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Abstract

Lupeol a triterpene, possesses beneficial effects like anti-inflammatory and anti-cancer
properties. Binding of lupeol and its derivative to plasma proteins such as human serum albumin
(HSA) and a-1-acid glycoprotein (AGP) is a major determinant in the disposition of drugs.
Cytotoxic studies with mouse macrophages (RAW 246.7) and HeLa cell lines revealed anti-
inflammatory and anti-cancer properties for both lupeol and lupeol derivative. Both molecules
reduced the expression of pro-inflammatory cytokines in LPS induced macrophages. Further,
apoptosis was observed from HeLa cell lines when the molecules incubated for 24 h. The
fluorescence quenching of HSA was observed upon titration with different concentrations of
lupeol and lupeol derivative; their binding constants were found to be 3 + 0.01x 10*M™" and 6.2
+0.02 x 10* M, with binding free energies of -6.59 kcal M and -7.2 kcal M. With AGP,
however, the lupeol and lupeol derivative showed binding constants of 0.9 + 0.02 x 10° M and
2.7+ 0.01x 10°M™, with free energies of -4.6 kcal M™" and -5.1 kcal M respectively. Molecular
displacement studies based on competition with site I-binding phenyl butazone (which binds site
I of HSA) and ibuprofen (which binds site II) suggest that lupeol binds in site II, and lupeol
derivative in site I. Molecular docking studies also confirmed that lupeol binds to the IIIA and
lupeol derivative to the IIA domain of HSA. Secondary structure changes were observed upon
formation of HSA-lupeol/derivative complexes by circular dichroism spectroscopy. Molecular
dynamics simulations support greater stability of HSA-lupeol and HSA-lupeol derivative
complexes compared to HSA alone.

Keywords: Human serum albumin, o-l-acid glycoprotein, Cytotoxic, Phytocompounds,

Molecular docking, Molecular dynamics simulations
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Introduction

Lupeol, a monohydroxylated pentacyclic triterpenoid found in fruits, vegetables and medicinal
plants possesses strong clinical properties. Lupeol isolated from the leaves of Aegle marmelos
appeared to be a good drug for antidyslipidemic, antihyperglycemic ' and even
hypercholesterolemia 2. Lupeol is a diet-derived agent (acceptable to human), nontoxic and
bioavailable, and a dose tailored treatment was successful in the treatment of prostate cancer It
also reduced the growth of granulomatous growth of the synovium and the severity of cartilage
and subchronal bone erosion associated with the adjuvant arthritis *. Pentacyclic triterpenes have
been widely reported to exhibit anti-inflammatory activities °. Recently, it has been proved that
changes in the pentacyclic ring, and the strength of hydrogen bonding capability or acidity at C-
19, C-20 and C-28 positions confirmed differences in biological activities of lupeol °. Thus,
lupeol had a wide range of pharmacological action; distribution of these molecules and their
activity are controlled by their strong binding to proteins in the systemic circulation after oral
absorption. Thus, the interactions of small molecules with proteins which results in the formation
of complexes modify protein properties and structure have been a target of research.

Human serum albumin (HSA) and a-1 acid glycoprotein (AGP) are the predominant
proteins in human blood plasma. HSA has 585 amino acid residues and exists as a monomer of
molecular mass 66 kDa with 3 domains: domain I (Residues 1-195), domain II (196-383) and
domain III (384-585). Each domain can be subdivided into subdomains A and B, possessing
common structural motifs. The protein is stabilized by 17 disulfide bridges, resulting in a heart-

shaped tertiary structure " ®

. HSA is the most abundant plasma protein and is known for its
capability to serve as carrier for a number of ligands like fatty acids, hormones and many drugs *

' HSA binding often results in an increased solubility in plasma, decreased toxicity, protection
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against oxidation, and prolonged in vivo half-life of the bound ligands ''. HSA has multiple
ligand-binding sites localized in these subdomains '* . Two primary drug-binding sites have
been characterized: subdomains IIA and IIIA, also known as Sudlow’s site I and Sudlow’s site
II. These two sites received attention due to their high drug-binding affinity; site I is dominated
by strong hydrophobic interactions with neutral, bulky, heterocyclic compounds, while site II
binds mainly by dipole-dipole, van der Waals, and/or hydrogen-bonding interactions with
aromatic carboxylic acids '*'°. Phytocompounds like B-sitosterol, coumaryltyramine, asiastic
acid, coumarin derivatives and methimazole show binding to Sudlow’s site I (ITA), which is the
major drug binding site on HSA '*!, whereas other phytocompounds like trimethoxyflavone and
ginsenoside Rg3 *** bind to Sudlow’s site II (IIIA). Interestingly, synthetic 7-hydrocoumarin
derivatives also bind to the same subdomains (7HC-1 to IIIA, 7HC-2 to I1IB and 7HC-3 to IIIB)
. Recent reports show that the IB site is also a good candidate for the binding of other drug
molecules including fatty acids and endogenous substances such as the hormones thyroxine,
bilirubin and hemin molecules *****. Our group has reported various coumarin derivatives and
trans-feruloyl maslinic acid interacting with HSA via domain I ** ?’. Hence, HSA is a
promiscuous ligand binder, with a surprising capacity to bind a large variety of biologically
active molecules.

Another important plasma protein, AGP (also known as orosomucoid), is a 44 kDa single
polypeptide encompassing 183 amino acid residues. It belongs to the lipocalin family of proteins,
a heterogeneous group of extracellular proteins that bind a variety of small hydrophobic ligands
829 AGP is synthesized in the liver and secreted into the blood stream at concentrations of 0.6-
1.2 mg/ml, which is approximately 1-3% of total protein; HSA comprises 60% of the plasma

30, 31

proteins . AGP is greatly elevated under inflammatory or other pathological conditions, and
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is able to bind basic drugs ** Still, the detailed characteristics of binding sites on HSA and AGP
are not yet clear.

Since lupeol compounds possess strong anti-oxidant, anti-inflammatory, anti-arthritic, anti-
mutagenic, anti-tumor and anti-malarial properties, we confirmed the anti-inflammatory and anti-
cancer properties of lupeol and its derivative through cytotoxic studies. Further, the interactions
of lupeol and its derivative with HSA and AGP has been studied using spectroscopic methods.
Lupeol derivative is structurally similar to lupeol, except for a double bond between the carbon
atoms at positions C3 and C7. To support our experimental studies and provide more structural
details, molecular docking and dynamics simulations were performed. Our work should be
helpful to understand the pharmacokinetic and pharmacodynamics aspects of lupeol treatment, as
well the ability of derivatives of natural compounds to improve their immunomodulatory

activities.
Materials and Methods

Preparation of stock solutions

Pure fat-free HSA (purchased from Sigma Aldrich) was prepared to 1.5 mM concentration
dissolved in 0.1 M phosphate buffer at pH 7.4. Lupeol and lupeol derivative (phytocompounds)
was purchased from Natural Remedies Pvt., Ltd, Benguluru India, with a purity of 95%. Its stock
solution (1.0 x 10 3 M'l) was prepared in 20:80 ethanol:water mixture. The molecular weight of
Lupeol and lupeol derivative is same 426.7 Da, while structurally lupeol derivative had a
difference in the double bond arrangement between C5 and C6 atoms. The optimum pH for HSA

was set to be 7.4 as it has the maximum absorption at this pH 2"

. Thus for all the experiments,
we have used 0.1 M phosphate buffer at pH 7.4 as a physiological buffer. All other chemicals are

of analytical grade purchased from Sigma Aldrich.
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Cell response assay (MTT assay)

To understand anti-inflammatory and anti-cancer property, a cell response assay was carried out
using 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) staining method **.
LPS induced mouse macrophage cells (RAW 264.7) and human cervical cancer cells (HeLa)
were sub-cultured and seeded in 96 well plates at a density of 5 x 10° cells. Lupeol and its
derivative were added to the above plates in a dose dependent manner (from 10 uM to 100 uM)
and the effect was tested for 48 hrs, a control was maintained without the addition of lupeol and
its derivative. After 48 hours20 pL (5mg/ml in PBS) of MTT was added and cells were incubated
further for 4 hours. To dissolve the MTT crystals 100 uL of DMSO was added to each well and
mixed with repeated pipetting. The Cell response was measured at 570 nm optical absorbance on
a micro plate reader (u Quant Bio-tek Instrument, Inc.). The same experiments were performed
three times, in triplicates each time; changes in the cell responses were noted using control as
reference. The mean = SE was calculated and reported in terms of the cell response (%) vs
concentration (uUM).

Determination of cytokines production

We investigated the biological effects of lupeol and lupeol derivative on inflammatory cytokines
IL-1B and IL-6 using mouse ELISA kit (R&D systems, 210331). Mouse macrophages
(RAW264.7) were pretreated with lupeol and lupeol derivative for 1h and then LPS was added at
lpug/mL concentration and further incubated for Sh. Supernatant was collected and used for the
estimation of cytokines. The inhibitory effect of lupeol and lupeol derivative was determined by

an ELISA reader at 570 nm absorbance.
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Apoptosis Evaluation for anticancer activity

Cell death was measured by using Annexin V-FITC detecction Kit (Sigma cat no:
APOAF). Hela cells were treated with half the concentration of IC50 values of lupeol and its
derivative for 24 h, later cells were washed twice with phosphate buffer saline, then resuspended
in binding buffer and stained with 5 pl of Annexin V-FITC. It conjugate with fluorescent
isothiocyanate (FITC) to label phosphotidylserine sites on the membrane surface and 10 pl of
Propidium Iodide for 10min to label the cellular DNA in necrotic cells, where the cell membrane
is almost disrupted?”.
Room temperature fluorescence spectra measurements
Protein-drug interactions can affect the molecular biological activity and function of proteins *°.
Fluorescence emission measurement is one method to help understand protein-drug binding. A
Perkin Elmer LS-55 fluorimeter was used to measure fluorescence spectra with a 1.0 cm quartz
cuvette. For both HSA and AGP, the excitation wavelength was 285 nm and emission spectra
were recorded at 25° C in the range of 300-500 nm; bandwidths for both excitation and emission
were 10 nm. A fixed concentration (0.001 mM) of HSA and AGP with different concentration of
lupeol from 0.001 to 0.009 mM in 0.1 M phosphate buffer solution was used at physiological pH
of 7.4. The incubation of each concentration of lupeol with HSA and AGP was 5 minutes. The
experiments were repeated twice for both lupeol and lupeol derivative, and each time
approximate spectrum values were obtained. Binding constants were calculated using
fluorescence intensity at the emission maximum (340 nm for AGP and 360 nm for HSA).
Molecular displacement experiment
Many drugs can bind to the same HSA drug binding sites or to different functionally linked clefts

either competitively or synergistically. Identifying the drug binding site is important to
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understand the efficacy of drug delivery. Site-competitive replacement experiments were carried
out to understand the binding site of drug molecules to HSA using site specific markers (phenyl
butazone and ibuprofen for site I and site II, respectively). HSA and the binding site probe were
maintained at a concentration of 1 uM, whereas lupeol and lupeol derivative were titrated with
an increase in concentration from 0.001 to 0.009 mM. The excitation wavelength is 285 nm for
site specific markers phenyl butazone, ibuprofen and HSA as well, and the data were measured
using the modified Stern-Volmer equation ***.

Circular dichroism measurements

HSA and HSA-lupeol complex secondary structures were measured by using Jasco J-810
spectropolarimeter (a Quartz cuvette with 0.02 mm path length under nitrogen atmosphere), and
spectra were recorded in the region of 190-260 nm, with a scan speed of 100 nm min™'. The
concentration of HSA was fixed at 0.001 mM, while the lupeol and its derivative were added in
an increasing concentration of 0.001, 0.002 and 0.003 mM. Jasco J-715 peltier was used for
measuring temperature dependent circular dichrosim spectra for HSA-lupeol and its derivative
complexes with increasing temperature of 25-85°C. The web-based software CDNN 2.1 was
used to predict the percentages of secondary structure of a-helix, -sheet and random coil of pure
HSA as well as the HSA-lupeol and HSA-lupeol derivative complexes.

Molecular modeling and docking

The crystal structure of HSA (PDB ID: 1A06) was obtained from the Protein Data Bank. 3-
dimensional structure of lupeol and its derivative was built, and its geometry was optimized
through Discovery Studio 3.5 in Insightll/Builder. Structures were optimized and used as input
for AutoDock Tools. To find the binding site and types of interactions involved in the formation

of HSA-lupeol and HSA-lupeol derivative complexes, docking was performed using the
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Lamarckian genetic algorithm implemented in AutoDock 4.2. We found this to be the best-
performing docking method in terms of its ability to find the lowest energy and its structure
prediction accuracy; it also incorporates ligand flexibility ** *°. AutoDock 4.2 takes water as
solvent by default, and polar hydrogens were added using the MGL tools interface. Blind
docking was carried out using the AutoGrid utility; the docking area was defined by a box with
grid spacing of 0.586 A and the dimension of 126x126x126 A with points along the x, y and z
axes. The docking parameters are: number of individuals in the population (set to 150);
maximum number of energy evaluations (set to 2,500,000), and maximum number of
generations (set to 2700), and number of genetic algorithm runs (set to 30). For each docking
simulation, 30 different conformers were generated, and the obtained conformations were
analyzed for the lowest free energy conformer, which is considered to be close to the
experimentally determined free energy values reported ** *. LIGPLOT was used for plotting
protein—ligand interactions, and also to analyze hydrophobic and hydrogen bond interactions
between HSA-lupeol and HSA-lupeol derivative *'. The same procedure was repeated for all the
three structures to understand the same binding modes and found no difference as the domains
are conserved in all the structures present in PDB data bank. Also 42 structures of human serum
albumin present in PDB were analyzed through dynamics simulations and concluded that
binding of small molecules does not induce significant structural changes **. Thus the docking
complexes with crystal structure 1AOG6 are selected for further studies.

Molecular dynamics simulations (MD)

The initial configurations used for MD simulations of the HSA-lupeol and lupeol derivative
complexes were the lowest-energy docked structures, with energies very close to the

experimental binding energies and binding constants. The Gromacs v4.6.3 package with force
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field GROMOS96 43al *, was used for unliganded HSA, HSA-lupeol and HSA-lupeol
derivative complexes. Further, PRODRG2.5 server (beta) was used to build the topology
parameter of lupeol and lupeol derivative **. Missing atoms were added to the initial coordinates
of the complexes, and the topology file was generated. During simulations, each complex was
placed in the center of a box with appropriate dimensions of 80x80x80 A and water molecules
were added to fill the box using SPC *, yielding a total system size of 5843 atoms. All protein
side chains were assumed to be in their default ionization states based on pKa calculations *.
Sodium counter ions were added to each simulation box to maintain electro-neutrality and to
release conflicting contacts. Energy minimization was performed using the steepest descent
method for 1000 steps and conjugated gradient method for the subsequent 1000 steps.

Simulations were performed in the NPT ensemble, at a temperature of 300 K maintained
using a Berendsen thermostat *’ with a coupling constant of 1.0 ps. Protein and water/ions were
coupled independently. Pressure coupling used the Berendsen barostat with a coupling constant
of 1.0 ps. Long-range electrostatic interactions were calculated using the particle mesh Ewald
method ** with a 10 A cut-off. LINCS algorithm *°, was used to restrain bond lengths. Each
system was energy minimized followed by a short 200 ps simulation during which the protein,
and if present ligand, non-hydrogen atoms were harmonically restrained with a force constant of
1000 kJ/mol/A%. All restraints were then removed and each simulation was run for 10 ns;
simulation and analysis were performed on Linux cluster with 36 nodes (dual Xeon processor) at
the Bioinformatics facility of the University of Hyderabad.

Results and discussion

Cell viability assay

10
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Evidence obtained from experiments on human melanoma cells indicate that lupeol has anti-
cancer properties *’. Vasconcelos et al. °' confirmed that lupeol has potent anti-inflammatory
activity by a significant reduction in eosinophils infiltration and in Th2-associated cytokines (IL-
4, IL-5, IL-13) levels that trigger the immune responses in asthma. To reconfirm the importance
of lupeol molecules, we performed a cell viability assay by the MTT staining method, to test
anti-inflammatory property of lupeol and lupeol derivative (phytocompounds) on the mouse
macrophage (RAW 264.7) cell line. Our results indicated that the lupeol inhibits inflammation
with increasing concentrations of 20, 40, 60, 80 and 100 uM for 48 h in a final volume of 100 pl.
In a negative control, cells were grown in media without lupeol and its derivative. The results
showed anti-inflammatory response with an ICsy value of 80 uM for lupeol, whereas lupeol
derivative had an I1Cs, value of 63 uM (Fig. 1A and 1B). Thus, lupeol derivative showed stronger
inhibition of the growth of inflammated macrophages compared with lupeol. We have also tested
anticancer property on human cervical cancer cell lines (HeLa), and examined the effects of
lupeol and lupeol derivative on the viability of these cells by using the above method. A decrease
in cell viability with both the molecules in a dose-dependent manner was observed, and the effect
of these molecules represented with an ICsy values for lupeol and lupeol derivative was 30 uM
and 24 uM, respectively (Fig. 1C and 1D). We also, carried out these compounds on HepG2 cells
lines (hepatic carcinoma) but observed no effect.

Cytokines studies of lupeol compounds

We further evaluated the inhibitory effect of lupeol and lupeol derivative on the expression of
inflammatory cytokines IL-1p and IL-6 by ELISA. As shown in the (Fig. S1), both IL-1p and IL-
6 cytokines expression was down regulated by lupeol and lupeol derivative compared to the LPS

induced cells. However, the lupeol derivative is showing stronger inhibition of cytokines in a

11
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dose dependent manner compared to lupeol. With same cytokines (IL-1p and IL-6) we have
tested for HeLa cell lines to understand the anti-cancer role; however, we did not see any
significant effect. This could be explained that for cancer, there are several other cytokines are
involved which may be studied in future.

Apoptotic studies from HeLa cell lines

Anticancer drugs can potentially kill cells in different ways by interfering with cellular process,
essential for cell viability and triggering an endogenous physiological cell death mechanism.
Further, we tested lupeol and lupeol derivative for induction of apoptosis from HeLa cell lines,
which is a morphological and biochemical distinct form of programmed cell death in many cells.
The normal cells contain phosphatidylserine residues in the inner membrane of cytoplasm and
during apoptosis of these residues are translocated and are exposed, an early event in apoptosis.
Annexin V is known to be phosphatidylserine-binding protein available conjugated with FITC to
label phosphatidylserine sites on the membrane surface. Propidum lodide binds to cellular DNA
in cells, where the cell membrane is totally damaged. The number of cell replications was
assessed with the aid of fluorescent dye, which covalently binds to cytoplasmic components of
cell resulting green fluorescence, and the resolution can be allowed upto eight cycles of cell
division, which can be detected by flow cytometry. In our study, half the concentration of 1C50
values from cell viability assay was treated with lupeol and its derivative, 15 and 12 uM
respectively for 24h to measure the cell death by using apoptotic detection kit as described in
methods. The results are shown as dot-plot representation (FITC-A on x-axis and PE-A on y-
axis) in quadrants and histogram (Fig. 2). The results showed that percent apoptotic cells are 0.8
with lupeol, while 2.6% for lupeol derivative, which is more than two fold cell death than lupeol.

The percentages of different cells in quadrants are given in Table S1. Our results suggest that

12
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lupeol derivative could be effective than lupeol in its anticancer activity. Further insights into the
molecular mechanisms that mediate the antitumor activities were needed to promote their
development as chemo preventive agents and cancer therapeutics in the ongoing battle against

cancer.

Analysis of fluorescence emission data

Anti-inflammatory drugs are known to bind to HSA with high affinity '***

, SO it is necessary to
understand the protein-drug interactions, as the lupeol and lupeol derivative are known to be
highly anti-inflammatory and anti-cancer drugs. Fluorescence spectroscopic methods are the
primary research tools in biochemistry and biophysics to measure protein-drug interactions. The
fluorescence spectra of HSA in the absence and presence of lupeol and lupeol derivative were
measured; HSA showed a strong fluorescence emission at 360 nm (Ax = 285 nm) while both
drugs were almost non-fluorescent (Fig. 3A and 3B). Increasing lupeol concentrations resulted in
a lowering of HSA fluorescence intensity, with slight decrease in maximum emission, which
clearly indicated that the binding of the lupeol to HSA changed the microenvironment around the
tryptophan residue. Previously it has been stated that, the fluorescence is due to amino acid
residues, tryptophan, tyrosine, and phenylalanine, out of which tryptophan plays a major role in
the intrinsic fluorescence of HSA, because of low quantum yield of phenylalanine. The
fluorescence of tyrosine is almost quenched if it is ionized or near an amino group, a carboxyl
group, or a tryptophan™.

A nonlinear relationship between the observed fluorescence intensity and concentrations

(Q) of lupeol and lupeol derivative was resulted with an increase in the concentrations of lupeol

and its derivative with both HSA and AGP, which increased the absorbance of excitation, and

13
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emission radiation-inducing the inner filter effect that may decrease the intensity of fluorescence.
The inner filter effect can be corrected by using following equation
Feor = Fobs 10 (Acxe + Aemi)/2 (1]

Where, F.: and F.ps are the fluorescence intensity corrected and observed, Acxe and Aemi
represent the absorbance at the fluorescence excitation (285 nm) and emission wavelengths 360
nm. In order to understand the fluorescence quenching mechanism (static or dynamic) of HSA-
lupeol, and HSA-lupeol derivative complexes, the quenching data were analyzed using the Stern-
Volmer equation,

Fo/F= 1+ kqto [Q] = 1 + Kp [Q] [2]
where F and F, are the fluorescence intensities in the presence and absence of quencher, [Q] is
the quencher concentration, and Kp is the Stern-Volmer quenching constant (Kq), which can be
written as Kp = kqt0; where kq is the bimolecular quenching rate constant and t is the lifetime of
the fluorophore in the absence of quencher is 5.6 ns >*. From the above equation the quenching
constant was calculated to be 5.08 x 10" M s for lupeol and 5.5 x 10 M' s for lupeol
derivative. Thus the quenching mechanism is static, as these values are much greater than the

maximum collisional quenching constant 2.0 x 10'°M " 57" >

(Fig.S2). Since lupeol and lupeol
derivative induced fluorescence quenching of HSA as a static process, the binding constant (K)
and the number of bound complexes to HSA (n) were determined by plotting the fluorescence
data using modified Stern-Volmer equation *°.

log (F,—F)/F =log K, +n log [Q] (3]
Where Q, n and K denoted as quencher concentration, number of binding sites and binding

constant, respectively. Our results showed linear graph plotted with log [(Fo-F)/F] versus log [Q],

which indicates HSA-lupeol and HSA-lupeol derivative binding are one-to-one interaction with

14
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HSA, supporting static quenching. From the intercept, binding constants of lupeol and lupeol
derivative with HSA were calculated to be Ki,p=3 £0.01 x 10* M and Ky 4= 6.2 + 0.02x 10"
M for lupeol and lupeol derivative (Fig. 3A and 3B). Our results are in agreement to the
previous studies with flavonoids-displaying binding constant in the range of 1-5 x 10* M™ *".
These binding constants K are further used to calculate the standard free energy with an equation
as follows:

AG’=-RTInK [4]
where AG' is free energy change, K is binding constant at temperature 298 K, and R is the gas
constant. The calculated free energy for lupeol and lupeol derivative are -6.59 kcal M and -7.2
kcal M, respectively. These values compare reasonably with computationally calculated free
energies (-6.45 kcal M and -6.89 kcal M™). This indicates that the lupeol molecules bind to the
protein mainly by hydrophobic interactions. Similar results were observed from our laboratory
with different molecules like B-sitosterol, coumaryltyramine, asiatic acid, coumarin derivatives,
trimethoxy flavone, 7-hydroxycoumarin derivatives and chitosan oligomers, which all bind to
HSA 17-20.22.24.58

Since AGP is an acute phase protein and most of the drugs also bind to this protein during
pathological conditions, we have checked the binding of lupeol to AGP. When lupeol molecules
were titrated with AGP the fluorescence maximum (340 nm) was quenched upon increasing
concentration of lupeol (Fig. 4A and 4B). This indicates that both lupeol and lupeol derivative
also bind to AGP, but with lower binding constants than with HSA, i.e. 0.9 = 0.02 x 10 M !and
2.7+0.01x 10° M for lupeol and lupeol derivative. However, these binding constants are in the

range of FDA (Food and Drug Administration) i.e. 10° — 10° M '°. The free energies obtained

15
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were found to be -4.6 kcal M and -5.1 kcal M, respectively. The above results indicate that
these phytocompounds bind efficiently to the plasma proteins HSA and AGP.

Molecular displacement studies for site-specific binding

Generally there are several site specific fluorescence probes (warfarin, ibuprofen, diazepam,
phenyl butazone, ketoprofen) to find out the exact binding pocket of HSA *°. Warfarin, an anti-
coagulant drug, and ibuprofen, a non-steroidal anti-inflammatory agent, are considered as
stereotypical ligands for Sudlow’s site I and Sudlow’s site II, respectively. Hence, in order to
identify the precise binding site of HSA with lupeol molecules, phenyl butazone and ibuprofen
were used as site marker fluorescence probes for monitoring site I and II. In site-competitive
replacement experiments, the concentration of HSA and site specific marker are kept at equal
concentration (0.001 mM) and titrated with lupeol and lupeol derivative at increasing
concentrations. The fluorescence intensities are measured and analyzed. The titration of the
different concentration of lupeol to HSA-ibuprofen decreased the fluorescence emission
quenching; binding constant values for lupeol-HSA were found to be 1.8 + 0.01x 10* M (Fig.
5A), while it did not show any competition with phenyl butazone. Lupeol derivative showed
replacement of phenyl butazone (Fig. 5B) with a binding constant of 3.3 £ 0.02 x 10* M™'; these
values are close to the above experimental values (3 = 0.01 x 10* M and 6.2 + 0.02x 10* M™)
obtained from fluorescence emission. These results revealed that there is a competition between
lupeol and ibuprofen between lupeol derivative and phenyl butazone, suggesting that subdomain
IITA (Sudlow’s site I) is the site for lupeol binding and subdomain IIA (Sudlow’s site II) for
lupeol derivative. Our experimental data is consistent with the docking studies that show lupeol
and lupeol derivative binding to the IIIA and IIA domains.

Secondary structure analysis by using circular dichroism data

16
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The phenomenon of circular dichroism (CD) is a sensitive technique to identify the secondary
structure of polypeptides and proteins. CD spectroscopy is a form of light absorption
spectroscopy that measures the difference in absorbance of right- and left-circularly polarized
light by a substance. It has been shown that CD spectra between 260 and approximately 180 nm
can be analyzed for the different secondary structural types: a-helix, parallel and antiparallel -
sheets, B-turns, and others. The CD spectra of HSA with various concentrations of lupeol and
lupeol derivative in PBS (pH = 7.4) were taken at room temperature (Fig. 6). It can be seen from
the figure that HSA exhibits two negative bands at 208 and 222 nm respectively, which are
characteristic of the a-helices, and both contributed to n-n* transfer for the peptide bond of the a-
helical structure . The secondary structure protein conformation found to be 58% a-helix, 20%
B-sheet (including parallel and anti-parallel) and 22% random coil for HSA and which are closer

18.:22.24 Tt also indicated that conformational changes occur in HSA upon

to the previous reports
complexation with lupeol and lupeol derivative. The secondary structure elements from HSA and
HSA-lupeol, HSA-lupeol derivative complex formation, were calculated by CDNN software.
Fig. 6A and 6B shows the complexion of HSA upon with titration of lupeol and lupeol
derivative (0.003mM), after complexation there is a decrease in a-helical content from 58 to 50.5
+ 1.8 and 44.3% =+ 1.0, while B-sheets increased from 20 to 24 + 0.1 and 26.6% + 2.1 and
random coils from 22 to 24 + 0.1 and 26.6% + 0.2, respectively. The percentages of the values
obtained for a-helix, B-sheet, random coils of lupeol and lupeol derivative are calculated and are
shown in Fig. 6C, and the data points are given in Table S2. The order of structural changes in a-
helical is in the ascending order, is as follows lupeol derivative > lupeol where lupeol derivative

> lupeol as the B-sheets and random coils lupeol derivative > lupeol. The conformational changes

upon complexation of HSA+lupeol derivative may be due to minor unfolding of the protein,
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which is very common in ligand binding. Thus, the difference in a-helical content might be due
to structural rearrangements or changes in the microenvironment around tryptophan upon
protein-ligand complex formation. To further investigate these changes, MD simulations were
performed to visualize the structural changes in the protein. Our results corroborated with our
previous reports with similar conformational changes, while binding of coumarin derivatives and
7-hydroxycoumarin derivatives and chitosan oligomers with HSA 22*3%,
Temperature-dependent CD was carried out for HSA and HSA with 0.003 mM lupeol and
lupeol derivatve, from 25-85 °C to resolve the stability of these complexes. The secondary
structural conformation of the protein was not significantly changed up to 65 °C in HSA-lupeol,
and HSA-lupeol derivative complexes. Above 65 °C, the a-helical content decreased
dramatically, while the random coil content increased in both complexes (Fig. S3). Earlier report
showed that the Ty, of the HSA alone was around 65 °C, which shows that the unfolding of
protein occurs only after this point ®'. This data reveals that HSA-lupeol derivative complexes are
very stable and thus, it can be a good candidate to deliver the drugs very efficiently even in
adverse conditions.
Molecular docking studies
The information of protein-ligand binding sites is very important not only for revealing true
binding mechanisms but also for rational drug design. To facilitate this, computational methods
such as docking and MD simulation are among the best approaches for the estimation of
molecular insights and the validation of experimental results. Molecular docking was carried out
to bind lupeol and lupeol derivative to HSA structure. The most favorable conformation (the one
with the lowest docked energy) found in the 30 independent docking runs, was taken on the basis

of free energy assessment estimated by intermolecular energy (including van der Waals energy,
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hydrogen bonding energy and electrostatic energy), internal energy, and torsional free energy.
Also, the lowest binding energy conformer obtained from docking results (-6.45 kcal M and -
6.89 kcal M™ lupeol and lupeol derivative) was closely matching to the experimentally
determined values (-6.59 kcal M and -7.2 kcal M lupeol and lupeol derivative). Among the
best conformers the lowest binding energy conformer is assessed for the binding site in receptor
(HSA) using LIGPLOT, as the HSA contains two drug-binding sites, namely site I and site II
located in hydrophobic cavities in subdomains ITA and IIIA, respectively ® '*. In the best
conformer, lupeol is surrounded by residues Pro416, GIn417, Tyr497, Val469, Serd70, Asp494,
Thr496 and Val498, and Asp471 is stabilized by one hydrogen bond. The residues listed are part
of domain III (384-585) i.e. site II ® % Further, lupeol derivative showed binding to site I,
domain II (196-383), forming hydrogen bonds with Ala300 and Pro299, and surrounded by
Met298, Asp301, Leu302, Pro303, Ser304, Leu305, Tyr334, Arg337, Tyr341, and His338 (Fig.
7C and 7F). When predicting the posing of a ligand into a protein, docking can provide a good
starting point to understand the preferred orientation of sterically acceptable ligands with protein.
Both lupeol and lupeol derivative are structurally similar except a difference in the double bond
arrangement, but the binding poses are different and are shown in Fig. 7B and 7E, which
explains that lupeol structure was stabilized by chair conformation and the unsaturated double
bond present outside the ring does not affect the hydrogen bond formation, whereas unsaturated
double bond in the ring of lupeol derivative causes restricted rotation of molecule, and double
bond adjacent to OH group decreases the electron with drawing capability of oxygen resulting in
formation of hydrogen bond with two basic amino acids. Essentially, because of this reason the

orientation of lupeol derivative changed to bind in site I instead of site II.
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Also we have performed the docking with two more structures i.e. 2BXC and 1BM0 and
analyzed the binding modes and binding energies. Free energies obtained from docking studies
with PDB ID: 2BXC showed as -6.37 Kcal M and -7.1 Kcal M for lupeol and lupeol
derivative. Also, from PDB ID: 1BMO showed as -6.88 kcal M and -7.03 kcal M™" for lupeol
and lupeol derivative, respectively when they bound to site II and site I (data not shown). Thus,
same binding modes are obtained even if we tried with other PDB’s of HSA since they have
similar binding pockets for all the crystal structures. Further, molecular displacement studies
confirm that lupeol binds in site II and lupeol derivative in site I (Fig. 5), in agreement with the
computationally determined docking studies. Thus the result of molecular modeling study is in
good accordance with the experimental study.

Molecular dynamics simulations studies

Molecular dynamics simulations (MD) have become a promising tool to generate multiple
conformations for the investigation of macromolecules, as they can provide insights of the
molecular properties on different timescales. Experiments on MD simulations of HSA with
explicit water molecules has been reported ®. Based on the agreement of experimental and
computational evidence, the best docking conformation of HSA-lupeol and HSA-lupeol
derivative was chosen (Fig. 7A and 7D) and used as the starting point for a 10 ns simulation.
After a series of 10 ns MD simulations, the trajectories were analyzed for stability and the
complete details of motions of protein and ligands in the system. Properties like root mean
square deviation (RMSD), radius of gyration (R,) and root mean square fluctuations (RMSF) of
HSA-ligand complexes were examined, with respect to the unliganded HSA, which could

explain the experimentally observed activity and to cross check our results from docking.
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An initial evaluation of structural drift is provided by analysis of the Ca atom RMSDs from
the initial structures as a function of time. The RMSD values of Ca atoms in unliganded HSA
and HSA-lupeol and HSA-lupeol derivative complexes were shown in Fig. 8A and 8B. From 0-
10 ns trajectory data, the rmsd values for free HSA is 0.4 £ 0.3 nm, while the HSA-lupeol
complex fluctuated initially , and got stabilized after 3 ns simulation time with the data points 0.3
+ 0.5 nm (Fig. 8A). HSA-lupeol derivative showed less fluctuation of heavy atoms compared to
HSA-lupeol complex, and all the heavy atoms are around 0.35 + 0.2 to 0.38 + 0.2, respectively
(Fig. 8B). This indicated that, with only few atomic fluctuations in the magnitude of RMSD of
both systems, protein-ligand complex reached to an equilibrium state. The interval
conformations during MD simulation was observed to check whether the ligand was anchored to
the residues in the active site using VMD software **, which confirmed that the ligand anchored
into the active site during the 10 ns MD simulation (data not shown). Hence, we conclude that
during simulations the complexes remain stable and no significant structural drift occurred from
the initial docked conformers.

The variation of Rg with time is depicted in Fig. 8C and 8D, which explains the
compactness of the system (protein + ligand), over the course of MD simulations. The Rg values
of unliganded HSA is at 2.65 = 0.35 nm, while the complexes initially fluctuated and then
achieved equilibrium after 5 ns at around 2.6 + 0.003 and 2.58 + 0.023 nm for lupeol and lupeol
derivative, indicating the stabilization of the complex. The earlier report shows that the Rg value
of HSA was experimentally measured in aqueous solution and reported to be 2.74 + 0.035 ©.
However, there is a decrease in Rg value, upon binding of lupeol and lupeol derivative, which
can corroborate with the similar results obtained from free HSA 2.59 + 0.03 and upon HSA-f-

sitosterol complex 2.40 = 0 .031 nm, betulinic acid stabilized from 2.59 £ 0.03 to 2.51 + 0.01 nm
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and it can also be observed from Rg of chitosan oligomers stabilizing at 2.52 + 0.03 to 2.45 +
0.031 '®2%% wwhile some ligands like fatty acids (myristates) showed increase in Rg value upon
binding with HSA ®. This indicates that these compounds changes the microenvironment of
HSA while binding and further leads to the conformational changes. The above observations also
supports the changes observed in CD data, as discussed above (Fig. 6C). Thus the RMSD and Rg
results suggest that HSA flexibility enable preferential affinity for several ligands.

Investigation of local protein mobility of HSA-lupeol and HSA-lupeol derivative
complexes explains the root mean square fluctuation of all residues over a 10 ns time scale. The
RMSF values of HSA-lupeol and HSA-lupeol derivative overlap with the RMSF values of
unliganded HSA and these are plotted against residue numbers. Our results showed less atomic
fluctuations at ligand binding sites I and II, with respect to other domain regions as shown in Fig.
9A and 9B. To investigate in details of atomic fluctuations at drug-binding sites, the RMSF value
of each amino acid residue at the site was determined. Fig. 9C and 9D focus on the residues
Pro416, Ser419, Thr467, Pro468, Val469, Ser470, Asp471, Thr498, Tyrd497, Val49§,
surrounding the binding pocket of lupeol in the region of site II, and residues Ala300, Asp301,
Leu302, Pro303, Ser304, Met298, Arg337, His338, Val381, Phe374, Lys378, Gln442, Met446,
Pro299, surrounding lupeol derivative in site 1. In the present MD study, many of the residues
showed smaller RMSF values, suggesting that amino acids that can affect binding affinity in
HSA molecules have smaller atomic fluctuations; in other words, these amino acid residues are
rigid as compared with other residues. The structural movements of HSA domain display
different binding site properties which can help the ligands to adopt different binding modes, as
observed in the docking result (Fig. 7B and 7E). Consequently, different free energy values are

obtained from fluorescence binding studies and computational results (Table S3).
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MD simulations confirmed that there is significant movement of the protein after binding
of ligand molecules, which can influence on ligand recognition ®. To analyze the internal
motions of HSA-lupeol complexes, snapshots were taken at each nanosecond interval, to
understand the flexibility of ligand in interacting with the residues of HSA in binding pocket
during the simulation. Fig. S4 shows the snapshot taken at 0.1 ns, where the lupeol molecule is
formed hydrogen bond with Asn471, as we can also see in the docking conformer. While at 3 ns,
residing in the subdomain IIIA, there is a slight relative motions of lupeol showing hydrogen
bond with Val498, which is a part of intradomain connection between IIIA and IIIB *°, and
stabilized until 10 ns. These movements were supported by RMSD Ca deviation and radius of
gyration, discussed earlier (Fig. 8 A and 8C). Although lupeol derivative did not show hydrogen
bonding with any of the protein residues, the 10ns MD simulation indicates that it is stable
around the binding site, compared with lupeol binding to HSA (Fig. S5). Due to these structural
arrangements, there is a change in microenvironment observed during fluorescence emission
shown in Fig. 3B, and also secondary conformational changes of HSA, discussed through CD
studies (Fig. 6B). This proves that the lupeol derivative is stable in the hydrophobic cavity of
HSA, changing its orientation while binding to HSA as showed in the above docking studies.
Thus, we suggest that the changes in atomic fluctuations observed in the present MD study
influence the binding affinity of both these drugs.

Conclusions

The goal of this study was to elucidate the effect of binding of phytocompounds i.e., lupeol and
lupeol derivative to HSA and AGP. Lupeol and its derivative were checked for their potency in
binding with the plasma proteins. Also, these molecules showed a decrease in viability of

inflammatory macrophages and human cervical cancer cells. IL-1f and IL-6 cytokines
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expression was down regulated by lupeol and lupeol derivative indicating strong inhibition of
inflammatory cells. Percent apoptotic cells are raised with lupeol derivative than lupeol indicate
both molecules have anti-cancer activity. Slight difference in cytotoxic studies may be due to a
single double bond position difference in both molecules, addition of functional groups may
induce more changes in their activity. Lupeol and lupeol derivative bind to HSA and AGP,
change in fluorescence quenching reveals a change in microenvironment around the binding
pocket. Site-specific binding studies indicate that lupeol binds in site II whereas lupeol derivative
binds to site I, replacing ibuprofen and phenyl butazone, respectively. Further CD studies
revealed partial unfolding of the protein upon binding of lupeol, however, the degree of
unfolding is significantly greater when binding lupeol derivative. Additionally, the molecular
docking studies corroborated with the experimental study indicating that lupeol binds to
subdomain IITA of site II and lupeol derivative to subdomain ITA of site I, with hydrophobic and
hydrogen bonding interactions. The primary HSA drug binding sites II and I, showed relatively
small RMSF values on average, underscoring the stability of HSA-lupeol and HSA-lupeol
derivatives after complex formation. Simulations over longer time periods are preferable for
further detailed investigation of the effect of binding. The present study, successfully provided
insights of lupeol and lupeol derivative and their surrounding residues of HSA, over a period of
time. The structural rearrangements and partial changes are in agreement with CD studies,
RMSD and Rg values. Our study provides useful and accurate information about HSA/AGP-
lupeol, HSA/AGP-lupeol derivative interactions. Thus, these studies will certainly give an

understanding of synthesizing new inspired lupeol drug to act upon life threatening diseases.
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Figure Legends

Fig. 1 Cytotoxicity of lupeol and lupeol derivative. (A) lupeol and (B) lupeol derivative (Ld)
showing anti-inflammatory property against LPS induced mouse macrophages (RAW 264.7) in a
dose dependent manner. (C) lupeol and (D) lupeol derivative showing anti-cancer property
against human cervical cancer cells (HeLa). Cell growth was measured by the MTT assay and
the 1Cs, values are calculated for their inhibition.

Fig. 2 Apoptosis induction of 15 pM lupeol and 12 uM lupeol derivative on 24h culture of HeLa
cell line. The fluorescence was determined immediately by using flow cytometer. Cells were
estimated as percentages in quadrants, i.e. Q1 as late apoptotic or necrotic cells, Q2 dead cells,
Q3 as live cells and Q4 as apoptotic cells.

Fig. 3 Fluorescence emission spectra of HSA-ligands, Aex = 285 nm, temperature 25° C. (A)
free HSA (0.001 mM) and different concentrations of lupeol (0.001 — 0.009 mM). (B) free HSA
and different concentrations of lupeol derivative (Ld). Plots of log (dF/F) against log [Q]. Aex =
285 nm, Aem = 362 nm.

Fig. 4 Fluorescence emission spectra of AGP-ligands, Aex = 285 nm, temperature 25° C. (A)
free AGP (0.001 mM) and different concentrations of lupeol (0.001 — 0.009 mM). (B) free AGP
and different concentrations of lupeol derivative (Ld). Plots of log (dF/F) against log [Q] Aex =
285 nm, Aem = 340 nm.

Fig. 5 Site-specific binding of ligands with HSA. (A) displacement of ibuprofen from the HSA-

ibuprofen complex by lupeol. (B) displacement of phenyl butazone from the HSA-phenyl
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butazone by lupeol derivative (Ld).

Fig. 6 CD spectra of free HSA and HSA+lupeol, lupeol derivative complexes. (A) HSA and
HSA -lupeol complex. (B) HSA and HSA -lupeol derivative complex with a protein
concentration of 0.001 mM and ligand concentrations of 0.001, 0.002 and 0.003 mM. (C)
Percentage concentrations of lupeol and lupeol derivative (Ld).

Fig. 7 Best docking conformation with lowest binding energy. (A) Lupeol bound to IIIA
domain on HSA and (D) lupeol derivative to ITA (Protein and ligand colored in magenta and red,
respectively) (B) Stereoview of docking pose of HSA-lupeol complex and (E) HSA-lupeol
derivative complex (prepared by using Pymol v 1.5) (C) Ligplot showing hydrophobic
interactions of HSA-lupeol and (F) HSA-lupeol derivative in the binding sites.

Fig. 8 Time dependence of RMSD of Ca atoms from the starting structure during 10 ns
MD simulations. (A) Plot of rmsd values for unliganded HSA and HSA-lupeol (B) unliganded
HSA and HSA-lupeol derivative (Ld) complex. (C) Time evolution of the radius of gyration (Rg)
during 10 ns of MD simulation of unliganded HSA and HSA-lupeol (D) unliganded HSA and
HSA-lupeol derivative complexes.

Fig. 9 Comparision of the RMSF of Ca atoms along the sequence derived from the 10 ns
simulations. (A) Red line represents the unliganded HSA and black line the HSA-lupeol
complex. (B) HSA-lupeol derivative complex. (C) The RMSF values of free HSA and HSA-
lupeol (D) HSA-lupeol derivative (Ld) complexes were plotted against residue numbers.

Residues showing rigidity in the subdomain IITA and ITA.
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Figure 2

Annexin V PE -control

Control

PE-A

10°
FITC-A

10

Annexin VPE-L 15

Lupeol - 15 pMm

Count
PE-A

3 a

10
FITC-A

10

Annexin ¥V PE -Ld12

Lupeol derivative - 12 pM

Count
St

PE-A

FITC-A




Figure 3
A HSA __-1.20
800 - =
= -0.80
on =
=) n= 0.8
600 = -0.40 1 R2 =0.98
» -. . :._ Klupeol=3x104 M_l
S\ N\ AT -2.65 -3.15
) Log [Q]
200 0.009mM ™
Lupeol g
0 _ T T ﬁ- — .

Fluorescence intensity

Molecular BioSystems

800 1

* R:2=098
K,4=6.2x10* M

600 -

-2.65 -3.15

400 -

200

300 330 360 390 420 450 480

Wavelength (nm)

Page 32 of 38



Page 33 of 38

Molecular BioSystems

Figure 4
200 AGP -1.50
A =~ .
160 - & -1.00 - rr‘/,‘/‘/’
) . n=0.3
:cm -0.50 R2=0.4
120 T — KLupeol—AGP =0.9x10 *M!

Fluorescence intensity

0.001mM

!

-2.65

Log [Q]

-2.15 -3.15

80

0.009mM

40 -
. —
0 I I I I I I
300 330 360 390 420 450 480
250
B ap 180
£ &
200 5 120 3
?.o 0.60 /)o/'/n;(lﬂ/
g0 -0. R2=05
150 - = ** Ky g acp=2.7%103 M1
-3.15
100
50 1 0.009mM
0

330 360 390 420 450 480

Wavelength (nm)




Molecular BioSystems

Figure 5
800 W)
A Tbu-HSA = 3
€3
Z 090 -
600 20 n=0.86
- R?=0.97
-0.40 - Ky upsa=1.8%x104 M1
400 - 215 2.65 -3.15
Log [Q]

Fluorescence intensity

200
0 i 1 1 I \l
300 330 360 390 420 450 480
800
B 190
PhB-HSA =120
\ =
600 - 28060 - *
o | n=0.8
R>=0.96
K, g 5is4=3.3x104 M1
400 _J 0‘00 -2:15 T

200

420

390

300 330 360

-2.65
Log [Q]

450

-3.15

480

Page 34 of 38

Wavelength, nm



Page 35 of 38 Molecular BioSystems

Figure 6
12 A
6 .
o
= 0
195 245
2 0.003 mM
6 -
\——— 0.001 mM
12
Wavelength (nm)
6\ B
SEER
c , —
= ,1p5 220 245
2 0.003 mM
6 0.001 mM

Wavelength (nm)

=o—a-helix (HSA-Lupeol)
=o—q-helix (HSA-Ld)

50 - ~=o~p-sheet (HSA-Lupeol)

=== f-sheet (HSA-Ld)
==o==Random Coil (HSA-Lupeol)
~=w-=Random Coil (HSA-Ld)

HSA HSA+0.001  HSA+0.002  HSA+0.003

20

% Change in Secondary Structure

Lupeol and Lupeol derivative, mM



Molecular BioSystems Page 36 of 38

Figure 7

‘rm-:f
-
CGilnd 1y

HSA-Lupeol Complex HSA-Lupeol derivative Complex



Page 37 of 38 Molecular BioSystems

Figure 8
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Figure 9
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