ligands: SB, SDS and protein: HSA
were prepared using the ‘LigPrep’ and ‘Protein Preparation Wizard’
modules of Schr€odinger suite (Schr€odinger, LLC, New York, NY. 2017)
[39], respectively. During the ligand structure framing, a maximum of 32
stereoisomers were generated by retaining their optical properties, and
three-dimensional (3D) low-energy isomers obtained for SDS and SB. On
the other hand, while preparation of HSA structure, certain steps were
followed such as removal of attached ligand and water molecules,
repairing of side and backbone chain atoms, refinement of disordered
loops, and assignment of appropriate bond orders. After optimization of
hydrogen bond assignment to the protein structure, a restrained mini-
mization process was performed using OPLS2005 force field, in order to
achieve the minimum energy conformation for the HSA. Thereafter, a
grid was prepared using the ‘Receptor Grid Generation’ tool of
Schr€odinger suite in Maestro user interface [39]. The co-crystal ligand
information was used for grid file preparation and the centroid dimen-
sion was set to 25 Å. At first, rigid receptor Glide-XP docking was
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executed where HSA protein considered as rigid [40]. After successful
execution of XP docking, the best docked pose was analyzed. Then
Induced Fit Docking (IFD) protocol was implemented where flexibility
was crucially considered for both ligand and receptor [41]. Initially, each
ligand was docked into the rigid receptor with the default setting and a
maximum of 20 poses per ligand were obtained. In the following step, all
the receptor-ligand complexes were sampled and refined. Then,
re-docking of the ligand was performed for the complexes found within
the 30 kcal mol�1 of the lowest-energy structure. In this stage, the IFD
scores were generated (i.e. GlideScoreþ 5% Prime Energy), as the ligand
was re-docked into refined low energy induced fit structure and IFD
scores were ranked for convenience of analysis. All molecular in-
teractions were observed using 2D interaction diagram tool of
Schr€odinger suite in Maestro user interface [39].

2.3. HSA solution preparation and SDS-induced fibril formations

Protein stock solution was constituted by dissolving HSA in buffer
solution (10 mM PBS, pH 7.4), and the concentration was spectropho-
tometrically fixed to 100 μM using a molar extinction co-efficient of
35,219 M�1 cm�1 at 280 nm [42].

To understand the effects of SB on HSA fibrillation in presence of SDS,
HSA (10 μM) fibril formation was allowed at different concentrations of
SB (0, 10, 20, 30, 40, 50 μM). HSA solutions containing 80 μM SDS were
incubated at 37 � 2 �C for 48 h and aliquots of samples were diluted
accordingly for subsequent analysis.

2.4. Turbidity measurement

Turbidity of incubated samples were recorded on a double-beam
UV–visible spectrophotometer (UV-1800, Shimadzu Corp., Japan)
using quartz cuvettes of 1 cm path length. Absorbance of protein samples
incubated with and without SB were recorded at 350 nm.

2.5. Congo red (CR) dye binding

200 μL of stock CR dye (40 μM)was mixed with 800 μL of treated HSA
solutions to produce a final dye and protein molar ratio of 1:1. Dyed
solutions were incubated in dark for 30 min and absorption spectra were
obtained using a UV–visible spectrophotometer [43]. Amyloid forma-
tions were detected from bathochromic shifts of CR absorption peak in
the range of 350–600 nm.

2.6. Thioflavin T (ThT) fluorescence spectroscopy

HSA samples were incubated with ThT dye solution in the dark for 10
min, so that the final ratio of dye and protein were 5:1 [44]. The fluo-
rescence intensities were then recorded on a spectrofluorimeter (Perki-
nElmer LS-5, PerkinElmer Inc., US), having excitation and emission
wavelengths fixed at 450 and 480 nm. The excitation and emission slit
widths were set to 2 nm. Fresh HSA, SDS and SB were also checked to
confirm non-responsiveness to ThT fluorescence.

2.7. Circular dichroism (CD)

Far UV-CD spectra between 190 and 250 nm were obtained on a CD
spectropolarimeter (Jasco J-815, Jasco Corp., Japan) set with a scan rate
of 100 nmmin�1 and bandwidth of 1 nm. Diluted samples were taken in a
1 mm cell and all experiments were performed at 25 � 2 �C. Each
spectrum was baseline corrected and ellipticity was derived from an
average of three scans acquired.

2.8. Transmission electron microscopy (TEM)

Structures of HSA fibrils were examined through transmission elec-
tron microscopy. 15 μL of sample was placed on a carbon coated copper
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grid (Ted Pella, US) and negatively stained with uranyl acetate (2%, w/v)
solution. Excess of the stain was removed and grids were left to air dry.
Micrographs were captured on an electron microscope (JEOL JEM 2100
HR, Japan) operated at 120 kV.
2.9. Statistical analysis

All the experiments were done in triplicates and data have been
represented as mean � standard deviations (S.D.).

3. Results and discussion

3.1. SB-HSA interaction study

The molecular binding interaction and binding affinities for both the
compounds SDS and SB were investigated using in silico techniques. For
each compound, the best dock pose selection was made based on lowest
docking score. Evaluation of Glide XP docking score revealed that SB
showed much greater and better docking score (i.e. �10.54 kcal mol�1),
than the compound SDS which exhibited relatively less Glide XP docking
score i.e. �6.07 kcal mol�1. The analysis of IFD score also corroborated
with the obtained XP docking result, as IFD scores were found to be
�1256.76 and �967.27 kcal mol�1 for compound SB and SDS, respec-
tively. In general, higher negative docking score indicates better binding
Fig. 1. 2D and 3D view of crystal structure of human serum
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affinity of any ligand towards the protein target. The binding mode of SB
with HSA was represented by several numbers of hydrogen bonds and
one pi-cation interaction. Docking obtained 2D and 3D binding orienta-
tions of SB have been displayed in Fig. 1A, respectively. Detailed
observation revealed that amino acid residues GLU 153, LYS 199, ARG
257, SER 287 and GLU 292 extended for hydrogen bond interactions
formation. Among the above mentioned residues, basic amino acid ARG
257 of HSA participated to form pi-cation interaction with SB. Mostly, the
hydroxyl groups of SB act as hydrogen bond acceptors for formation of
hydrogen bond with HSA. All hydrogen bond interactions were observed
to occur within a distance of 1.77–2.19 Å. Apart from hydrogen bond
interactions, several hydrophobic residues such as LEU 219, PHE 223,
LEU 234, ALA 258, LEU 260, ALA 261, ILE 264, ILE 290 and ALA 291
were also found in close proximity and might be accounted for exposing
hydrophobic contacts with SB. Bond lengths between SB and HSA were
further calculated and were found to be similar to the data recorded in
previous works [45]. On the other hand, binding mode and molecular
interaction of SDS with HSA depicted in Fig. 1B, which demonstrated
only one hydrogen bond interaction with residue TRP 214. In our pre-
vious work, importance of this TRP 214 residue of HSA protein estab-
lished with a diterpenoid compound andrographolide through
hydrophobic interactions [46]. Earlier, molecular docking studies of
small molecules with HSA have demonstrated involvement of similar
types of residues and were majorly mediated by hydrogen bonds and
albumin (PDB ID: 2BXP) docked to (A) SB and (B) SDS.
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hydrophobic interactions [47–49]. Overall, findings of molecular
modeling study demonstrated that flavonolignan SB has higher capacity
to bind with HSA, and can be possibly strip the bound SDS molecules
from protein surface [29]. This observation is supported by greater
docking score obtained for SB in both the dockingmethod used to predict
the bindingmode and affinity analysis. SB can thereby be explored as one
inhibitor of HSA fibril formation in presence of SDS.
3.2. Effect of silibinin on HSA fibrillation

Low concentration SDS induced self-aggregation of serum albumin
[28] was observed throughout and final absorbance at 350 nm recorded
after 48 h were presented in Fig. 2. Increased population of protein
oligomers in solution cause cloudiness and rise in intensity of light
scattering [50]. Turbidity of HSA in absence of SDS appeared minimum,
which indicated presence of soluble protein structures. Addition of 80 μM
SDS resulted in cloudy appearance of the protein solution along with an
immense increase in absorbance. This was probably due to generation of
protein aggregates. However, a fall in absorbance were observed when
HSA was incubated with increasing concentrations (10–50 μM) of SB.
The maximum effect was recorded at 50 μM concentration of SB.
Decrease in turbidity could be attributed to reduction in number of ag-
gregates upon SB co-incubation [51]. Turbidity of incubated solutions
thus provided the preliminary evidences of the protein-SB molecular
interactions in presence of SDS and their effects on HSA fibrillation were
outlined.

Systemic association of amyloidogenic proteins are often character-
ized by rich β-sheet structures [52]. CR is one anionic dye which exhibits
maximum absorbance at 490 nm in PBS pH 7.4 medium [53]. The dye
molecules interact with ordered aggregates containing cross β-sheet rich
conformations to produce a characteristic red shift [54]. SDS treated HSA
samples had bound to the dye and exhibited a significant red shift of the
spectra to 511 nm, much in contrast to native HSA spectrum (Fig. 3). This
indicated the growth of β-sheet rich structures in presence of SDS upon
incubation for 48 h. Presence of SB in protein solution, however,
restricted the shift of CR absorption maxima within 499 nm. This was
likely due to inhibition of HSA fibrillation.

ThT is an amyloid specific biomarker which produces an unique
Fig. 2. Turbidity of HSA at 350 nm in presence and absence of SD
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fluorescence quantum yield upon binding to the β-sheets of amyloids
[55]. It is routinely used in quantitative investigation of amyloid fibrils,
and was applied in this work to complement the turbidity and congo red
assays [56]. Native HSA sample did not exhibit significant ThT response
at 480 nm due to its un-aggregated state (Fig. 4a). Addition of SDS so-
lution (80 μM) triggered a distinct increase in ThT response, signifying a
high density of HSA fibrillar species. At 80 μM concentration, SDS mol-
ecules associate with HSA leading to displacement of water from the
immediate vicinity [57]. The association is mainly due to electrostatic
charge interactions, though hydrophobic interactions also co-exist [58].
These events are reported as spontaneous and cause fibrillation of HSA
through continuous accretion [59]. Co-incubation with ascending con-
centrations of SB, however, lowered the ThT intensity with the maximum
effect observed for 50 μM SB. A mild decrease of 8% in ThT intensity was
recorded with 10 μMSB co-incubation, whereas the ThT response for SDS
treated protein samples decreased by 36% in presence of 50 μM of SB
(Fig. 4b).

3.3. Effect of silibinin on HSA secondary structure

Changes in the secondary structure of HSA upon addition of SDS and
SB were further investigated through far UV CD spectroscopy (Fig. 5).
Native HSA at 25 � 2 �C exhibits two negative peaks at 208 nm and 222
nm, due to its prevailing α-helical or random coil conformation [60,61].
Loss of the dual minima in presence of SDS indicated a shift from native
secondary structure. SDS treatment also produced a negative peak at 216
nm due to presence of cross β-sheet contents [62]. This is the distinctive
feature of all amyloid fibrils. Previous reports showed that SDS in low
concentrations triggered that transformation of α-helical to β-sheets el-
ements in lysozyme [29], HSA [28] and α-synuclein [59]. Presence of low
concentrations of SB (10–20 μM) did not have significant effect on the
spectra of SDS treated HSA. Increase in SB concentration (30–50 μM) in
solution however weakened the signal at 216 nm and caused partial
restoration of negative ellipticities at 208 and 222 nm. CD experiments
suggested that while SDS treatment caused disruption in α-helical form,
SB was able to limit the formation of β-sheets and prevented complete
loss of native albumin structure.
S and SB. Absorbance are expressed as mean � S.D. (n ¼ 3).



Fig. 3. CR absorption spectra of HSA samples incubated in presence and absence of SB and SDS.

Fig. 4. (a) ThT fluorescence spectra of HSA in presence and absence of SDS and SB (b) Fluorescence emission intensity at 480 nm in presence and absence of SDS
and SB.
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3.4. Morphological evaluations

Morphological evidences of SDS induced HSA fibrillation and effects
of bioactive SB on fibril formations were recorded through electron mi-
croscopy. TEM is a powerful tool often used to study the morphology and
abundance of different amyloid fibrils [63–66]. Typical amyloid fibrils
are known to possess diameters of 8–12 nm, and may be several micro-
meters long [67]. High resolution micrographs showed that HSA upon
incubation with SDS for 48 h resulted in formation of profuse branched
5

structures (Fig. 6a), which are the characteristics of mature amyloid fi-
brils [34,68]. Samples incubated with increasing concentrations of SB
revealed sparing populations of fibrils (Fig. 6b–e). The structures
appeared less fibrillar and not well-defined at higher concentrations of SB
(Fig. 6f). These observations corroborated the spectroscopic data and
confirmed a dose dependent protein-fibrillation inhibitory effect of SB.



Fig. 5. CD spectra of HSA in absence and presence of SDS and SB.

Fig. 6. Electron micrographs of SDS treated HSA incubated in (a) absence and (b–f) presence of different concentrations (10–50 μM) of SB. Scale 100 nm.
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4. Conclusion

Protein fibrillation and amyloidogenesis are unscrupulous physio-
logical events and often lead to a number of degenerative conditions in
humans. In the present work, SDS induced protein fibril formation was
studied through a variety of biophysical, microscopic techniques and in
silico docking studies. Turbidity assay demonstrated that aggregation
propensity of HSA is maximum at 48 h in presence of 0.8 mM SDS. SB, a
flavonolignanwas investigated as one molecular scaffold for inhibition of
HSA protein fibrillation. SB expressed an inhibitory capacity against SDS
6

induced HSA fibrillation. That effect was due to multiple hydrogen bonds
and hydrophobic interactions in molecular interfaces. Molecular docking
experiments also revealed that the SB has a much higher binding affinity
towards albumin, and can possibly strip the SDS molecules from the
protein binding sites. Protein secondary structure evaluations and
morphology studies confirmed concentration dependent inhibitory ef-
fects of SB. Electron micrographs showed less fibril-like networks when
HSAwas incubated with SB at 1:5 molar ratio, thus confirming their fibril
recessive effects. A combination of different spectrometric studies
revealed that 36% inhibition of HSA fibril formation appeared at a HSA:
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SB molar ratio of 1:5. HSA structural stabilization through preferential
binding of SB was the guiding factor for restricting the formation of
protein fibrils in presence of SDS. SB may therefore be considered as an
appropriate molecular scaffold for inhibition of fibril formation and
enhance our understanding on therapeutic interventions in amyloid
related degenerative diseases.
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