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Abstract

Resveratrol (RESV), an anticancer nutraceutical compound, is known to show poor bioavailability inside the human body. Therefore,
this study has designed multiple chemical analogs of RESV compound for improving its pharmacokinetic as well as its anti-cancer
properties. Initially, the drug likeliness and ADME-toxicity properties of these new chemical analogs were tested with the help of diverse
computational approaches. Then the best predicted RESV derivative is synthesized by the organic method, and its NF-kB mediated
anti-tumor activity assessed on histiocytic lymphoma U-937 cells. The new synthetic RESV analog, i.e. (E)-3-(prop-2-yn-1-yloxy)-5-(4-
(prop-2-yn-1-yloxy) styryl) phenol has shown a rapid, persistent and better dose-dependent (ICsq of 7.25 pM) decrease in the viability of
U937 cells than the native (ICsy of 30 uM) RESV compound. This analog has also demonstrated its potential ability in inducing apoptosis
through DNA ladder formation. At 10 pg/ml concentration, this chemical derivative has shown a better NF-kB inhibition (ICsg is 2.45)
compared to the native RESV compound (ICs( is 1.95). Molecular docking analysis found that this analog exerts its anti- NF-«B activity
(binding energy of —6.78 kcal/mol and Ki 10 pM) by interacting with DNA binding residues (Arg?46, Lys444, and GIn®06) of p50 chain
NE-«B. This study presents a novel RESV analog that could further develop as a potential anti-NF-«kB mediated tumor inhibitor.
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Highlights:

+ Resveratrol polyphenol has major anticancer properties.

+ The newly synthesized RVSL-10 has high potential activity compared with parental Resveratrol compound.
+ RVSL-10 inhibits the activity of NF-kB by binding at the transcription sites.

the sensitivity of cancers. In this context, natural phenolic

Introduction

The nuclear factor-kappaB (NF-kB) belongs to the ubiquitous
family of inducible transcription factors, which plays a major
role in immune response, cellular proliferation, differentia-
tion, and survival of cells (DiDonato et al., 2012). Owing to the
importance of NF-kB mediated pathways in cellular prolifera-
tion and apoptosis, several therapeutic intervention strategies
have focused on blocking the binding of NF-«kB to DNA (Kadry
et al., 2018; Koch et al., 2018; Martinez et al., 2019; Zhou et
al., 2014). Therefore, there has been a continuous search for
synthesizing potential anti- NF-kB drugs, which could increase

compounds present an attractive option to effectively target
constitutively active NF-«kB in cancer cells without significant
adverse effects in humans.

Many medicinal plants are known to have unique anti-
carcinogenic, anti-inflammatory, and growth-modulatory ef-
fects on the cancer cells (Shanmuganathan and Angayarkan-
ni, 2018). Among them, RESV, a natural phenol compound
(3,5,4-trihydroxytrans-stilbene) with the stilbenoid chemical
structure (Pangeni et al., 2014) is produced by plants against
physical stress or pathogenic infections, as part of their natu-
ral defense mechanism. RESV has attracted a lot of attention
as a potential phytomedicine agent against diverse types of
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human diseases due to its involvement in multiple biological
pathways like NF-kB, Wnt, and PI3K/Akt/mTOR, etc. (Ber-
man et al., 2017). RESV is shown to induce cell death signa-
ling pathways and induce apoptosis in both pre-cancerous or
cancer cells without affecting normal cells (Li et al., 2010; Tian
and Liu, 2019; Zhang et al., 2019). However, despite well re-
ported antitumor features of RESV, most investigations were
conducted on cell culture and preclinical models, compared to
very few studies on human subjects (Berman et al., 2017). But
RESV could prove to be a potentially safe natural compound
for treating cancer patients as compared to the traditional
chemotherapy or radiotherapy induced adverse drug reactions.

The major disadvantage of using RESV in chemotherapies
is that it shows poor bioavailability due to its rapid metabolism
and systemic elimination properties (Sergides et al., 2016).
The underlying cause for the poor bioavailability of RESV is
attributable to the presence of free -OH groups and the subse-
quent rapid conjugation of trans-RESV to glucuronic acid and
sulfates, producing glucuronides and sulfate conjugates which
accumulates in plasma and urine (Almeida et al., 2009; Cottart
et al., 2010; Walle et al., 2004; Yang et al., 2019). One of the
effective approaches to minimize these limitations is by stabi-
lizing RESV through chemical modification of reactive hydrox-
yl groups for forming a highly stable therapeutic compound
(Ogas et al., 2013). Therefore, numerous studies have tried to
enhance the metabolic stability and anti-proliferative activity
of RESV by designing RESV derivatives, which resemble na-
tive compounds but possess modified chemical side chains on
functional moieties (Ogas et al., 2013). In recent years, few

investigators have successfully synthesized new RESV ana-
logs by introducing methoxylic and hydroxylic groups on the
phenolic rings of RESV. However, the synthesis of these com-
pounds and their laboratory testing not only requires a series
of chemical reactions and tedious cell line experiments but
consumes lot of time. Therefore, in this study, we sought to
design novel chemical analogs of RESV for increasing its sta-
bility and pharmacological effects against NF-«B, a potential
molecular target of human cancers. After the initial molecular
designing of library of RESV analogs, the best analog showing
better pharmacokinetics and toxicity properties was chemical-
ly synthesized and biologically evaluated for its effect on cell
viability, apoptosis induction ability and anti- NF-kB proper-
ties in a cancer cell line.

Materials and methods

Library preparation

The chemical structure of RESV (3,5,4-Trihydroxystilbene)

consists of two phenolic groups that are linked to a double

styrene bond (MW 228.25 g/mol). In this study, we designed

different RESV analog libraries by manually substituting vari-

ous chemical linkers such as electron donors (-OH, -CH,, -CHs,

-CH3, -NH,) and electron acceptors (-NO,) on two phenol
rings (Ry, Ry, and Rs3) of RESV. Supplementary Table 1 shows
the unique library of 50 chemical analogs of RESV generated

by substituting different electron donor or acceptor groups.

Table 1. Physicochemical properties of RESV analogs which followed Lipinski’s rule of five for a probable drug molecule

SNo Compound MiLogP?! TPSA? N atoms? M.w.4 nON? nOH NH®  Nviolations? Nroth® Voh}meg

(&)

RESV 2411 60.684 17 228.4 3 3 0 3 213.3
RESV-7 7.98 27.70 23 304.35 3 0 0 7 287.54
RESV-8 4.37 27.70 21 280.32 3 0 0 5 265.20
RESV-9 4.16 27.70 22 290.32 3 0 0 5 270.90
RESV-10 3.62 38.70 21 276.29 3 1 0 4 253.37
RESV-11 3.94 27.70 23 300.31 3 0 0 5 276.60
RESV-12 3.98 53.73 20 271.32 4 2 0 5 254.23
RESV-13 3.36 79.75 20 272.30 5 4 0 5 248.96
RESV-14 2.75 105.77 20 273.29 6 6 1 5 243.69
RESV-21 291 75.71 18 243.26 4 4 0 3 219.18
RESV-22 2.83 90.74 19 258.25 5 5 0 4 231.43
RESV-23 4.81 51.55 23 307.35 4 1 0 8 287.58
RESV-24 411 75.41 23 308.34 5 2 0 8 282.15
RESV-25 3.42 99.26 23 309.32 6 3 0 8 276.72
RESV-26 3.58 99.20 23 307.31 6 2 0 7 271.28
RESV-27 3.75 99.14 23 305.29 6 1 0 6 265.84
RESV-28 3.91 99.08 23 303.28 6 0 0 5 260.40
RESV-29 4.28 47.93 20 272.30 4 1 0 5 250.96
RESV-30 3.96 68.16 20 274.27 5 2 0 5 242.42
RESV-31 3.64 88.39 20 276.24 6 3 0 5 233.88

1 MiLogP, octanol-water partition coefficient logP; 2 TPSA, molecular surface area; 3N atoms, number of atoms; 4 M.W., molecular weight; 5 nON,

hydrogen bond donor; 6 hOH NH, hydrogen bond acceptor; 7 Nviolations, number of violations; 8 Nroth, number of rotatable bonds; 9 Volume,

molecular volume
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Determination of drug likeness properties

We have performed energy minimization for 3D coordinates
of all RESV analogs using PRODRG software. In general, the
natural bioactive compounds are made up of active chemical
moieties similar to the already established drugs. Hence, the
determination of the molecular properties of these bioactive
compounds is important for discovering and developing new
drugs. In this study, molinspiration computational webserv-
er (http://www.molinspiration.com/cgi-bin/properties; Mab-
khot et al., 2016) was used to determine the drug-likeliness
properties of RESV analogs. The chemical structure of the
query compound either in manually designed or in SMILES
formats are provided to this webserver to calculate its molec-
ular characteristics like total polar surface area (TPSA), range
of atoms (natoms), molecular size (mass), number of hydro-
gen bond acceptors (range of O or N), partition coefficient
(miloP), range of rotatable bonds (nrotb), volume of drug dis-
tribution (molecular volume) and number of hydrogen bond
donors (range of OH) (Lipinski, 2004). We have considered all
the above described biomolecular properties while screening
for the lead RESV analogs from a pool of query compounds
designed in the present investigation.

Screening for ADME-Tox properties

The biological effect of any drug and its metabolic fate in any
organism depends on its ADME (absorption, digestion, me-
tabolism, excretion) and toxicity (mutagenic, tumorigenic, ir-
ritant) properties. Hence, we evaluated ADME properties and
biological properties (drug score, bioavailability, permeability,
and solubility parameters) of all the potential RESV analogs
using the ACD/I-Lab prediction engine (Sander et al., 2009).
ACD/I-Lab browser intakes the input by drawing the struc-
tures in the I-Lab interface, pasting the structures in ACD/
ChemSketch, or accepting the structures in canonical SMILES
format. This web browser surveys structural differences of
chemical molecules and predicts NMR spectra and chemical
shifts, physicochemical properties, and ADME toxicities of the
potential drug molecule. These ADMET models can provide
a quick evaluation of a few important properties like solubility,
bioavailability, physicochemical determinants, oral bioavaila-
bility, distribution, acute toxicity (in mouse and rat) of any po-
tential drug molecule.

Chemical synthesis of RESV analog

To synthesize the potential RESV analog, we followed a pre-
viously reported methodology (Banaganapalli et al., 2013).
In brief, the RESV compound (100 mg; 99% pure) and K,CO3
(Fig. 1) mixture in dry acetone was added to propargyl bro-
mide and heated to reflux.
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Fig. 1. Schematic representation of RESV-10 formation from RESV

By usage of the column chromatography method, the
crude product was purified, after initial TLC monitoring and
chloroform-MeOH (10/1) elution steps, (E)-3-(prop-2-yn-1-
yloxy)-5-(4-(prop-2-yn-1-yloxy) styryl) phenol was isolated as
a colorless amorphous powder. 1H NMR (400 MHz, CDCI3) ¢
ppm 2.05 (s, 1H), 2.54 (s, 1H), 4.70 (d, J = 4.20 Hz, 4H), 6.39
(s, 1H), 6.78-6.51 (m, 2H), 7.10-6.78 (m, 4H), 7.44 (d, J = 8.09
Hz, 2H) (Supplementary Fig. 1 and Fig. 2).

Compound preparation for in vitro experiments

RESV (Sigma-Aldrich 99% purity; 100 mg, 1 eq) and its new-
ly synthesized analog were separately dissolved in dimethyl
sulfoxide (DMSO; Sigma-Aldrich) at different concentrations
(1 pm/ml, 3 pm/ml, 5 pm/ml and 10 pm/ml). The antitumor
activity of the newly synthesized RESV in comparison to the
native RESV compound investigated by cytotoxicity, DNA
fragmentation, and anti-NF-kB assays on the human U-937
cell line.

Cytotoxicity assay

The cytotoxic potential of RESV analog was tested on human
histiocytic lymphoma (U-937) cell lines (American Type Cul-
ture Collection, Manassas, VA). The culturing of cell lines was
done using RPMI 1640 media (Thermo Fisher Scientific) com-
plemented with penicillin G (100 units/ml; Sigma-Aldrich),
streptomycin (100 pg/ml; Sigma-Aldrich) and 10% pre-heated
fetal bovine serum (Sigma-Aldrich). These cultures were kept
at 37 °C humid atmosphere and incubated in a CO, (5%) incu-
bator. Both RESV and its analog were separately dissolved in
DMSO and then further diluted with RPMI 1640 media to en-
sure <0.5% v/v concentration of DMSO. U-937 cells were plat-
ed into 96-microwell plates at 10,000-20,000 cells/well and
incubated for 24 h. Then, 100 pl of samples were introduced in
triplicates to a final concentration of 0.1-200 pM. RESV and
its synthetic analog were added in a different concentration of
1puM, 3 puM, 5 uM and 10 pM per ml to all the cell samples. Af-
ter further incubating cell samples for 48 h, their viability was
determined as per the following procedure. After the culture
medium was discarded, 200 pl of pre-warmed PBS solution
was added to wash the cells thoroughly. Then, 200 pl of MTT
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromi-
de) (Sigma, St. Louis, MO, USA) in RPMI media was refreshed
and microplates were placed back into the incubator to be
kept for 1 to 2 h at 37 °C. After that step, the MTT containing
media was carefully removed, and the cell washing step was
done with pre-warmed PBS (200 pl). DMSO (100 pl) was add-
ed, and formazan crystals were dissolved under gentle shak-
ing (30 min) (Campling et al., 1988). Absorbance at 540 nm
was read with a microplate reader (FLUOstar optima). The
number of viable cells was presented in the form of percent-
ages. All the measurements were performed in triplicates.
From the treated cell population, the number of viable cells
against the total control population was expressed to calculate
the % cytoviability, following the formula: Cytoviability (%) =
[As4q nm Of treated cells] x 100% / [Asag nm Of control cells].

DNA fragmentation assay

The U-937 cells were seeded at the density of 1 x 10° in the
6-well petri tissue culture plates and overnight incubated at
37 °C. The cells treated with 10 pM RESV or its analog at a
10 pM concentration in the culture medium. DMSO suspend-
ed cells were maintained as an internal control for all exper-
iments (1 x 108 cells). Then, after 48 h, the dead cells from
each well were removed in a tube, leaving adherent cells (live
cells) in the 50 ml tube. All the adherent cells were centrifuged
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for 5 min, and the supernatant was removed. The cell pellet
at the bottom was treated with 500 pl of Lysis buffer (50 mM
Tris-Hcl at pH 7.6, 10 mM EDTA, pH 8.0 and 0.5% w/v Triton
X-100). The fragmented DNA was treated with 10 pl RNAse
(37 °Cfor 2 h) and 20 pl Proteinase K (37 °C for 2.5 h). The pre-
cipitation of DNA was done with isopropanol, further treated
with NaCl and incubated for overnight at —20 °C. The isolated
DNA fragments were separated on agarose (2%) gel and visu-
alized using a transilluminator machine. The propidium iodide
staining of both treated and untreated U-937 cells was done
to confirm the nuclear fragmentation status (Bonfoco et al.,
1995).

Anti NF-«B assay

We have used EZ-Detect™ Transcription Factor Assay kit for
assessing the ability of RESV compounds to interfere with the
specific binding between biotinylated-consensus sequence and
active form of NF-kB, NF-kB-p65. In brief, the nuclear extrac-
tions of cells treated with different concentrations of RESV
and TNFa were used to determine the binding affinity between
NE-kB and p65. The nuclear extract of cells stimulated with
TNFa has been used as a control. The NF-kB activity was cal-
culated based on chemiluminescent signals measured in the
microplate plate reader. All the results were expressed as ICs,
which means the half-maximal inhibitory concentration of the
query compound.

Docking NF-xB with RESV analogs

AutoDock 4.0 (Morris et al., 2008) program was used to exe-
cute a docking simulation between the drugs and proteins us-
ing a Lamarckian Genetic Algorithm method. Typical docking
method for flexible ligands and rigid protein starts with the
identification of torsion angles of the ligand using ten inde-
pendent runs per ligand. The protein structure was charged by
adding charged ions, and histidine molecules were neutralized
in whole protein. Finally, Gasteiger charges were applied to
neutralize the charges on the whole protein. The autogrid fea-
ture used to calculate the grid map of protein-ligand. The grid
file, with parameters of 60 x 60 x 60 points in x, y, and z direc-
tions, and center grid spacing of 0.367 A (1/4th of the length of
C-C covalent bond) was prepared. In the final stage, the dock-
ing file built on different types of parameters prepared with
the help of the AutoDock tool. During the docking procedure,
the ligand conformations were optimized by the Lamarckian
genetic algorithm, and for each ligand, around 10 docking
runs performed. The search algorithm set to a Lamarckian
genetic algorithm with default genetic algorithm settings set
to 150 runs, and with 150 possible conformations, 50 popu-
lation sizes and 2,500,000 the energy evaluations. For dock-
ing parameters, the translation was set to 0.2 A; the torsion to
0.5 A; the quaternion to 5.0 A; and the RMS cluster tolerance
to 0.75 A. At the end of docking, ligands with the maximum
promising binding energy selected as the results from the pro-
tein-ligand docking complex. The resultant complex structures
explored using the Pymol-0.98 program.

Hex docking studies on NF-kB-RESV analog and DNA
complex

The crystal structure of Human p65/p50 Heterodimer in com-
plex with DNA was retrieved from PDB (Berman et al., 2002).
The protein and DNA structures separated from each other by
editing the PDB file. The geometric energy minimized NF-kB
was first individually docked onto a DNA using Hex graphical
interface web server (Macindoe et al., 2010) works based on
Fast Fourier transform (FFT) docking algorithms. To get dif-

ferent docking poses and binding energies in between receptor
and ligand, a series of parameters like shape, electrostatic cor-
relation parameter, grid dimension at 0.6 A, FET mode as 3D,
ligand range at 180 A, Receptor, and twist range 360 A were
chosen from default settings, the docked complexes of NF-«xB-
RESV analogs were redocked with DNA. The results provided
by Hex docking gives random energy values which serve as
the groove to determine the best fit model. The best docking
complex was prioritized based on the highest negative order of
their energy values (Shaik et al., 2018).

Results

The screening of RESV analogs

All the chemically designed RESV analogs were analyzed for
their physicochemical properties like the number of hydrogen
bond acceptors, molecular weight, miLogP value, number of
rotatable bonds, and number of hydrogen bond donors. All
these biophysical characteristics were evaluated against Lipin-
ski’s rule of five, which could predict the potential drug-like-
liness of any query compound. According to Lipinski’s rule of
five molecular properties, a potential drug compound possess-
es a molecular weight of <500, <10 hydrogen bond acceptors,
<5 LogP value and <5 hydrogen bond, donors. Therefore, we
screened all the 50 RESV analogs against different parameters
to judge the drug-likeness of RESV analogs. In this context, we
found that 30 RESV analogs (out of 50 molecules designed)
have shown their compliance towards the Lipinski’s require-
ment for a potential drug compound (Table 1). During the pre-
liminary screening step, we found that the general biophysical
activity scores of all the 30 RESV compounds is as follows, MW
is 351.45 kDa, nON is <6, nOH NH is <5, TPSA is <105.77A,
nrotb is <8, miLog P is <7.98, N atoms is <26 and molecular
volume is <348 g/mol. The rotatable bonds determine the con-
formational changes of the drug molecules and also influence
receptor-ligand binding characteristics. To pass oral bioavaila-
bility criteria for any potential drug molecule, the ideal num-
ber of rotatable bonds should be <10. The number of rotatable
bonds for the RESV analogs designed in this study, were in
3-8 range, suggesting their potential drug behavior.

Prediction studies of pharmacokinetic/toxicity
characteristics

The pharmacokinetics safety profile of the RESV analogs was
predicted by ADME/Tox method. ADME property influences
the level of drugs and drug kinetics in the tissues. The thir-
ty RESV analogs screened in the previous stage were further
analyzed for adsorption, distribution, excretion, metabolism,
and toxicity with the help of the open source ADME/Tox
web-box v3.5 tool. Table 3 reveals the prediction data of five
RESV analogs which passed ADME/toxicity testing. The acid
dissociation constant (PKa) of two RESV analogs (RESV-30
and RESV-40) denotes zwitterion property (basic and acidic
groups with “0” value) and remaining three molecules (RESV-
10, RESV-14, RESV-25) indicates basic dissociation constant
as “0” and acidic dissociation constant ranging between 9.5
and 9.84. The aqueous solubility (Log SW) of these five de-
signed analogs ranged in between 0.06 pg/ml and 0.13 mg/ml.
By using the Novel GALAS (Global, Adjusted Locally Accord-
ing to Similarity) modeling methodology. The reliability index
(RI), metrics of solubility value of all the query the compounds
is more than 0.5, confirming their good solubility property in
an aqueous environment. The predicted oral bioavailability
of all the selected five analogs (RESV-10, RESV-14, RESV-25,
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RESV-30 and RESV-40) is greater than 54%. Whereas one of
the designed analog (RESV-10) has shown the highest oral bio-
availability, which is more than 90%, and it is predicted to have
a greater rate of metabolism compared to the parental RESV
compound. The predicted plasma protein binding (%PPBS)
of RESV analogs was in between 20 to 55%. Among the five
analogs, for RESV-10 the LDsj value was around 958 mg/kg

for mouse, and LDsy was 1025 mg/kg for the rat. Among the
five-best screened RESVanalogs, RESV-10 is found to be at
the top position based on the important ADMET properties
like bioavailability, %PPBS, and Acute toxicity LDs, (Table 2).
Therefore, RESV 10 analog was selected for further analysis by
the docking method and in vitro assays.

Table 2. ADME and toxicity prediction data of the RESV synthetic analogs. The best analog is shown in the bold letters

RESV- Solubility Physico-chemical determinants % Oral Distribution Acute Acute
analog Water Buffer LogD! LogP? Pka® Pka bl%?ﬁ:ﬂa_ Plasma vd* trcjglatsy Lt]gXlC;gt
(LogSw)  (pH 7.4) (Acid) (Base) y Protein  (L/Kg) 50 50
LogS Binding Mouse (mg/Kg)
8 (mg/kg) Oral
Oral
RESV -2.19 -2.05 2.59 2.59 9.40 0 <70% 70.97% 1.84 920 870
RESV-10 -4.37 -4.30 4.05 4.05 9.60 0 <90% 20.48% 2.55 958 1025
RESV-14 -2.85 -2.55 3.33 3.33 9.5 0 <54% 55.18% 21 920 590
RESV-25 -2.79 -2.68 1.62 1.60 9.84 0 <78% 58.47% 1.45 450 282
RESV-30 -4.25 -4.25 3.28 3.25 - 0 <70% 48.58% 1.87 485 1027
RESV-40 -2.20 -2.20 4.56 4.56 - 0 <77% 45.58% 2.54 878 5470

Note: 1 LogD, Distribution coefficient; 2 LogP, Partition coefficient; 3 Pka, Dissociation constant; 4 Vd, Volume of distribution; ° LDsg, Lethal dose

MTT assay

Immortalized U-937 cells treated with both native RESV and
RESV-10 showed decreased cell viability. When U-937 cells
were treated with RESV for 48 h at doses ranging from 1 to
10 pM, the cell viability was seen to be decreased with an in-
creasing dose of the treatment. As shown in Fig. 2, RESV and
RESV-10 treatment on U-937 cells resulted in a dose-depend-
ent inhibition of cell growth with an ICsq value of 30 pM and
7.25 uM, respectively. The higher cytotoxic activity RESV-10
analog is predicted due to the capping for OH groups at posi-
tions 5, 4. Thus, MTT assay has confirmed the increased activ-
ity of RESV-10 in comparison to the RESV parental molecule.

DNA fragmentation assay

To examine if cell death is mediated by RESV-10 analog, we
performed a DNA fragmentation assay, which is a good indi-
cator of apoptosis. As shown in agarose gel electrophoresis of
U-937 cells treated with 10 pM of RESV and RESV-10, a ty-
pical ladder pattern of internucleosomal fragmentation was
observed (Fig. 3). But control cells did not show any evidence

MRESV WRESV-10

100
90
80 -
70
60
o
uN M

g

8

U937 cell Viability (%)

=

L

10pM

1M 3uM
Concentration (umol/l)

Fig. 2. MTT uptake % of death of U937 cells with different

concentrations of RESV and its analog RESV-10

of fragmentation. However, the cells treated with RESV-10
showed intense fragmentation compared to the native RESV
compound. The breakdown of DNA is considered as a sign of
inhibition of DNA due to internucleosomal cleavage associated
with apoptosis. This data suggest that RESV-10 is a potent in-
ducer of apoptosis in U-937 cells. This character is predictable
due to the increased bioavailability of the RESV-10 as a result
of decreased free hydroxyl groups.

Anti NF-«B assay of RESV

The chemically synthesized RESV analog was tested for its
NF-«B inhibitory activity in U-937 cells. The target based
inhibition of RESV-10 was significant at a concentration of
10 pg/ml with an ICsq value of 2.45. At the same 10 pg/ml con-
centration, the native RESV compound shows the target-based
inhibition activity with an ICsq value of 1.95. Thus, based on
our results, it is evident that RESV-10 successfully targets
NF-«B and inhibits its action much better than the native
RESV compound (Table 3).

Molecular docking studies

During the docking analysis, RESV was found to interact with
the DNA binding residues of p50 chain in NF-kB. The RESV
forms 3 H-bonds with Lys572, GIn574, and Argf%5 with an

h UN RESL RESLIO

Fig. 3. Fragmentation of genomic DNA in
cells after treatment for 48 h with 10 pm
concentration of RESV and its analogs RESV-10
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average distance of 3.35 A. (Fig. 4). The ranking of binding en-
ergies for RESV with NF-«xB p50 is -6.12 kcal/mol at 32 uM
of Ki. Whereas, the RESV analog, (E)-3-(prop-2-yn-1-yloxy)-5-
(4-(prop-2-yn-1-yloxy) styryl) phenol groups forms 3 H-bonds
with Arg246(A), Lys444(B) and GIn606(B) with the average dis-

Table 3. Docking energies of RESV and RESV-10 with NF-«B

tance of 2.05 A (Table 3). The binding of RESV-10 with the
NF-kB demonstrated maximum binding energies of -6.78
kcal/mol and Ki 10 pM (Fig. 5). Thus, the RESV-10 analog has
established strong interactions with NF-kB compared to na-
tive RESV.

Protein- RMSD? Bindin Inhibition Number of Amino acids H-bond NF-«xB
compound energy constant® H- bonds distance Experimental
(kcal/mol) (Ki) (drug-enzyme) A ICsq
10 pg/ml
NF-kB-RESV 1.256 -6.12 32uM 4 Lys>72(B) 3.35 1.95
GIn>74(B) 3.40
Argb05(B) 3.31
NF-kB- RESV-10 0.458 -6.78 10 pM 3 Arg248(A) 2.15 2.45
Lys#44(B) 1.95
GIn606(B) 2.05

2 The root-mean-square deviation of heavy atoms with respect to the experimental structure.

b The change in binding free energy is related to the inhibition constant using the equation:
AG = RT in Ki, where R is the gas constant 1.987 cal k1 mol_l, and T is the absolute temperature assumed to be 298.15 K.
€Ki = exp (AG/R*T) [AG binding = -R*T*Ln Kb; AG inhibition = R*T*Ln Ki (AG = Free energy; R = Gas constant; T = Absolute temperature;

Ln K = Equilibrium constant)].

Arg605(BX

Fig. 4. Interaction of RESV with NF-kB DNA (p65(A) red and p50(B) green in colour) binding site [Dotted lines indicate the potential hydrogen bonding

between Lys®72(B), GIn>74(B) and Arg893(B) with RESV]

Fig. 5. Binding mode of RESV-10 to NF-kB (p65(A) red and p50(B) yellow in colour). The black dotted lines indicate the potential hydrogen bonding

between Arg?46(A), Lys#44(B), and GIn606(B) with RESV-10
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Fig. 6. Molecular Docking of NF-kB-RESV and DNA. Top zoom view shows the binding mode of RESV with NF-«B at DNA binding site, and bottom
zoom view shows the binding of DNA with NF-kB-RESV complex

Fig. 7. Molecular Docking of NF-kB-RESV-10 and DNA, top zoom view shows the binding mode of RESV-10 with NF-kB at DNA binding site, and
bottom zoom view shows the binding of DNA with NF-kB-RESV-10 complex
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Docking complex (NF-kB-RESV and NF-xkB-RESV-10)
with DNA

Three different molecular interaction analyses of NF-«kB per-
formed by using Hex docking server; wherein the first step in-
volved the docking between DNA and NF-kB, followed by two
separate docking steps one with NF-kB + RESV complex with
DNA and the second one with NF-kB + RESV-10 complex with
DNA. The probe of DNA (5-GGGACTTTCCGCTGGGGACT-
TT-3’) retrieved from the crystal structure of NF-«xB (PDB ID:
3GUT) was docked with energy minimized non-ligand NF-xB.
This probe sequence represents a consensus binding site for
the human nuclear factor kappaB (NF-«B) binding site. The
Hex docking results explored the DNA binding site of NF-kB
heterodimer (p65/p50), which interacts strongly with the
DNA segment and releases the total energy of -3005.72 kcal/
mol (Table 4). The docking complex of NF-kB -DNA super-
imposed in crystal structure had shown a root mean square
deviation (RMSD) value of 0 nm, confirming the accuracy of
docking analysis. The docked complex of NF-kB-RESV after re-
docking with DNA, showed a decrease in the total energy value
to -150.4 kcal/mol, due to the strong H-bond interaction of
RESV with DNA binding residues of NF-«B (Fig. 6). Similarly,
the redocking of docked complexes of NF-kB/RESV-10 with
DNA resulted in the release of docking energy of —-139.8 kcal/
mol. (Fig. 7, Table 4). This result demonstrates that due to the
binding of RESV and RESV-10 at the DNA binding site of NE-
kB, there is an increase in the degree of orientation of residues.
Thus, there is a weak interaction in the DNA of cells treated
with RESV and its analogs in comparison to the normal cell.

Table 4. Hex Docking results of NF-kB-RESV and NF-kB-RESV-10
binding with DNA

S.No. Molecules RMS? E-total
kcal/molP
1 NF-kB-DNA 2.02 -717.90
2 NF-xB-RESV Complex with 2.85 -150.40
DNA
3 NF-«xB RESV-10 complex 1.25 -139.8
with DNA

Note: @ RMS, root mean square deviation from the reference structure;
b E_total, total binding energy

Discussion

In one past study, by replacing the alkene linker in between
2 aromatic rings with the heterocyclic system, a rigid analog
such as 2,3-thiazolidin-4-ones and 3-chloro-azetidin-2-ones,
which has higher ability to inhibit in vitro breast cancer cell
growth has been synthesized (Chimento et al., 2016). An-
other study has also proposed two novel RESV analogs i.e.
4-(E)-[(4-hydroxyphenylimino)-methylbenzene, 1, 2-diol)]
(HPIMBD) and 4-(E)-[(p-tolylimino)-methylbenzene-1,2-
diol)] (TIMBD) acts as potent antioxidants against breast can-
cer (Bommagani et al., 2019; Licznerska et al., 2017). Some
studies have prepared new polyhydroxylated RESV derivatives
(3,3,4,5,5-pentahydroxy-trans-stilbene) with clinical poten-

tial for human colon cancer chemotherapy (Chatterjee et al.,
2018; Liet al., 2019).

In the current investigation, we have modified the func-
tional groups of RESV and designed 50 different chemical de-
rivatives of RESV compound intending to increase its bioavail-
ability and enhance the NF-kB target specificity in U-937 cells.
The presence of an -OH group at the C3, C5, and C4’ positions
in RESV (5-[(E)-2-(4-hydroxyphenyl) ethenyl] benzene-1,3-di-
ol) (C14H1,03) did not favor the bioavailability of RESV. The
circulating free hydroxyl RESV shows a serum half-life of 8-14
min and will be rapidly metabolized in carbohydrate catabo-
lism pathways (Marier et al., 2002). Hence, the capping of
free OH groups or the introduction of polar groups, such as
hydroxy or methoxy, around the phenolic -OH group of RESV
is likely to enhance bioactivity. Previously, it was reported that
the addition of methoxy, alkyl, ethyl, etc., group around phe-
nolic -OH group had shown a higher rate of potential activity
in different types of cancer cells compared to parental RESV
(Piotrowska et al., 2012). In the RESV-10, (E)-3-(prop-2-yn-1-
yloxy)-5-(4-(prop-2-yn-1-yloxy)styryl)phenol analog, an addi-
tional reactive group i.e. CH2-CH=CH (But-1-yne) at 5, 4’ -OH
group appears to have favored the bioavailability and anti-
NF-kB activity in cancer cells.

The RESV-10 derivative has demonstrated increased bio-
availability of up to 90% compared to native RESV (up to 70%)
compound. Furthermore, RESV-10 showed better plasma pro-
tein binding potential (<20.48%), which reflects its increased
ability to diffuse across cell membranes by reducing its inter-
action with albumin, glycoprotein, and lipoproteins. The half
of maximal lethal dose (LDs() values can be viewed as an in-
dication of the “cumulative potential” to cause various acute
effects and death of animals and are the most widely used
measure of the “acute systemic toxicity” of the chemical. The
increased oral bioavailability and low LDs are characteristics
of much safer drugs in targeting human diseases (Stuurman
et al., 2013). The LDsy of RESV-10 is around 958 mg/kg for
mouse, and LDsy was 1025 mg/kg for the rat. The current
study findings support that RESV-10 shows better ADME-tox
properties that are bioavailability, PPBS, and Acute toxicity
LDsy compared to native RESV compound.

NF-kB signaling regulates cell proliferation and apopto-
sis (Hayden and Ghosh, 2012). NF-kB forms complex heter-
omeric structure with p50, p65, and IkB-alpha, and predom-
inantly resides in the cytoplasm in an inactive state. When
IkB is degraded by phosphorylation and ubiquitination,
NF-kB proteins translocate to the nucleus and binds to the
B site (GGGPuNNPyPyCC consensus site) of DNA to modu-
late target gene expression. RESV can suppress NF-«kB activa-
tion by blocking the activation of IkB (Adhami et al., 2003).
Through molecular docking analysis, we have found that RESV-
10 forms 3 hydrogen bond interactions (at Arg246, Lys444 and
GInb06) with NF-kB at DNA binding residues of the p50 chain.
The RESV-10 derivative shows more affinity (-6.12 kcal/mol
at 32 uM of Ki) with NF-kB compared to the native RESV com-
pound (-6.78 kcal/mol and 10 pM of Ki), which interacts with
Lys572, GIn574, and Arg605 amino acids. In our previous investi-
gation, a fairly good agreement between computational molec-
ular docking analysis and experimental findings was observed.
A better affinity of a novel RESV analogue (E)-5-(4-acetoxy-
styryl)-1,3-phe-nylene diacetate) towards DNA binding amino
acid residues of NFkB compared to native RESV compound
was observed (Banaganapalli et al., 2013).
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Conclusions

In this study, we developed a new RESV analog (RESV-10)
with increased bioavailability and potential anticancer activi-
ty against U-937 cells compared to parental RESV. Synthesis
of RESV-10 was performed by substitution of two hydrox-
yl groups on RESV-10 and the addition of propynyl groups
on 5, 4 OH groups. Capping of these hydroxyl groups on 5,
4’ positions of RESV-10 increased the half-life period and
bioavailability of the compound. This chemical modifica-
tion has increased the anti-proliferation activity of RESV-10
when compared with RESV, treated cells. Even the activity of
NF-kB is decreased in U-937 cells when they are treated with
RESV-10. Our in vitro experimental results confirmed the find-
ings of computational molecular docking which revealed that
the RESV-10 had increased affinity to bind with DNA binding
site of NF-kB, hence preventing the interactions between DNA
with NF-«kB molecule. Thus RESV-10 may be a new promising
candidate against cancer. Due to the complexity and number
of cellular processes where the NF-kB molecule is involved,
more studies must be performed to completely understand
how resveratrol and analogs could be used to prevent the de-
velopment of cancer.
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