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ARTICLE INFO ABSTRACT

Keywords: Interaction under amyloidogenic condition between naturally occurring protoberberine alkaloid palmatine and

Palmatine hen egg white lysozyme was executed by adopting spectrofluorometric and theoretical molecular docking and

II;beO;yme dynamic simulation analysis. In spetrofluorometric method, different types of experiments were performed to
ibrillation

explore the overall mode and mechanism of interaction. Intrinsic fluorescence quenching of lysozyme (Trp
residues) by palmatine showed effective binding interaction and also yielded different binding parameters like
binding constant, quenching constant and number of binding sites. Synchronous fluorescence quenching and 3D
fluorescence map revealed that palmatine was able to change the microenvironment of the interacting site.
Fluorescence life time measurements strongly suggested that this interaction was basically static in nature.
Molecular docking result matched with fluorimetric experimental data. Efficient drug like interaction of pal-
matine with lysozyme at low pH and high salt concentration prompted us to analyze its antifibrillation potential.
Different assays and microscopic techniques were employed for detailed analysis of lysozyme amyloidosis.Thi-
oflavin T(ThT) assay, Congo Red (CR) assay, 8-anilino-1-naphthalenesulfonic acid (ANS) assay, Nile Red (NR)
assay, anisotropy and intrinsic fluorescence measurements confirmed that palmatine successfully retarded and
reduced lysozyme fibrillation. Dynamic light scattering (DLS) and atomic force microscopy (AFM) further reit-
erated the excellent antiamyloidogenic potency of palmatine.

1. Introduction

Various proteins and peptides have ability to self-aggregate by dis-
turbing their original tertiary functional structure under appropriate
physiological conditions [1-4]. These types of aggregation lead to for-
mation of highly ordered, rigid and p-sheet enriched amyloid fibrils
[5,6]. Deposition of fibrillar aggregates in different parts of our body are
closely associated with a wide number of disorders including Alz-
heimer’s, Parkinson’s, Huntington’s, familial amyloidosis and type-II
diabetes [7-13].

Lysozyme, protective enzyme, have been identified in different types
of plant, animal and microbes. There are conventionally three types of
lysozyme i.e. i. Chicken/Hen type (also known as conventional type or ¢
type) ii. Goose type (g type) iii. Invertebrate’s type (i type). Some plant
and microbial types have been also separated. Lysozyme can easily
rapture bacterial cell wall by hydrolysing glycosidic linkage of pepti-
doglycan. For this reason it is endowed with natural antimicrobial action
against different fungal, bacterial and viral pathogens [14].This enzyme
is widely distributed in variety of body fluids and tissues in

gastrointestinal tract, kidneys, liver, lymph nodes, spleen, skin, lach-
rymal and salivary glands [15]. As it has several enzymatic roles to play,
its amyloidosis can lead to multi-organ disorders, haemorrhagic com-
plications and different slow-moving life threatening diseases. As
mentioned previously neurodegenerative disorders may also lead to
autosomal dominant genetic diseases [8,9,16-18].

Lysozyme fibrillation process is a well-studied regular kinetic process
[19-24]. Formation of cross p sheet stable structure from o helical shape
during fibrillation is monitored through different analytical approaches
[5,19,25]. Lysozyme is popularly used as a model system for analysis of
protein aggregation [25].

Human lysozyme has 130 amino acid residues with 59 % sequential
homology to hen egg white lysozyme (HEWL). HEWL has stable tertiary
structure with 129 amino acid residues having o helical, p sheet, loops &
turns and some unordered structure composition under different con-
ditions [26-28]. There are two types of natural inherent fluorescence
active residues i.e. Tryptophan (Trp) and Tyrosine (Tyr) [28,29]. The
active drug binding site of lysozyme is situated at its big hydrophobic
crevice which is linked with a helix conformation [30-33]. Lysozyme
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fibrils are more compatible with fibrillar p-rich structure and it can be
stabilized by addition of salt, pH changes or any denaturants [34,35].

Different in-vitro and in-vivo studies have shown that several natural
products and synthetic molecules including polyphenols, alkaloids,
nanoparticles, dyes, ionic liquids etc. have therapeutic efficiency to
inhibit fibrillation of lysozyme [36-51]. Dozens of compounds having
these types of antiamyloidogenic capability fail at different stages of
clinical trials [52]. So searching for an efficient antifibrillar therapeutic
is an important area of current research to fight against the neurode-
generative diseases.

Natural alkaloids are considered to be of potential anti-
amyloidogenic value with minimum cytotoxic effect [52].These types of
alkaloids have well defined pharmacokinetics and pharmacodynamics
with proteins and enzymes [53-57]. Some alkaloids like berberine,
palmatine, coralyne, chelerythrine, sanguinarine etc. have conventional
drug like static binding in physiological condition with estimated
binding free energy ranging from -7 to -5.5 kcal/mol [31,54-57]. Wide
range of molecular interactions was reported for the binding of alkaloids
with lysozyme. Coralyne actively uses hydrophobic interaction for
binding to lysozyme whereas sanguianrine interacts primarily through
both hydrogen bonding and hydrophobic interaction [40,56].The
binding of the iminium form of chelerythrine with lysozyme is a ground
state endothermic process characterized by hydrophobic interactions
whereas the binding of alkanolamine form of chelerythrine to lysozyme
is an exothermic process primarily driven by hydrogen bonding [31].
Several alkaloids like coralyne, sanguinarine, quinolidine derivative etc.
can markedly retard lysozyme fibrillation process with their unique
binding capacity primarily through H-bonding and hydrophobic in-
teractions [40,56,58].

Palmatine (Fig. 1) is naturally available protoberberine isoquinoline
alkaloid that is generally used as folk medicine in China [59]. It is found
in several plants including Chinese gold thread, Gurjo or heart-leaved
moonseed, Amur cork tree etc. Many scientific reports suggested that
palmatine has pharmacological effects like antioxidation, antiviral,
antibacterial, antiinflammatory, neuroprotection, anticancer and regu-
lator of blood lipid control [60-66]. In light of its myriad pharmaco-
logical effects we chose this medicinally important alkaloid palmatine as
a potential candidate for combating the protein aggregation related
ailments. Hen egg white lysozyme and human lysozyme display high
scale homologous behaviour including their misfolding and unfolding
property which leads to different disorders as mentioned earlier [67]. So
in this work we have used hen egg white lysozyme to analyze the anti-
amyloidogenic behaviour of palmatine for the first time in the quest for
designing therapeutics for protein aggregation related ailments.

Fig. 1. Molecular structure of palmatine.
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2. Experimental
2.1. Materials and stock solutions

Palmatine chloride (PAL)[CAS Number: 10605-02-4], hen egg white
lysozyme (HEWL) [CAS Number: 12650-88-3], Thioflavin T (ThT)[CAS
Number: 2390-54-7], 8-anilino-1-naphthalenesulfonic acid (ANS), Nile
Red (NR)[CAS Number: 7385-67-3], Congo Red (CR)[CAS Number: 573-
58-0] along with the buffer components like glycine, sodium chloride
and sodium azide were procured from Sigma-Aldrich Corporation
(Missouri, USA). All the chemicals were of analytical grade or better.
HEWL stock solution was prepared by dissolving it in Glycine-HCI buffer
(pH = 2.24; [NaCl] =100 mM; [NaN3] =1.54 mM). PAL concentration
was evaluated by UV-spectrophotometer in double distilled water (¢ =
22,500 M~ em™ at 345 nm) [57].

2.2. Interaction study between HEWL and PAL

2.2.1. Spectrofluorimertic studies

Quenching of emission fluorescence intensity of HEWL by PAL was
performed under amyloidogenic condition (pH = 2.24; [NaCl] =100
mM) [40,42] using Hitachi F-7000 spectrofluorimeter, Japan, equipped
with Xenon lamp as light source at 293, 298 and 303 K. HEWL (12 pM)
was excited at 295 nm and fluorescence emission intensity was recorded
over 305-450 nm range with 5 nm excitation and emission slit width in
10 mm quartz cell after successive additions of PAL. All the fluorescence
data were corrected for inner filter effect using the following equation
[68].
Fop — Fyp, x e(Aex.;Am)

Quenching data were analyzed after inner filter effect [68] correc-
tion by the following Stern-Volmer equation [56].

F
FO =1+kg1[Q] = 1 +Ksv[Q]

where Fy = fluorescence intensity of HEWL in absence of PAL, F =
fluorescence intensity of HEWL in presence of PAL, Kgy = Stern-Volmer
quenching constant, k; = quenching rate constant, and [Q] = concen-
tration of PAL.

Then binding constant (Ka) and the number of available binding sites
per HEWL (n) was determined using the following equation based on
fluorescence titration data [55].

Fy-F
log <OT) = logK + nlog[PAL]
Other thermodynamic parameters like enthalpy (AH), entropy (AS)

and were estimated from Van’t Hoff equation:

AH AS

logKy = ———
08%a 2303RT | 2.303R

where R is the universal gas constant and T is the temperature in kelvin.
Gibbs free energy (AG) was determined from the equation

AG = AH —-TAS

2.2.2. Synchronous fluorescence study

Synchronous fluorescence is generally used to reveal the conforma-
tional changes of fluorophores when it binds with the quencher. Here
synchronous fluorescence studies were done at AL = 15 nm for Tyr
residue and A\ = 60 nm for Trp residue of HEWL [69].

2.2.3. 3D fluorescence study

In recent times 3D fluorescence studies have become popular method
for the analysis of conformational changes of protein when it binds with
ligand. Comparative analysis of the excitation emission fluorescence
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matrix was done using 3D mode of spectrofluorimeter. Both contour
diagram and bird’s eye view were plotted for native HEWL and
HEWL-PAL complex.

2.2.4. Lifetime measurement study

Fluorescence lifetime study is most effective experiment to analyze
the decay profile of fluorophores and interpret the binding nature (static
or dynamic) between fluorophores and its quencher [70]. The fluores-
cence lifetime data was recorded on a Horiba J.Y. Fluoro Max (Japan)
spectrofluorimeter using the Time Correlated Single Photon Counting
(TCSPC) technique. For life time measurement HEWL and its complex
with PAL were excited at 288 nm and the emission wavelength was fixed
at 338 nm.

Life time was measured by Horiba EZ time software using the
following equation [71].

F(r) = ; a,»exp( . Ti>

where F(t) was fluorescence intensity at time t and @; was pre-
exponential factor at it time constant. For multi-exponential analysis
Tavg Was given by [72].

Tavg = E it

where 7; was fluorescence lifetime and a; was relative amplitude.

2.2.5. ADME-toxicity prediction

Absorption, distribution, metabolism & excretion (ADME) and
mutagenicity, tumorigenicity, irritation and reproduction (toxicity) of
PAL was forecasted by using Swiss ADME (https://www.swisssimilarity.
ch) and OSIRIS property (https://www.organic-chemistry.org).

2.2.6. Docking study

In-silico investigation i.e. molecular docking was performed to
analyze the molecular forces involved in the binding between HEWL and
PAL [73]. First we prepared the HEWL X-ray crystallographic structure
as macromolecular receptor from PDB ID (Protein Data Bank; RSCB)
2ydg [74]. Protein structure was optimized by eliminating crystallo-
graphic water & co-crystal ligand (if any). Then polar H and appropriate
Kollman charges were spread over the whole receptor macromolecule.
3D structure of PAL as a ligand were retrieved using compound CID
19009 from Pub Chem. Ligand geometry were also optimized by mini-
mizing energy (with ultrasoft pseudopotential) (Fig. S1) and applying
Gasteiger charges. At final step of docking command line based open
source software AutoDock 4.2.6 (Scripps Research Institute) was used.
Docking site of protein structure was characterized by big hydrophobic
cavity and the amino acid residues of HEWL [75]. All 50 runs were done
over 300 population size and 2,500,000 energy evaluations using RMSD
tolerance 2 A by Genetic Algorithm [76]. All HEWL residues were taken
as rigid part to get better docking score [77]. Result visualization and
analysis were finalized with help of Discovery Studio Visualizer and Get
Area Web server.

2.2.7. Molecular dynamics (MD) simulation

MD simulations were employed to analyze the time dependent in
silico investigation of HEWL-PAL interaction. MD simulation was car-
ried out on gromacs-2023.3 software package [78]. Best docking HEWL
structure was optimized at pH 2.2 through PROPKA 3.1 (https://www.
playmolecule.com). PAL was prepared at SwissParam (http://www.
swissparam.ch/) in CHARMM general force field. HEWL was also opti-
mized in same force field. System was solvated in 1 nm dodecahedron
box with spc216 (simple point charge) maintaining 100 mM NacCl con-
centration. Then 100 ns MD run was performed at 298 K temperature
using standard protocol.
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2.3. Fibril formation and inhibition kinetics

2.3.1. Preparation of HEWL fibrils

40 mg HEWL was dissolved in freshly prepared 2 ml Gly-HCI buffer.
Then 1 ml of HEWL solution was taken in a 50 ml conical flask and
diluted to 20 ml with buffer. After that the HEWL solution in conical was
stirred with tiny stirring magnetic bar (250 rpm) at 55 °C [79,80].
Similar solutions were prepared in other conicals and varying concen-
trations of PAL (250, 200, 150, 100 and 50 pM) was added and it was
also stirred under same condition. Then 800 pl aliquots from each
conical was withdrawn at 30 min time intervals for the following ex-
periments. Total incubation time for fibrillation process was 8 h.

2.3.2. ThT assay

Stock solution of ThT was prepared in aqueous medium. The con-
centration of ThT was determined as reported previously [81]. To
monitor the kinetics of HEWL fibrillation in absence and presence of PAL
150 pl of HEWL samples taken at different time intervals during fibril-
lation process were mixed with 750 pl buffer. After that ThT solution
was added to this solution maintaining the final concentration at 25 pM.
Final solution was homogenized thoroughly and placed in dark for 1 h.
Then the emission fluorescence intensity was recorded at 486 nm by
exciting the samples at 440 nm using Hitachi F-7000 spectrofluorom-
eter. This same process was repeated with HEWL fibril developed in
presence of different concentrations of PAL.

2.3.3. CR binding assay

CR binding assay is extensively used for the characterization of in
vitro amyloid fibrillar growth. A stock solution of CR was prepared and
50 pL aliquots of HWEL solutions in absence and presence of PAL taken
at 30 min time interval were strained with CR. The final concentration of
CR was adjusted to10 pM in 1 ml of the buffer solution. After that, it was
properly homogenized and incubated for 30 mins. The absorption
spectrum (400-800 nm) of each sample was recorded on Shimadzu UV-
1700 spectrophotometer (Shimadzu Ltd. Japan).

2.3.4. ANS binding assay

ANS stock solution was prepared in double distilled water and con-
centration was determined spectrophotometrically [82]. 50 pl of each
stock solution of fibril was diluted in 750 pl buffer. After that aqueous
ANS solution was added to it so that final ANS concentration was 25 pM.
Finally emission fluorescence spectra of each sample was recorded by
exciting it at 370 nm in the wavelength range 400 to 600 nm.

2.3.5. NR binding assay

A stock solution of 1 mM NR was prepared prior to use [83]. 50 pl of
aliquots of the HEWL sample withdrawn for 8 h at 30 min time interval
were diluted with 700 pl of buffer solution. Then appropriate volume of
NR solution- was added to it so that the final concentration of NR in the
mixture was 1 pM. The mixture was stored in dark for 30 min. There-
after, fluorescence study was performed by exciting the samples at 550
nm.

2.3.6. Intrinsic fluorescence measurements

50 pl of HEWL sample solutions, taken at different time intervals
during fibrillation process was diluted to 750 pl with the buffer. Then the
intrinsic (Trp) fluorescence intensity of each HEWL sample without and
with PAL was recorded at the emission maxima of 338 nm by exciting
the samples at 295 nm.

2.3.7. Fluorescence anisotropy measurements

Fluorescence anisotropy was performed by using the aliquots
collected at 30 mins time interval during fibril formation. Amyloid
samples were diluted to 10 pM by buffer solution. The fluorescence
anisotropy value (r) was obtained using the following equation
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Ivv + GIvh
=
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where I, and I, are the vertical and horizontal components with respect
to excitation by vertically polarized light at 280 nm. G is the instru-
mental correction factor for correcting polarizing effects in the emission
monocromator and detector, given by G = L/Ip, [84].

2.3.8. Dynamic light scattering (DLS) measurements

DLS is powerful technique, generally used to determine the hydro-
dynamic size of particle. We have used this technique to monitor the
growth pattern of HEWL in absence and presence of PAL. Size of HEWL
fibrillar species was determined using Malvern Zetasizer Pro, United
Kingdom.

2.3.9. FTIR studies

FTIR spectral analysis of different samples during fibrillation process
was done using Perkin Elmer spectrophotometer which was equipped
with Zinc Selenide (ZnSe) Attenuated Total Reflectance (ATR), KBr
beam splitter and LiTaOg detector (Perkin Elmer, USA).

2.3.10. Circular dichroism (CD)

Circular Dichroism (CD) spectra were recorded for native HEWL,
HEWL fibril and HEWL + PAL fibril using Jasco J-1100 CD spectro-
photometer (Japan) over the range of 190 to 260 nm. All CD spectra
were taken after three fold dilution of the samples with Gly-HCI buffer.
CD spectral data were analyzed using “CONTINLL” program of
DICHROWEB considering dataset 4 as reference [85-89].

2.3.11. AFM imaging

Direct visualization and morphological study of HEWL fibrils were
completed using Agilent 5500 (Santa Clara, California, USA) atomic
force microscope equipped with 100 pm silicon cantilever. Cantilever
was oscillated at 150 kHz frequency when force constant was 42 N/m.
Silicon Nitride tips with 10 nm curvature were used. 200 times diluted
fibrillar samples were drop casted over microscopic glass cover slip.
Images were analyzed and characterized by Gwyddion 2.6.2 (Czech
Metrology Institute).

2.4. Statistical analysis

All data are represented as mean + standard deviation of four in-
dependent determinations.

3. Results and discussion
3.1. Analysis of the interaction between HEWL and PAL

3.1.1. Intrinsic fluorescence quenching studies of HEWL by PAL and
different binding parameter determination

Photophysical properties of the protein fluorophores are highly
sensitive to micro environmental polarity change so fluorescence can be
a useful probe for protein ligand interaction study [90,91]. Hence to find
out the mode, mechanism and nature of binding interaction intrinsic
fluorescence quenching study of HEWL in presence of PAL is performed.
HEWL has two types of fluorescence active residues i.e. Tryptophan
(TRP) and Tyrosine (TYR) but when HEWL is excited at 295 nm TRP
residue is mainly excited. TRP-28, 108, 111, 123 are present in « domain
while 62, 63 and 108 are present in substrate binding site [92].TRP-62
and 63 are more exposed and also highly sensitive to chemical changes
in their microenvironment [93]. Therefore addition of PAL in HEWL
mostly affect these two residues.

Systematic decrease in fluorescence emission intensity of HEWL with
successive addition of PAL is shown in Fig. 2 which indicates strong
binding of PAL with HEWL under amyloidogenic condition. Fluores-
cence quenching is accompanied by a bathochromic shift of 28 nm
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Fig. 2. Intrinsic fluorescence change of HEWL (curve 1, 12 pM) after addition
of 2.5, 5,7.5,10, 12.5, 15, 17.5, 20, 25, 30, 35, 40, 45 and 50 pM PAL (curves 2
to 15).

indicating that interacting Trp residues have moved towards more hy-
drophilic region [94,95].

Quenching rate constant (k) and Stern-Volmer quenching constant
(Ksy) for this quenching is (3.74 + 0.54) x 1012 M 15! (considering
average life time; t¢ is 108 ) and (3.74 + 0.54) x 10* M’l, respectively,
at 298 K (Fig. S2).

3.1.2. Synchronous fluorescence studies

Microenvironmental changes of inherent fluorophores like TYR and
TRP for HEWL are analyzed through synchronous fluorescence tech-
nique [69,96]. In Fig. 3A, when A\ = 60 nm there was 4 nm (277 nm to
281 nm) red shift of emission maxima. This result signifies that the TRP
residues shift closer to hydrophilic environment and becomes more
exposed to the solvent system. Although at AL = 15 nm a significant
synchronous fluorescence quenching is observed but no significant
alteration in the emission maxima is noted (Fig. 3B). Overall synchro-
nous fluorescence spectral analysis reveals that TRP residues are more
affected than TYR residues during the interaction of PAL with HEWL.

3.1.1. 3D fluorescence study

Quenching visualization and microenvironmental changes of fluo-
rophores are analyzed by using excitation-emission fluorescence 3D
matrix [97]. Both contour and bird’s eye views of native HEWL and
HEWL-PAL complex are shown in Fig. 4. Peak 1 corresponds to the
characteristic spectral behaviour of the two protein fluorophores i.e.
TRP and TYR present in HEWL [98]. HEWL (6 pM) shows 58 nm and

e 180
= 1200 L) 1 B
3 A 1604
&
. 1000- 140
£ 12
5 800 1201
E 100
@ 600 801
8
O 4004 60
1]
g 40

200
=2 4
2 20

= ¥ T T T T 0

220 240 260 280 300 320 340 240 260
Wavelength(nm)

Fig. 3. Synchronous fluorescence spectral changes (excitation) of HEWL on
addition of PAL; (A) 10 pM HEWL (curve 1) treated with 2, 4, 6, 8, 10, 12, 14,
16, 18, 22 and 24 pM PAL (curves 2-12) for AL = 60 nm (B) 10 pM HEWL
(curve 1) treated with 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 uM PAL (curves
2-11) for A = 15 nm.
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Fig. 4. 3D fluorescence excitation emission matrix of HEWL (A & B) and HEWL
+ PAL complex (C & D); A & C are contour diagrams and B & D are the bird’s
eye view.

111 nm Stokes Shift for peak 1 and peak 2 but in presence of PAL Stokes
Shift increase up to 85 and 139 nm with significant reduction in fluo-
rescence intensity. This observation is well concurrent with the steady
state fluorescence quenching and synchronous fluorescence spectro-
scopic data. Peak 2 appear due to the characteristic n — = transition of
peptide backbone of HEWL. So PAL interaction cause slight unfolding of
the polypeptide chain with simultaneous conformational change and
exposure of HEWL fluorophores to more polar hydrophilic environment
compared to its native state.

3.1.3. Fluorescence life time measurement

Effective distinction between static and dynamic quenching can be
established by fluorescence life time measurement [99]. In static
quenching mechanism there is no significant alteration in life time but
dynamic quenching mechanism is accompanied with an alteration in
fluorescence life time. All life time measurements were taken at 338 nm
by exciting the samples at 288 nm. From lifetime data it is clear that
there is no significant alteration in life time for HEWL and HEWL-PAL
complex (Fig. S3). It is difficult to find out finger print decay for each
and every Trp residue, especially when macromolecular protein con-
tains multiple TRP residues [100]. So individual lifetime components
are not designated instead average lifetime values are reported for
qualitative analysis as per standard protocol. The calculated value of
average lifetime for native HEWL and its complex with PAL are 0.99 ns
and 0.93 ns, respectively. So binding mechanism is static i.e. ground
state complex formation takes place during interaction of HEWL with
PAL.

3.1.4. Spectrofluoremetric estimation of binding constant and
thermodynamic parameters

Apparent binding constant (Kp) is determined to be (3.98 + 0.19) x
10* M~! with a single binding site (n = 1.02 & 0.05) (Fig. S4) at 298 K
from the double log plot [101]. The K4 values are evaluated to be (4.16
+0.21) x 10* M ! and (3.80 + 0.18) x 10* M}, respectively, at 293
and 303 K. Enthalpic (AH) contribution is —(1.59 + 0.07) kcal/mol and
entropic contribution at 298 K (TAS) is (4.68 + 0.12) kcal/mol for
binding of PAL with HEWL. Gibbs free energy change (AG) is calculated
to be -(6.27 £ 0.19) kcal/mol at 298 K.

3.1.5. ADME-toxicity analysis

In silico ADME-Toxicity prediction is a very important step for drug
discovery because this can reportedly predict drug likeness behaviour in
our body. Drug score of PAL is 0.692 with zero Lipinski rule violation
[102]. PAL also has high gastrointestinal absorption according to
BOILED egg approach. Skin permeation (log K,) and synthetic
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accessibility of PAL is —5.79 cm/s and 3.18, respectively. Some ADME
parameters of PAL are compared with that of the popular anti-
amyloidogenic drug Donepezil hydrochloride available in market
(Table 1).

From this comparison it is clear that PAL has comparable drug po-
tential with Donepezil hydrochloride. On other hand PAL has indication
of nontumorigenic, nonirritant and nonmutagenic properties.

3.1.6. Docking study

Docking results are very similar and support the experimental results
(Table 2). All the conformers of HEWL-PAL complex from docking
confirm that PAL binds to enzymatic site of HEWL. Gibbs free energy of
binding is calculated using following equation [77].

AGpinging = AGaw + AGeiec + AGhpona + AGesory + AGiorg

For easy interpretation of best conformation of cluster we analyze
only the lowest docking conformation, i.e. -5.83 kcal/mol (PDB ID-
2ydg) as Gibbs free energy (AGpinding).- The sum of hydrogen bonding
energy, van der Waal’s energy and desolvation energy is —5.88 kcal/mol
and on adding the electrostatic energy (—1.14 kcal/mol) it affords the
final intermolecular energy (AE; = —7.02 kcal/mol). Torsional free
energy (AE3) was +1.19 kcal/mol due to eight active torsions between
0O_1and C_17,0_1 and C_24,0_2and C_18,0_2 and C_23, O_3 and C_19,
0.3 and C_25, O 4 and C_21, O_4 and C_26 in PAL. The total internal
energy (AE3) and unbound system’s energy (AE4) are exactly same i.e.
-0.43 kcal/mol. All the interacting residues are presented in both 3D and
2D conformation (Figs. 5 & 6). TRP 63 residue makes two conventional
H-bonds with PAL whereas GLU 35 has electrostatic pi-anaionic inter-
action (Fig. S5). ASN46, ASP52, TRP62 build significant interaction
through carbon hydrogen bonding whereas TRP63, TRP108, ALA107,
ILE98, VAL109, GLU35, ALA110 residues of HEWL are involved in hy-
drophobic interactions (like alkyl, pi-alkyl, pi-sigma hydrophobic etc.).

Difference in accessible surface area (ASA) of HEWL-PAL complex to
native HEWL also justifies sensitive binding between HEWL and PAL.

AASA = ASAupwr — ASAnewL paL

Total ASA of native HEWL and HEWL with PAL is 6538.57 and 6434.63
A2, respectively. So ASA of native HEWL is reduced because after
complexation some ASA of HEWL is seized by the PAL molecules
(Fig. S5). ASA of every significant interacting residue (Table 3) which is
close to interacting site i.e. big cavity of HEWL, is influenced by these
interactions.

3.1.7. MD simulation

MD simulation, very useful modern computational technique, is
generally used to analyze the flexibility of macromolecular interaction
at experimental conditions. Ligand can change the conformation of
macromolecular protein. The stability of protein ligand complex can be
revealed by dynamic simulation. Different types of parameters such as
root mean square deviation (RMSD), root mean square fluctuation
(RMSF), radius of gyration (Rg) etc. are generated to explain the stability
and accuracy of structure (Fig. 7). Average RMSD of HEWL in presence
and absence of PAL is 0.12 and 0.11 nm, respectively. This RMSD result
suggested that HEWL has some deviation and less relative stability in
presence of PAL compared to its native form. RMSF of total 129 residues
of bound and unbound HEWL are plotted. It shows that HEWL-PAL
complex has lower RMSF than unbound HEWL. This implied that
some residual flexibility is arrested by PAL. R, value indicates the
structural (tertiary) volume of HEWL. Average R, value of HEWL and
HEWL-PAL complex is 1.39 and 1.38 nm, respectively. Lower R, value
suggests that HEWL has more compact figure when it binds to PAL.
Average distance from center of ligand to most important TRP 62, TRP
63 and TRP 108 residues during 100 ns run time are 5.98, 9.78 and
14.14 A, respectively. H-bond fluctuation is also plotted with 0.35 nm
limiting distance.
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Table 1
Important ADME parameters of PAL and Donepezil hydrochloride.

International Journal of Biological Macromolecules 268 (2024) 131703

Compound Molecular weight (g/ Lipophilicity =~ Number of hydrogen bond Number of rotatable Total polar surface area (A Drug
mol) (Log P) acceptor bonds D) score
PAL 352.40 2.64 4 4 40.80 0.69
Donepezil
hydrochloride 379.49 4.00 4 6 38.77 0.63
Table 2 Table 3
Results of interaction between HEWL (2ydg) and PAL from molecular docking ASA value of HEWL residue and change in ASA during complexation.
analysis. Residues  ASA (A%) in HWEL ASA (R?) in HWEL + PAL AASA
Minimum docking energy (kcal/mol) —5.57 only complex A%
Re}f,e;?‘,‘ce RMSD 53.62 ASN 46 48.22 27.08 21.14
Inhil 1t1(?r1 cons.;ant (Kfi) (pm) el H bond 82.5663 SER 50 0.77 0.63 0.14
Icnteractlpg rTs}i ges [o} CZHV?HOZ? H onA TRP ASP 52 25.06 0.00 25.06
orllve;monla ydrogen bonding distance (A)/ energy 1.841/-5.71 GLN 57 12.69 1.68 11.01
(keal/mol) LE98 ALALO? TRP108 ILE 58 3.27 0.20 3.07
Residues involving hydrophobic interaction VALL (’) o ’ ’ TRP 62 136.11 117.71 18.4
TRP 63 23.50 5.16 18.34
ILE 98 6.84 0.45 6.39
ASP 101 95.91 94.67 1.24
ALA 107 48.73 20.15 28.58
TRP 108 10.87 0.00 10.87
VAL 109 99.63 67.02 32.61
ALA 110 16.29 5.40 10.89

Fig. 5. 3D conformation of PAL interacting with HEWL (2ydg).
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Fig. 6. 2D images displaying all significant interactions between HEWL
and PAL.

3.2. Fibrillation analysis

3.2.1. ThT assay

Thioflavin T (ThT), a histochemical benzothiazole dye, is regularly
used for the investigation of kinetics of formation of fibrillar assemblies
of proteins in low pH medium because it can quantitatively stain the
stacked f sheet fibrils [103]. Fluorescence emission intensity data of ThT
stained HEWL in absence and presence of PAL are noted at different time
intervals of fibril growth and plotted against reaction time after inner
filter correction. Plots are sigmoidal in nature. These curves show that
there is no change in fluorescence intensity till 2.5 h. After that in
absence of PAL, a rapid increment in fluorescence intensity is observed
till 6 h. In presence of PAL these increment in fluorescence intensity is
delayed and reduced markedly. Initially ThT has very low fluorescence
emission intensity at 486 nm but upon binding with amyloid fibril its
fluorescence enhances rapidly due to molecular rotor nature of ThT.
Therefore fluorescence emission intensity is directly proportional to
extent of fibril present in solution. So here PAL has strong inhibitory
effect over HEWL fibril growth (Fig. 8A). The inhibitory efficiency is
calculated using the following equation

Ip-1
Inhibitory efficiency = (I)— x 100%
0

where Iy and I are fluorescence intensity of ThT in the absence and
presence of PAL. After 8 h PAL (250 pM) markedly reduces HEWL am-
yloid fibrillation by 86.42 % (Fig. 8B).

This comparative kinetic sigmoidal plot with lag, elongation &
plateau phases clearly reveal the characteristic pattern of HEWL fibril
formation (Fig. 8A). The sigmoidal curves are given by the following Eq.
[104].

(A1 —Ay)

I+e

where F, A; and (A1-As) denote the fluorescence at time t, initial fluo-
rescence (baseline) and maximum fluorescence intensity, respectively. t
and ty are the measured time and time required to reach 50 % of
maximum fluorescence. Value of aggregation constant (z) is obtained by
nonlinear regression. The lag phase and apparent growth rate constant

F=A,+
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Fig. 8. (A) ThT fluorescence kinetic study of fibrillation of HEWL in prescence of different concentrations of PAL (B) Inhibitory efficiency of PAL on HEWL amyloid

fibrillation.

(kqpp) is given by to-27 and 1/7, respectively. tp and lag phase for only
HEWL fibrillation (control) is (4.84 + 0.17) and (2.79 + 0.10) hours,
respectively, whereas for HEWL-PAL (250 pM) system it is estimated to
be (5.56 + 0.22) and (5.13 + 0.18) hours, respectively. Significant
reduction of fluorescence intensity, delayed elongation period and other
kinetic parameters testify that PAL has strong inhibitory influence over
HEWL aggregation.

3.2.2. CR assay

CR assay is used to detect fibrillation as a complementary analysis to
ThT assay. There are two binding sites of CR in amyloid which are
parallel and anti-parallel to f§ sheet [105,106]. CR exhibits apple green
birefringent cross-polarized light on binding with fibrils and this has
been used as a qualitative tool for monitoring fibril formation [107].
Comparative absorbance at 543 nm of both sample and control are

plotted against time (Fig. S6). Both the curves are sigmoidal in nature
having three different phases as seen in ThT study. Outcome of CR study
reveals 46 % reduction in absorption intensity of LSZ fibril when it is
treated with PAL.

3.2.3. ANS assay

ANS, hydrophobic fluorescent probe, has strong binding affinity to-
wards the hydrophobic region of HEWL. ANS probe displacement study
indicates the extent of exposure of hydrophobic sites towards surface.
Amyloid HEWL possess higher hydrophobicity than native HEWL
because the hydrophobic sites are buried in compact folded structure in
native HEWL. In aqueous acidic buffer ANS is weakly fluorescent but
fluorescence intensity increases tremendously after binding with amy-
loid fibrils [108,109]. The increase in fluorescence intensity of ANS with
time indicates that hydrophobic patches become more exposed after
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amyloid formation which leads to its binding with ANS through hy-
drophobic interaction. The fluorescence intensity of HEWL treated with
ANS is 88 % diminished in presence of 250 pM PAL which indicates that
PAL can prevent the movement of hydrophobic part of HEWL towards
surface (Fig. 9A). Relatively less blue shift (16 nm) of fluorescence
emission maxima of HEWL-PAL system also testifies for the intactness of
HEWL tertiary structure.

3.2.4. NR assay

NR is a non-ionic fluorescent dye widely used to study environmental
changes specially related to hydrophobicity in biomacromolecules.
During the formation of fibrillar aggregates tertiary structure of HEWL
changes and a simultaneous change in surface hydrophobicity also takes
place. The fluorescence intensity of NR is sensitive to surface hydro-
phobicity and tertiary structural change in HEWL [110]. The pattern of
increase of fluorescence of NR was quite similar to the pattern of ThT
fluorescence evolution.

Initially there is no change in fluorescence intensity i.e. lag phase,
then there is sudden jump in fluorescence intensity, i.e. growth phase
and ultimately fluorescence intensity slightly changed and the curve
becomes parallel to time axis, i.e. equilibrium phase. Decrease in fluo-
rescence intensity of HEWL samples treated with PAL indicates that the
change in surface hydrophobicity and microenvironment of HEWL
under amyloidogenic condition is arrested in presence of PAL (250 pM)
(Fig. 9B & Fig. S7). Initially the emission maxima for HEWL sample, i.e.
before the fibril formation is at 659 nm which shows a blue shift of 24
nm after fibrillation. In presence of PAL the emission maxima is rela-
tively less blue shifted (only 12 nm). Decrease in the extent of blue shift
and fluorescence increase of HEWL samples upon treatment with PAL
suggests suppression of tertiary structural changes in HEWL which in
turn implies inhibition of amyloid fibrillation.

3.2.5. Intrinsic fluorescence study

Tryptophan is a prominent inherent natural fluorescent amino acid
residue generally used to analyze tertiary structural changes of a pro-
tein. In HEWL there are six Trp residues (Trp 28, Trp 62, Trp 63, Trp 108,
Trp 111 and Trp 123) but among them Trp 62, Trp 63 &Trp 108 are
actively present at binding site [29,111]. When we excite the HEWL
sample at 295 nm, fluorescence emission at around 338 nm is observed.
The change in intrinsic fluorescence intensity at the emission maxima of
HEWL samples before and after fibrillation both in the presence and
absence of PAL is shown in Fig. 10A. Such drastic alterations in Trp
fluorescence emission intensity are the indication of changes in the
tertiary structure of HEWL upon fibrillation. Significant decrease in
fluorescence quantum yield and red shift (11 nm) of emission maxima of
Trp suggest that the Trp residues are exposed from a hydrophobic to a
more hydrophilic environment. This decrease can also be for the
different quenching mechanisms by the neighbouring amino acid resi-
dues of HEWL [112-116].The extent of decrease in intrinsic fluores-
cence intensity of HEWL samples is relatively less in presence of PAL.
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HEWL-PAL system shows no prominent shift in emission maxima dur-
ing fibrillogenesis. These observations indicate that change in the local
environment surrounding the Trp residues are arrested in presence of
PAL suggesting suppression of amyloid fibrillation of HEWL.

3.2.6. Anisotropy measurement

Anisotropy is a useful probe to study the extent of agitation of a
protein residue upon binding to interacting molecules. Anisotropy also
provides information about the flexibility of this residue in the macro-
molecular proteinous environment [70,117]. Here we have studied the
steady state Trp fluorescence anisotropy to monitor fibrillation of HEWL
both in presence and absence of PAL (Fig. 10B). The anisotropy values of
HEWL increase upon fibrillation which indicates that the local envi-
ronment of Trp residues become more compact with restricted motion.
In presence of PAL anisotropy value decreases from 0.15 to 0.09 indi-
cating PAL suppresses the fibrillation of HEWL.

3.2.7. DLS study

Hydrodynamic radii (r,) of HEWL fibrillar aggregates are determined
at different concentration of PAL using dynamic light scattering tech-
nique. The mean r, is estimated using following Stokes - Einstein
equation [118].

T
Iy, = W
where k, n and D are Boltzmann’s constant, viscosity of medium and
diffusion constant at temperature T.

From Table 4 it can be seen that r;, of HEWL fibrils is somewhat larger
compared to those in presence of PAL. With increasing concentration of
PAL the ry decreases gradually suggesting breakdown of matured fibril
in presence of PAL (Table 4; Fig. S8). At 250 pM concentration of PAL
there is significant reduction in fibrillar growth which is also supported
by imaging analysis.

3.2.8. FTIR analysis

IR spectra of HEWL and fibril of HEWL after 8 h in the absence and
presence of PAL are shown in Fig. 11A. Secondary structure of protein is
analyzed by characterizing Amide I, Amide II and Amide III bands in the
region 1700 to 1200 cm ™~ '. Most important Amide I band spanning from
1600 to 1700 cm™! arise predominantly due to G=0O stretching of
protein backbone. In Amide I band many assignments can be made like f§
sheet at 1610-1635 cm™!; random coil at 1630-1645 cm™'; « helix at
1648-1660 cm ™' B turn and anti-parallel p sheet at 1665-1695 em™!
[119,120].

Here native HEWL has a sharp peak at 1649 cm ™~ 's suggesting pre-
dominantly o helical conformation. After fibrillation this peak shows a
significant blue shift to 1626 cm~*which clearly indicates the formation
of B sheet rich fibrillar conformation. In presence of PAL absorption
intensity at 1626 cm™! is relatively low compared to HEWL fibril
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Fig. 9. (A) ANS fluorescence spectral change of HEWL before and after fibrillation both in the absence and presence of PAL and (B) Change in fluorescence intensity

of NR at the emission maxima with time for HEWL and HEWL-PAL complex.
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Table 4
Hydrodynamic radius of HEWL fibril and HEWL - PAL fibril from DLS study.

System Hydrodynamic Radii Polydispersity Index
(nm) (PDI)

Native HEWL fibril 863.06 0.86

HEWL+ PAL (50 pM)fibril ~ 745.77 0.75

HEWL-+ PAL (100 uM) 623.66 0.74
fibril

HEWL+ PAL (150 M) 538.69 0.82
fibril

HEWL-+ PAL (200 M) 478.35 0.72
fibril

HEWL+ PAL (250 M) 244.12 0.50
fibril

without PAL thereby confirming that PAL can resist HEWL fibril
formation.

3.2.9. CD

Far UV-CD is a widely used spectroscopic technique to analyze the
secondary structural changes in protein. In case of HEWL fibrillation the
conformational change of HEWL can also be monitored using this
technique. During fibrillation of HEWL o-helix and some unordered
structural part is changed into p-sheet conformation. Native HEWL is
characterized by negative peak at 208 nm and also with a negative
shoulder at 222 nm (« helix 32.80 %, p-sheet 12.80 % and turns and
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unordered 54.40 %) (Fig. 11B). After 8 h incubation period fibrillar
HEWL shows well-defined minima at 222 nm which indicates increase of
B-sheet conformations in the protein structure (f-sheet 53.20 %)
[57,121]. In presence of PAL the increment in f-sheet content of HEWL
is relatively less (B-sheet 45.10 %). As «a to p transition with concomitant
increase in P sheet content indicate the formation of amyloid fibrillar
structures therefore we can conclude that PAL inhibits fibrillation.

3.2.10. AFM

Atomic force microscopy is the most reliable microscopic technique
for the 3D morphological characterization of any nano range substance.
Both 2D and 3D topographic images of HEWL fibril in absence and
presence of PAL are given in Fig. 12. Native HEWL fibril has relatively
long network type mature fibrillar structure with higher average height.
In presence of PAL HEWL fibrils are less dense and shorter. Average
height of these fibrils is certainly low. PAL thus inhibits mature fibril
formation and also breaks down the HEWL fibrils.

Interaction of PAL with HEWL has been reported with Na-phosphate
buffer (10 mM Na™) at pH 7.2 [57]. Here this interaction is studied
under amyloidogenic condition i.e. Gly-HCl buffer (100 mM Na™) at pH
2.24. Binding of PAL with HEWL is static in nature with binding constant
(3.98 + 0.19) x 10* M1 at 298 K. Synchronous and 3D fluorescence
study reveals tentative conformational change of HEWL. This moderate
binding is supported by theoretical studies. In silico docking analysis
confirmed that HEWL-PAL complex is stabilized by both hydrogen
bonding and hydrophobic interaction. Molecular dynamics simulation
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Fig. 11. (A) IR spectrum before and after fibrillation (B) Far-UV CD spectral changes of HEWL during fibrillation.
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Fig. 12. AFM images of HEWL in the absence (A & C) and presence of PAL (B
& D).

result agrees with experimental analysis which clearly confirms that
HEWL-PAL complex is stable. The present study reveals that apparent
binding constant is slightly decreased with respect to previous study
[571.

Modern research work aims to build in depth knowledge about the
role of aggregation or deposition of abnormally folded protein in life
threatening neurodegenerative disorders. So, the inhibition of protein
fibrillation has emerged as a pivotal area of modern research in
combating neurodegenerative diseases. Phenolic compounds, indole
derivatives, alkaloids, food dyes, thiol based compounds, ionic liquids
etc. have been already projected as potential anti-fibrillar compounds
[37-43,46,47,52-56]. PAL has been chosen as a potential amyloid in-
hibitor due to its traditional medicinal uses. Phenolic compounds such
as kempferol [122], silybin [123], gallic acid [124], curcuminoid com-
pound [125], resveratrol [126], rosmarinic acid [126] and catechol [50]
have shown substantial potential as fibrillation inhibitors. Epi-
gallocatechingallate (400 pM) [127], catechol (100 pg/ml) [50] and
curcumin (100 pM) [128] suppresses fibrillation by 70 %, 69 % and 88
%, respectively. Natural alkaloid sanguinarine (50 pM) [56] and cor-
alyne (100 pM) [40] successfully inhibits HEWL fibrillation by 64 % and
97 %, respectively. Different dyes like carmoisine [43], amaranth [42],
tartrazine [42], methylene blue [129] have been reported to inhibit
fibrillation and dipeptide like carnosine [83] showed more than 60 %
inhibition towards HEWL fibrillation at significantly higher working
concentration. Our study proves that PAL (250 pM) can securely arrest
more than 85 % growth of stable p rich HEWL fibrils which suggest it can
act as a highly efficient amyloid inhibitor. A schematic diagram
depicting the process of amyloid fibrillation and subsequent inhibition
of fibrillation through complexation by PAL is shown in Fig. 13.

4. Conclusions

The current research examines the interaction and inhibitory po-
tential of the isoquinoline alkaloid PAL on protein fibril formation in
vitro employing multiple spectroscopic techniques, molecular docking,
MD simulation and AFM analysis. PAL significantly quenches the
intrinsic fluorescence of HEWL under amyloidogenic conditions and the
quenching is static in nature. The binding affinity is moderate and the
binding causes microenvironmental changes at the interacting site.
Molecular docking analysis complements the spectroscopic data. PAL
has a concentration-dependent inhibitory action against HEWL fibril-
logenesis. PAL exerts its inhibitory effect by complexation to a partially
exposed and aggregation-prone section of HEWL. ANS assay, NR assay
and intrinsic fluorescence studies reveal that the changes in surface
hydrophobicity, tertiary structure and microenvironment of the amino
acid residues in HEWL associated with amyloid fibrillation are effec-
tively suppressed by PAL. CD reveals that PAL can arrest « to p transition
in HEWL which is the characteristic of amyloid fibrillation. DLS and

10
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Fig. 13. Schematic diagram depicting HEWL fibrillation and its inhibition
through complex formation by PAL.

AFM analysis also testifies unequivocally that PAL can effectively inhibit
fibrillation in HEWL. The results from this study yield useful information
on antifibrillation properties of alkaloids and can act as model system for
development of future drugs in this field.
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