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Abstract

The activation of caspases is central to apoptotic process in living systems. Defects in apoptosis have been implicated
with carcinogenesis. Need to develop smart agents capable of inducing apoptosis in tumor cells is obvious. With this mo-
tive, diversity oriented synthesis of 1-benzylpyrrolidin-3-ol analogues was envisaged. The multi component Ugi reaction
synthesized library of electronically diverse analogues was explored for cytotoxic propensity towards a panel of human
cancer cell lines at 10 uM. The lead compounds exhibit a selective cytotoxicity towards HL-60 cells as compared to cell
lines derived from solid tumors. Besides, their milder cytotoxic effect on non-cancerous cell lines reaffirm their selective
action towards cancer cells only.The lead molecules were tested for their ability to target caspase-3, as a vital protease
triggering apoptosis. The lead compounds were observed to induce apoptosis in HL-60 cells around 10 uM concentra-
tion. The lead compounds exhibited various non-covalent supra type interactions with caspase-3 key residues around
the active site. The binding ability of lead compounds with caspase-3 was studied via molecular docking and molecular
dynamic (MD) simulations. MD simulations indicated the stability of compound-caspase-3 complex throughout the 50
ns simulation run. The stability and bio-availability of the lead compounds under physiological conditions was assessed
by their interaction with Bovine Serum Albumin (BSA) as model protein. BSA interactions of lead compounds were
studied by various bio-physical methods and further substantiated with in silico MD simulations.

Keywords: Benzyl-pyrrolidine-3-ol; caspase-3; molecular dynamic simulations; bioavailability, UGI reaction; Biophys-
ical methods.

1. Introduction

Apoptosis or programmed cell death is a unique ho-
meostatic process which eliminates the virus infected cells,
cells with damaged DNA and cancerous cells.! While as a
series of genetic changes transform normal cell into malig-
nant ones, evasion or resistance to apoptosis is considered
as an essential factor in this malignant transformation.?
Apoptosis is a securely regulated process mediated by the

family of proteases known as caspases, which cause the
proteolytic cleavage of key cellular proteins inducing mor-
phological and biochemical changes associated with apop-
tosis.? Since caspases are considered as pivotal cell death
effector molecules, most signaling pathways activated by
anticancer drugs ultimately result in activation of caspases.
Therefore caspases represent attractive targets for the de-
velopment of apoptotic agents that can selectively guide
the cancer cell towards apoptosis and induce their con-
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trolled cell death. Towards this endeavor of potentiating
chemotherapeutics, we employed both in vitro and bioin-
formatics based approach to facilitate the development of
putative proapoptotic agents from Benzylpyrrolidin-3-ol
derivatives. A structure activity relationship (SAR) based
drug designing strategy relying on the structural diversity
and ability to interact with a defined bio-target was inves-
tigated. A library of structurally diverse, 1-benzylpyrroli-
din-3-ol analogues was synthesized by multi component
Ugi reaction®> and assessed for its ability to induce apop-
tosis in a panel of human cancer cell lines. Benzylpyrroli-
din-3-ol, is a privileged structural motif present in wide
range of naturally occurring bioactive compounds and a
common intermediate in synthesis of many pharmacoac-
tive molecules.® Pharmaceuticals such as anti-hypertensive
barnidipine,” quinolinone antibiotic clinafloxacin B,® mus-
carinic receptor antagonists darifenacine C,% carbapenem
antibiotic RS-533,% anticoagulant DX- 9065a!° and natu-
rally occurring detoxification agent detoxin A1-D!! have
3-substituted pyrrolidine moiety in the pharmacophoric
unit Scheme 1.
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Scheme 1. Bioactive molecules containing 3-substituted pyrrolidine moiety.

Thus, keeping in view importance of 1-benzylpyrro-
lidin-3-ol moiety in medicinal chemistry and in continua-
tion of our research interests in designing synthetic meth-
odologies and chemical biology,'>?* we envisaged
diversity-oriented synthesis of 1-benzylpyrrolidin-3-ol
analogues via Ugi multi component reaction (Ugi-4CR).
As an initial screening step, the synthesized library of the
compounds (5a-p) was screened for ability to induce cyto-
toxicity towards a panel of human cancer cell lines. In the
synthesized library, compounds at 10 pM concentration

Vernakalant

displayed a range of cytotoxicity towards studied panel of
cancer cell lines: HL-60 (human leukemia), A549 (human
lung adenocarcinoma), NCI H322 (human brochioalveo-
lar carcinoma), A431 (human epidermoid carcinoma),
and T98G (human Glioblastoma), with 5j and 5p observed
as lead cytotoxic compounds. The lead compounds 5j and
5p exhibit a selective cytotoxicity towards HL-60, cells as
compared to cell lines derived from solid tumors. Besides,
their milder cytotoxic effect on non-cancerous cell lines
reaffirm their selective action towards cancer cells only.
Computational methods are very unique for mechanistic
investigation and prediction,?>~ as such Molecular dock-
ing was employed to explore possible modes of the interac-
tion along with prominent supra interactions between the
lead compounds and caspase-3 target. To investigate the
binding stability of lead compounds with caspase-3, 50 ns
molecular dynamic (MD) simulation was also carried out.
From the pharmaceutical perspectives of bioavailability,
and drug stability, the interaction of lead compounds 5j
and 5p was explored with the Bovine serum albumin
(BSA) as modular transport protein. The interaction of 5j
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and 5p with BSA was quantified by in vitro biophysical
methods and was further explored using molecular dy-
namic (MD) simulations.

2. Experimental
2. 1. Materials and Methods

In an initial attempt, equimolar amounts of sub-
strates were used under standard U-4CR conditions in
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methanol at room temperature, but no product formation
took place. However, when attempted at higher tempera-
tures (80 °C), reaction afforded the Ugi product (5a) in
90% yield.

General procedure for Ugi-4 component reaction (5a-
p): 1-(2-aminobenzyl)pyrrolidin-3-ol-(2-aminobenzyl)
pyrrolidin-3-0l (0.096 g, 0.5 mmol), p-nitro benzaldehyde
(0.0755 g, 0.5 mmol), benzoic acid (0.061 gm, 0.5 mmol)
and tert-butyl isocyanide (169 uL, 1.5 mmol) were dis-
solved in MeOH (5 mL) and refluxed at 80 °C. Reaction
mixture was refluxed until 1-(2-aminobenzyl) pyrroli-
din-3-ol completely disappeared on TLC. This followed
concentrating reaction mixture over vacum evaporator.
Ethylacetate was added to reaction system and extracted
with saturated aqueous NaHCO; followed by brine solu-
tion. The organic layer was dried with Na,SO, and residue
was purified by column chromatography (CH;OH:CH,Cl,
1:20) to give compound 5a in 78% yield. Characterization
was done by 'H NMR and High-resolution electrospray
ionisation mass spectrometry by comparing to accurate
mass measurements and molecular formula.

Cell culture

Cell lines including HL-60 (human leukemia), A549
(human lung adenocarcinoma), NCI H322 (human bro-
chioalveolar carcinoma), A431 (human epidermoid carci-
noma), and T98G (human Glioblastoma) used in the study
were obtained from National Centre for Cell Science
(NCCS), Pune, India. Proper authentication of each cell
line was carried out using standard procedures at the re-
pository. HL-60 was maintained in RPMI-1640 while as
the rest of cell lines were cultured using DMEM supple-
mented with 10% fetal bovine serum and 100 U/ml peni-
cillin and 100 mg/ml streptomycin. Cells were cultured
under standard culture conditions of 5% CO, and 37 °C
temperature.

Cell proliferation assay

The in vitro cytotoxicity of the synthesized com-
pounds against chosen human cancer cell lines was deter-
mined by using SRB (sulphorhodamine B) assay. Cells
were seeded at a density of 8 x 103 tol5 x 10? cells per
100pL in a well of 96 well tissue culture plates and incubat-
ed at 37 °C under 5% CO, and 95% relative humidity for
24 h.The test compounds(5a-5p) (100uL in each well)
were added at different concentrations and again incubat-
ed for 48h in CO, incubator. Cells were fixed with 50% w/v
trichloroacetic acid by gently layering on the top of the
wells. Subsequently, plates were incubated for 1h at 4 °C.
Thereafter, the plates were washed with distilled water
three times and air dried. Cell growth was measured by
adding SRB dye (0.4% w/v in 1% acetic acid, 100puL/well).
The unbound dye was washed with 1% acetic acid 3 times
and air dried. The dye was dissolved in tris-buffer (100puL/
well, 0.01M, pH 10.4) and plates were kept on mechanical

shaker for 10 min. The optical density (OD) was recorded
at 540 nm with microplate reader (BioTek Synergy HT) .
ICs5y was determined by using Prism, version 5.04, from
Graph Pad Software (La Jolla, CA). The assay was repeated
three independent times

In vitro Proliferation Assay

HL-60 cells were seeded in 96 well microtiter plates
at a density of 15 x 10°cells/well and treated with varying
concentration of the test compounds(5a-5p) for 48h. 20
uL of 2.5mg L~! of MTT dye was added to each well and
incubated for 4 h before termination. Excess media was
then blotted off and MTT purple formazan crystals were
dissolved in 150 uL of DMSO. Optical density was meas-
ured at 570nm with microplate reader (BioTek Synergy
HT). IC5, was determined by using Prism, version 5.04,
from GraphPad Software (La Jolla, CA). The assay was re-
peated three independent times

Fluorescence microscopy

HL-60 cells were stained with DNA specific fluores-
cent nuclear dye 4°-6-diamidino-2-phenylindole (DAPI)
to determine the nuclear morphological changes and ana-
lyzed under fluorescent microscope. Cells were treated
with varying concentrations(5,10,15 pM) of 5j and 5p. Af-
ter 24h incubation, cells were washed and resuspended in
PBS. Smears of cells were made on glass slides, air dried,
fixed in methanol for 20 min at -20 °C, again air dried and
stained in dark for 20 min with DAPI (1 pg mL™!), then
mounted using glycerol-PBS mixture (90:10) and analyzed
under fluorescence microscope (Olympus) using UV filter
at 40 Xmagnification. The experiment was repeated three
independent times.

Cell cycle analysis

For cell cycle phase distribution analysis, HL-60 cells
(5 x 10°) were seeded in a 6 well tissue culture plate and
there after the cells were treated with different concentra-
tions (5,10,15 pM) of 5j and 5p compounds for 24 h,
washed with PBS and fixed in ice cold 70% ethanol at -20
°C, overnight. Cells were then centrifuged and washed
with PBS followed by the addition of RNase (100 ug/mL)
at 37 °C for 45 min and stained with propidium iodide (PI)
to determine the cell cycle phase distribution. DNA fluo-
rescence was measured using flow cytometer FACS Aria
(Becton Dickinson, USA) and resulting DNA distributions
were analyzed for the proportions of cells in apoptosis, G1-
phase, S- phase, and G2-M phases of the cell cycle.

Mitochondrial membrane potential

Mitochondrial membrane potential was measured
using Rhodamine-123{RH-123} staining and analyzed by
flow cytometer. HL-60 cells (5 x 10°) were treated with dif-
ferent concentrations(5,10,15 uM) of 5j and 5p for 24h.
Before termination of experiment, cells were treated with
RH-123 (200nM) for 1 hr, centrifuged and washed with
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PBS. Cells were re suspended in PBS and fluorescence in-
tensity was analyzed by BD-FACS Aria flow cytometer
with an excitation wavelength of 488 nm and emission
wavelength of 525 nm in FITC channel. The experiment
was repeated three independent times.

Preparation of protein lysates, estimation and western
blot analysis

After treatment with different concentrations
(5,10,15 uM) of 5j and 5p, HL- 60 cells (3 x 10%) were
harvested, washed with PBS and resuspended in lysis
bufter containing RIPA and protease and phosphatase in-
hibitor cocktail. Cells were incubated for 45 min on ice
with periodic vortexing and centrifuged at 14000 x g for
15min. Supernatant was collected and stored at -20 °C.
The protein concentration was determined with Quanti
Pro BCA assay kit according to manufacturer’s protocol
using Bovine Serum Albumin (BSA) as standard. An
equal concentration of protein was subjected to 10%
SDS-PAGE and transferred to polyvinylidene difluoride
membrane at 4 °C. The membrane was blocked with 3%
BSA inTBS-Tween 20 and probed with primary PARP-1
(1:3000), Abcam, rabbit polyclonal, B-actin (1:5000), Sig-
ma Aldrich, rabbit polyclonal and horseradish peroxi-
dase linked respective secondary antibodies (1:5000),
Thermo Scientific Ltd.The signals were detected by using
western chemiluminescent HRP substrate and exposed
to X-ray film for analysis.

BSA binding experiments of 5j and 5p

Spectrophotometric measurements were carried on
Shimadzu 1650 UV-visible spectrophotometer with ther-
mostatic control. Fluorescence spectra were recorded us-
ing 1.0 cm quartz cells over Shimadzu 184 Spectrofluorim-
eter —5000(Japan) equipped with a xenon flash lamp and a
thermostat bath. The absorption measurements of fixed
BSA concentration (50 uM)was recorded in the range of
200-350 nm in presence of increasing concentration of
lead compounds 5j and 5p (10-50 pL of 1mM). In fluores-
cence quenching experiments, BSA concentration was
fixed at 50 uM to which10-50 pL of ImMconcentration of
5j and 5p was added. Fluorescence spectra were recorded
at three different temperatures (298,303 and 308 K) in
TrisHCI buffer solution (pH = 7.4) in the range of 300-500
nm upon excitation at wavelength of A 296 nm in each
case.

In Silico studies:
Molecular docking

The lead molecules 5j and 5p were docked into the
condensation site of Caspase-3 (PDB ID:3DEI) by using
CDOCKER utilities within the Discovery Studio Client
18.1.0. Initially, a receptor description file was prepared
and the binding cavity was defined around the co-crystal-
lized ligand isoquinoline-1,3,4-trione derivative (RXB).
Re-docking of the RXB was furnished to validate the appli-

cability of the docking protocol. Among the generated re-
ceptor-ligand conformations of 5j and 5p, the one with
lowest CDOCKER energies were analysed for the interac-
tions accountable for biological activity.

Molecular dynamics (MD) simulations

MD simulations were performed to study the stabil-
ity of lead compounds 5j and 5p in complex with the
caspase-3 (PDB ID:3DEI) and BSA (PDB ID:40RO0) pro-
teins. As the caspase-3 is active in dimer form (A and C
chain), therefore, both the chains along with lead com-
pounds were chosen for simulation whereas, due to identi-
cal nature of both the chains of BSA, only chain-A com-
plexed with 5j and 5p was considered for the simulation
overall a set of four-ligand complexes viz 5j-caspase-3,
5p-caspase-3, 5]BSA and 5p-BSA were simulated for the
duration of 50ns. (For more details see supporting infor-
mation)

3. Results and Discussion

3. 1. Synthesis of Benzyl-pyrrolidine-3-ol
Analogues

Diversity targeted synthesis of sixteen (5a-p) 1-ben-
zyl-pyrrolidine-3-ol derivatives was attempted using Ugi
four component reaction (Figure S1). In diversity oriented
synthesis, the primary amine functionality of 1-(2-amin-
obenzyl) pyrrolidin-3-ol (1) and tert-butyl isocyanide (4)
were fixed components while as different aldehydes and
acid molecules were varying components of Ugi reaction
for synthesized analogs. For reaction optimization,
1-(2-Aminobenzyl) pyrrolidin-3-ol (1), p-nitro benzalde-
hyde (2a), benzoic acid (3) and tert-butyl isocyanide were
selected as model substrates. After optimizing Ugi reaction
conditions with model substrates. The optimized reaction
was then subjected to different aromatic aldehydes and ac-
id molecules as substrates. The diversity oriented synthesis
was attempted using a set of aromatic aldehydes to give the
corresponding products in good yields. Furthermore, the
optimized protocol was used for synthesis of a follow-up
library with 1-(2-aminobenzyl) pyrrolidin-3-ol (1), p-tri-
fluromethoxy benzaldehyde (2b) and tert-butyl isocyanide
(4), and a set of aromatic and aliphatic acids as substrates
resulting in good yields of corresponding Ugi adducts. In
addition, the reaction conditions were observed to be well
tolerable to amino acids and mono protected diacids.
From substrate scope investigation, reaction behavior was
observed to be largely insensitive (except for reaction
times and % yields) to electronic and steric differences in
substrate variants to produce corresponding products (5a-
p) in good yields (Figure 1). The reagents used in the syn-
thesis are color coded in Figure 1 and their chemical struc-
tures are summarized in Table S1 (see supporting
information)
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3. 2. Lead molecules from Benzyl-pyrrolidine-
3-ol Analogues Exhibit Favorable
Interactions with Caspase-3

Prior to in silico studies, all the compounds(5a-p) in
the synthesized library were screened for their ability to
induce cytotoxicity against a panel of human cancer cell
lines including HL-60 (human leukemia), A549 (human

NC

2a-g 3g-0 4

lung adenocarcinoma), NCI H322 (human brochioalveo-
lar carcinoma), A431 (human epidermoid carcinoma),
and T98G (human Glioblastoma). It was observed that the
compounds 5j and 5p induce significant inhibition of cell
growth in selected human cancer cell lines Figure 2. (Table
S2 and Figure S2) The lead compounds 5j and 5p exhibit a
selective cytotoxicity towards HL-60, cells as compared to
cell lines derived from solid tumors(ICs, values of the
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Figure 1. Diversity oriented synthesis of 1-benzyl-pyrrolidine-3-ol analogues using UGI reaction protocol.
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Figure 2. % Cytotoxicity of 1-benzyl-pyrrolidine-3-ol analogues towards a panel of human cancer cells with lead compounds 5j and 5p.
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Figure 3: Surface, 2D and 3D representations of the lead molecules 5j and 5p around the active site of caspase-3.
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compounds 5j and 5p towards selected cancer cell lines
Table S3). Besides, their milder cytotoxic effects on
non-cancerous cell lines reaffirm their selective action to-
wards cancer cells. Thus lead compounds were subjected
to detailed investigations as apoptotic agents via in vitro
and in silico studies.

Caspases are crucial mediators of cell death pathway
activated by apoptosis-inducing stimuli. Among them,
caspase-3 is a frequently activated apoptotic protease,
catalyzing specific cleavage of many key cellular proteins
thereby it is a putative target for cytotoxic drug design-
ing.??-33 To explore the possible modes of interaction be-
tween lead molecules and caspase-3, in silico studies were
attempted. The detailed molecular docking and dynamic
simulation studies were attempted on these lead com-
pounds after validating the protocol by re-docking of the
co-crystal ligand RXB into the active site of the caspase-3
protein. A good agreement of RMSD (less than 2A) be-
tween the re-docked and bound conformation of RXB af-
firms the usefulness of optimized protocol for subsequent
studies. Thus, 5j and 5p were docked into the active site of
the reference crystal structure 3DEI From the generated
docked poses, most stable pose (lowest CDOCKER inter-
action energies) from each compound was selected to ana-
lyze the binding interaction with the target protein.

It is evident from the 2D interaction plots (Figure 3)
that amino acids from chain A and chain C were involved
in forming various supra interactions with compounds 5j
and 5p. Analysis of binding interaction between target
protein and compound 5j and 5p revealed that H-bond
formed with amino acid residue THR166 was common for
both compounds. While in case of 5j amino acid residue of
Glul67 was involved in forming two carbon-halogen
bonds with compound. Additionally compound 5p was
forming H-bonds with amino acid residue of Thr255 and
Lys259 as shown in Figure 3B. Moreover hydrophobic in-
teractions were also formed by His121(A), Met 61(A),
Phel28(A) and Glul67(C) with compound 5j while in
case of compound 5p, hydrophobic interaction were
formed by Leul68(A), Phe256(C), Phe256(A) and
Leul68(C) (Figure 3C). In addition to H-bond and hydro-
phobic bond, in case of compound 5p, three carbon hy-
drogen bonds were also formed by amino acid residue of
Thr162 (A) and Glul67 (C).

To explore the binding stability of lead compounds
5j and 5p with caspase-3, 50ns molecular dynamic simula-
tions were performed. Various parameters viz. protein
RMSD and RMSE, ligand RMSD and RMSF and the num-
ber of contacts established during the simulation were
computed. The large-scale movements of 5j and 5p
caspase-3 complexes were found to be similar with an av-
erage fluctuation near to 3.0 A (Figure 4A). These results
connote that binding of 5j and 5p at the active site have not
perturbed the stability of protein backbone during the
simulation. In addition, the structural integrity of protein
chains and residual mobility of the ligands (5j and 5p)

were characterized by calculating protein-RMSE A similar
kind of fluctuation pattern was noticed for both the lig-
ands and is depicted in Figure 4B. Owing to the inherent
flexibility of loops and terminals, the residues in the win-
dow of 100-200 and 350-400 residue indexes, have shown
the protein-RMSF up to 4.2 A. However, the protein-RMSF
for most of the residues stays below 1.8 A. These fewer
fluctuations can be attributed to the secondary structure
elements viz. alpha helices and beta strands and were ob-
served throughout the simulation run. To check the stabil-
ity of 5j and 5p within the binding pocket, ligand-RMSD
and ligand-RMSF were computed (Figure 4B). It is clear
from the ligand RMSD plots that the compounds 5j and 5p
have shown an average deviation within the window size
of 1.0-1.5 A and 0.8-1.6 A respectively. These insignificant
deviations observed throughout the simulation run affirm
their stability within the binding pocket. Moreover, the
atomic fluctuation of the ligand atoms were depicted from
ligand-RMSF plots (Figure 4B). The ligand atoms pertain-
ing to the polar groups displayed high fluctuations com-
pared to the atoms concealed deep into the pocket. Besides
RMSD and RMSE of the protein and ligand, the genesis of
protein -ligand contacts plays an essential role in the com-
plex binding. As can be seen from Figure 4C, that an aver-
age of 4-10 contacts were noticed for both 5j and 5p with-
in the protein during the simulation run of 50 ns. Overall,
an acceptable range of all the essential parameters were
observed for the both 5j and 5p caspase-3 complexes,
which confirms their stability within the active site. Bind-
ing of 5j and 5p to the active site of caspase-3 might alters
its conformation and activate the dynamically important
regions in the active site that promote its activity which
gets manifested as the heightened apoptosis when HL-60
cells are treated with such compounds. Furthermore bind-
ing of these compounds to the active site of caspase-3
might enhance its activity through the sequestration of in-
hibitory zinc ions in a way reminiscent of small molecule
mediated activation of procaspases.*#* Thus caspase-3
binding ability of 5j and 5p predicts their propensity as
apoptotic agents for controlled cancer cell death.

3. 3. Lead molecules from Benzyl-pyrrolidine-
3-ol Analogues Induce Apoptosis In vitro

Prompted by the in silico inputs of 5j and5p binding
to caspase-3, we investigated whether these induce apop-
tosis under in vitro conditions. For experimental studies,
HL-60 cell line was selected as being the most impacted
cell line for cytotoxicity by 5j and 5p. The effect of lead
compounds 5j and 5p on caspase-3 activity was initially
evaluated using enzyme kinetics assay. The fluorimetric
assay involves hydrolysis of acetyl-Asp-Glu-Val-Asp-7-
amido-4-methylcoumarin (Ac-DEVD-AMC) substrate by
caspase-3, producing 7-amino-4-methylcoumarin (AMC)
as fluorescent moiety. HL-60 cells were seeded in 96-well
plate at 1 x 10° cells/well, and treated with 5j and 5p (10
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uM) for 48h. Then, cells were lysed in lysis buffer (1X). Cell
lysate were microcentrifuge for 10 min at 4 °C. After cen-
trifugation, supernatant was transferred to the tube and
diluted. Finally, 200 pL of substrate solution and 25 pL of
lysate solution was added to assay plates and plates were
incubated at 37 °C in the dark. Relative fluorescent units
(RFUs) were acquired at time intervals of 0, 1, 2,4 and 6 hr
duration. During the assay, activated caspase-3 and 7 in-
duced by 5j and 5p cleaved the fluorogenic substrate be-
tween DEVD and AMC, resulted in highly fluorescent
AMC measured at excitation of 380 nm and emission be-
tween 420-460 nm. Therefore, the amount of AMC pro-
duced was proportional to the number of apoptotic cells in
the treated sample Figure 5.

After visualizing caspase activity of 5j and 5p from
enzyme kinetic assay Figure 5, we attempted to decipher
apoptosis via caspase-3 activation as a mechanism of their
cytotoxicity using different biological assays Treatment of
HL-60 cells with 5j and 5p at 5, 10 and 15 uM concentra-
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Figure 5: HL-60 cells were seeded in a 6-well plate at a density of 1

x 10° cells/well, treated with 5] and 5P at various concentrations

(0-30 puM) for 48hr and then lysed with Lysis Buffer. Cell lysates

were added to the assay plate carrying the substrate solution, at
37 °C in dark. Relative fluorescent units (RFUs)
were obtained at different time intervals.
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Figure 6A. 5j and 5p induce apoptosis in HL-60 cells. (A) Cells were treated with test compounds 5j and 5p at 5, 10 and 15 uM for 24h, stained with
DAPI and observed under fluorescence micropscope. The arrow in each case showed appearance of apoptotic bodies.
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Figure 6B. (B) HL-60 cells were incubated with (5, 10 and 15 uM) of compounds 5j and 5p for 24 h followed by staining with Rhodamine-123 (200
nM) for 1 h and analyzed by flow cytometer. Data was analyzed by Cell Quest Pro software from BD Biosciences. Both the assays were repeated three

independent times.

tions induced typical apoptotic response under micro-
scopic analysis.Untreated cells were spherical in shape
while as the treated cells showed membrane blebbing,
shrinkage and condensation of nuclear material, reminis-
cent of the apoptosis induced by treatment with campto-
thecin, a known apoptotic inducer used as control drug.
These results suggest that 5j and 5p induce apoptotic type
cellular morphology in HL-60 cells in a dose dependent
manner (Figure. 6A). These findings were further corrob-
orated by loss in mitochondrial membrane potential in
HL-60 cells induced by 5j and 5p. The loss of mitochon-
drial trans-membrane potential (A¥m) is a precursory
event that triggers mitochondrial matrix remodeling
leading to cytochrome c release. In turn the release of cy-
tochrome ¢ from mitochondrial intermembrane space in-
duces assembly of the apoptosome that is required for

activating downstream caspases.>®*” To measure the mi-
tochondrial membrane potential, the kinetics of
Rhodamine-123 fluorescence quenching was evaluated
using flow cytometry. The results indicated that at 5, 10
and 15 uM concentrations both 5j and 5p led to the dose
dependent loss of mitochondrial membrane potential,
with 5j showing a pronounced effect at 15 pM concentra-
tion (Figure 6B).

In the cell cycle analysis studies, it was also observed
that treatment of HL-60 cells with 5j and 5p exhibited a
dose dependent increase in hypo diploid sub-Gl1 fraction,
an indication of apoptotic population. In 5j treated cells,
sub-G1 population increased with increasing concentra-
tion from 1.4%, 5% to 44.7% at 5, 10 and 15 uM respective-
ly, whereas untreated control showed 1.4% sub-G1 DNA
fraction. 5p displayed a similar trend with 1.7%, 2.6% and
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Figure 7. 5j and 5p arrest cell cycle in sub-G1 phase and induce cleavage of PARP-1. Cells were treated with 5, 10 and 15 uM concentration of 5j and
5P and (A) cell cycle phase distribution analysis was carried by out Flow cytometry (B) representative blot indicating the cleavage status of PARP-1

in treated HL-60 cells.

25.1% sub-G1 population at 5, 10 and 15 uM respectively
(Figure 7A).

The confirmation of apoptosis by 5j and 5p was car-
ried out through cleavage study of poly (ADP ribose) pol-
ymerase-1 (PARP-1) by using western blott.® The western
blot analysis of PARP-1 in HL-60 cancer cell line was per-
formed following 24h treatment with 5, 10 and 15 uM con-
centrations of 5j and 5p. Densitometry of the protein was
carried out and normalized with B-actin for analysis. From
results it was observed that both 5j and 5p induce cleavage
of PARP-1, thus contributing towards activation of apop-
totic pathways (Figure 7B)

3. 4. Lead Molecules of Benzyl-pyrrolidine-3-
ol Analogues Stably Interact with Bovine
Serum Albumin

Serum albumins are abundant plasma proteins for
transportation and stabilization of drug molecules within
biological system. *Bovine Serum Albumin (BSA) is a
close similitude of Human Serum Albumin (HSA) and has
been extensively studied as model carrier protein. From
the pharmaceutical perspectives of bioavailability, and
drug stability under physiological conditions, we investi-
gated interaction of 5j and 5p with BSA through molecular
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Figure 8: Graphical representation of the (A) Protein (B) Ligand-RMSD and RMSF plots with respect to time and atom number respectively between
5j and 5p and BSA during the 50 ns simulation.

essential descriptors: RMSD, RMSF and number of con-
tacts formed throughout the simulation were calculated
for both 5j and 5p with BSA. The ligand-RMSD and li-
gand-RMSF were determined to assign the stability of 5j

dynamic simulations and further substantiated with vari-
ous biophysical methods.**For an insight in the interac-
tion of 5j and 5p with BSA carrier protein, MD simula-
tions were performed on their best docked pose. The
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and 5p within the binding pocket of BSA (Figure 8A). It is
evident from the ligand RMSD plots that the compound 5j
and 5p have shown an average deviation within the win-
dow size of 0.5-1.3A and 0.8-1.5A respectively. These
small deviations endorse stability of ligands within the
binding pocket. In addition, the ligand-RMSF plots were
exploited to depict the atomic fluctuation of the ligand at-
oms. It was noticed that the polar group atoms of the lead
molecules displayed elevated fluctuations as compared to
the atoms buried deep within the binding pocket. The pro-
tein RMSD plots of 5j and 5p BSA complexes show fluctu-
ations upto 3.6A during the simulations (Figure 8B). These
results indicate that binding of the 5j and 5p have induced
minor conformational changes in the protein backbone.
Owing to the inherent flexibility of loops and terminals,
the undulation in protein-RMSF upto 3.5A was noticed for
the residues 250-300 and above 500 for 5j whereas, upto
4.0A for the residues 500 and above for 5p. The pro-
tein-RMSF for most of the residues of 5j-BSA and 5p-BSA
complexes stays below 1.8A and 1.5A respectively. These

fewer fluctuations can be attributed to the secondary
structure elements viz. alpha helices and beta strands and
were observed throughout the 50 ns simulation run.

The formation of protein-ligand contact plays an im-
portant role in the complex binding, the different kinds of
contacts established during the 50 ns simulation run were
investigated and are highlighted in protein-ligand interac-
tion diagram (Figure 8B) Compared to 5j, more number of
contacts were noticed for 5p, which can be attributed to its
extended chemical structure. Taken together, the essential
parameters observed for both 5j and 5p BSA complexes
are well within the acceptable limit which indicates their
stability inside the binding pocket of BSA. Thus, 5j and 5p
can be considered as effective BSA binders and therefore
can be predicted to have good stability and mobility to-
wards their biotargets under physiological conditions.

The in silico predictions of 5j and 5p as BSA binding
compounds were verified by absorption and fluorescence
quenching experiments. The absorption spectrum of pure
BSA shows a peak at 280nm which undergoes a hypochro-
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Figure 9: Changes in (A) absorption spectra and (B) emission spectra of BSA on addition of 10-50 pL of ImM of 5j and 5p.
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mic effect with a slight bathochromic shift on sequential
addition of 5j and 5p respectively (Figure 9A). These re-
sults suggest that both 5j and 5p interact with BSA and
also possibly induce some structural changes in modular
carrier protein. BSA shows a strong emission peak at Aem
350 nm when excited at Aex 280 nm, attributed to the Trp
residue. Changes in the emission maximum of BSA in
presence of added drug are a mark of protein drug interac-
tion. The effect of increasing concentrations of 5j and 5p
on the fluorescence emission spectra of BSA is shown in
(Figure 9B) The BSA emission undergoes a dose depend-
ant hypochromic effect (intrinsic fluorescence quenching)
upon sequential addition of 5j and 5p indicating that both
5j and 5p interact with BSA with relatively more, quench-
ing in case of 5p compared to 5j.

Stern-Volmer analysis was used to analyze the fluo-
rescence quenching data of BSA with 5j and 5p equations
1-2.

FY%F =1+ KSV[Q] =1 + Kqt’[Q] (1)
& Kq=KSV/t° (2)

where F? and F are the fluorescence intensities of BSA in
the absence and presence of quencher; [Q] represents
quencher concentration, KSV is the Stern-Volmer quench-
ing constant, Kq is the quenching rateconstant and 1° is the
average lifetime of molecule in the absence of drug and its
value is 107 sec.* The calculated Stern-volmer constants
(KSV) for 5j and 5p are 5.1 x 10* M~! and 6.71 x 10* M
respectively indicating that quenching of BSA by 5p is
more compared to 5j. Figure 10 depicts Stern-Volmer
plots of 5j and 5p at three different temperatures with the
corresponding KSV values shown in Table S4. On increas-
ing the temperature from 298K to 308K, KSV values de-
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crease from 5.1 x 10* M~! to 2.14 x 10* M~! in case of 5j
and 6.71 x 10* M~! to 3.91 x 10* M~! in case of 5p. The
calculated value of Kq for both 5j and 5p was found to be
greater than the maximum scatter collision quenching
constant, i.e. 2 x 10! L mol-!s™L. Thus, observed changes
in absorption spectra, temperature trend of KSV value and
calculated quenching rate constants more than maximum
scatter collision quenching suggest static quenching as
plausible mechanism of BSA by 5j and 5p. 4!

4. Conclusion

Synthesis and investigation of apoptotic propensity
of structurally diverse benzylpyrrolidin-3-ol analogues us-
ing in-silico and in-vitro methods is presented. The com-
pounds 5j and 5p were identified as lead cytotoxic mole-
cules from Ugi four component reaction synthesized
library of sixteen compounds (5a-p). The lead compounds
5j and 5p exhibited proportionally higher cytotoxicity to-
wards HL-60, as compared to cell lines derived from solid
tumors. Besides, their milder cytotoxic effects on non-can-
cerous cell lines indicate selective action towards cancer
cells. The docking and molecular dynamic simulation
(MDS) of the lead molecules with caspase-3 as a major
mediator of apoptosis predicted apoptosis as potential cy-
totoxicity mechanism. Various covalent and non-covalent
interactions were shown to be involved between com-
pounds (5a-p) and amino acids present around active site
of caspase-3. The MDS results of 5j and 5p complexes with
caspase-3 indicate that their binding to caspase-3 is very
stable and does not affect the overall architecture of pro-
tein. However their binding brings some aberrant action
which propels apoptosis. The in silico prediction was con-
firmed by in vitro apoptotic markers: loss of mitochondrial
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Figure 10: Stern-Volmer plots for binding of 5j and 5pwith BSA at three temperatures.
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membrane potential, cell cycle analysis emergence of ap-
optotic bodies under fluorescence microscopy. Besides,
cleavage of PARP-1 confirmed that both 5j and 5p induce
apoptotic cell death in a dose dependant manner. From the
perspective of drug bioavailability, and stability, interac-
tion of lead molecules (5j and 5p) with Bovine Serum Al-
bumin (BSA) as model protein was investigated using in
silico molecular dynamics (MD) simulations and also sub-
stantiated by biophysical methods. Both 5j and 5p were
observed to bind to BSA with a good binding constant and
hence can be considered to be stable and available to their
biotargets under physiological conditions.

Supporting Information Summary

Supporting information includes methods and ma-
terials used for biological activity studies. Detailed insilico
procedure. The tables TSI to TS3 in supporting file depict
cytotoxic selectivity, IC50 and BSA binding data. Apart for
experimental details, characterization data (HNMR,
BCNMR and Mass spectra) of the benzylpyrrolidin-3-ol
analogues compounds (5a-5p),
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Povzetek

Aktivacija kaspaz je osrednjega pomena za apoptozni proces v zivih sistemih. Napake v apoptozi so povezane s karcino-
genezo. Potreba po razvoju pametnih ucinkovin, ki bi lahko povzrocila apoptozo v tumorskih celicah, je oitna. S tem
namenom je bila predvidena sinteza raznolikih analogov 1-benzilpirolidin-3-ola. Pripravljena je bila ve¢ckomponentna, z
Ugi reakcijami sintetizirana knjiznica analogov in raziskana njihova citotoksi¢nost na naboru ¢loveskih rakavih celi¢nih
linij pri koncentraciji 10 pM. Spojini vodnici kazeta selektivno citotoksi¢nost za celice HL-60 v primerjavi s celi¢nimi
linijami, pridobljenimi iz trdnih tumorjev. Poleg tega njihov blazji citotoksi¢ni u¢inek na nerakave celi¢ne linije dodatno
potrjuje njihovo selektivnost za rakave celice. Spojini vodnici sta bili testirani za njihovo sposobnost ciljanja kaspaze-3
kot glavne proteaze, ki sprozi apoptozo. Opazeno je bilo, da spojini vodnici inducirata apoptozo v celicah HL-60 pri kon-
centraciji 10 uM. Spojini vodnici sta izkazovali razlicne nekovalentne interakcije supra tipa s klju¢nimi preostanki kas-
paze-3 v okolici aktivnega mesta. Sposobnost vezave spojin vodnic s kaspazo-3 so preucevali z molekularnim sidranjem
in simulacijami molekularne dinamike (MD). Simulacije MD so pokazale stabilnost kompleksa s kaspazo-3 v celotnem
simulacijskem ciklu 50 ns. Stabilnost in biolosko uporabnost spojin vodnic v fizioloskih pogojih je bila ocenjena z njiho-
vo interakcijo z govejim serumskim albuminom (BSA) kot modelnim proteinom. Interakcije BSA s spojinami vodnicami
so bile preucene z razli¢nimi biofizikalnimi metodami in nadalje potrjene z ra¢unalniskimi simulacijami MD.
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