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A B S T R A C T

A new series of β-Carboline/Schiff bases was designed, synthesized, characterised and biologically evaluated as
inhibitors of PLK-1. The synthesized compounds exhibited strong to moderate cytotoxic activities against NCI-60
panel cell assay. Compound SB-2 was the most potent, particularly against colon with GI50 of 3–45 µM on NCI-60
panel cell lines. SB-2 selectively inhibited PLK-1 at 15 µM on KinomeScan screening. It also showed a dose-
dependent cell cycle arrest at S/G2 phase on HCT-116 and induced apoptosis by the activation of procaspase-3
and cleaved PARP. Further, the antitumor studies on DLA and EAC model revealed that SB-2, at 100 mg/kg/
bd.wt significantly increased their average lifespan. Further, a decrease in the body weight of the tumor-bearing
mice was also observed when compared to the tumor controlled mice. SB-2 thus shows good potential as an-
titumor agent.

1. Introduction

Cancer is still one of the leading causes of death worldwide despite
advanced diagnostic and treatment options. In recent years, small
molecule kinase inhibitors have emerged as potent anticancer agents.
Kinases are among the first identified oncogenes and have become one
of the most intensively pursued class of anticancer agents [1]. Cur-
rently, more than 130 kinase inhibitors are reported to be in Phase-2/3
clinical trials.

Polo-like kinase-1 (PLK-1) is a family of serine/threonine protein
kinases which are widespread in eukaryotic cells. It is one of the most
investigated kinase as it plays multiple roles in the progression of the
cell cycle [2]. PLK-1 is essential for precisely regulating the cell division
and maintaining genome stability in mitosis, spindle assembly and DNA
damage response [3]. It is also highly expressed in most of the human
cancers and its overexpression is associated with poor prognosis of
cancer.

The PLK-1 contains a highly conserved N-terminal kinase catalytic

domain and a C-terminal polo-box domain which is connected by a
hinge region in the middle. The N-terminal has a STK domain with a T-
loop whose phosphorylation is directly related to the activity of PLK-1
[4]. The X-ray crystal structure of PLK-1 shows a bulky phenylalanine at
the bottom of the binding site combined with a smaller cysteine in the
roof of the pocket (valine in many other kinases) which can accom-
modate a large molecule in the binding pocket. Further, a pocket cre-
ated by Leu132 in PLK-1 (earlier predicted not to be present in other
isoforms) provides an opportunity for the design of potent and specific
PLK-1 inhibitors [5].

Though investigations carried out so far have focused on the dis-
covery of more effective and specific PLK-1 inhibitors [6], there is scope
for inventing newer and novel inhibitors with even more selectivity and
specificity.

β-Carbolines are a group of heterocyclic compounds that possess a
common tricyclic pyrido[3,4-b]indole ring structure and are reported to
have a wide range of biological activity (Fig. 1). During the last decade,
considerable interest has been shown by several investigators on this
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family of compounds due to their promising antitumor activity through
various mechanisms [7–13]. The activity is due to the planarity of the
scaffold which can fit into the active site of the numerous protein
binding pockets. Modification of β-Carboline scaffold at different po-
sitions can, therefore, give lead compounds for different tumor targets.
Earlier, it has been observed that substitution at 1, 3 and 9 position of β-
Carboline scaffold increases the antitumor potential and decreases the
toxicity profile.

Considering the several SAR, QSAR and biological studies carried
out so far on β-Carbolines through various target associated mechan-
isms, these newer and novel carboline derivatives could be a valuable
template for antitumor potential. Though a large number of 1,3-sub-
stituted β-Carboline derivatives have been reported, a thorough ana-
lysis of literature revealed only a very few compounds with heterocyclic
and fused ring substitutions at position 9 of β-Carboline, have been
synthesized and evaluated for their antitumor potential [14].

In the present study, we report the design, synthesis and evaluation
of a series of novel N9 substituted β-Carboline derivatives as PLK-1
inhibitors for their anticancer potential.

2. Experimental

2.1. Molecular docking and ADME/T studies

In silico molecular docking studies were performed using DS4.1
software. A virtual library was generated based on previous literature
and SAR properties of the scaffold [15–17]. The X-ray crystal structure
of the PLK-1 (2OWB) was downloaded from RCSB Protein Data Bank.
All the heteroatoms and water molecules were removed from the crystal
structure prior to docking and the missing residues were added. All the
proteins and ligands were standardized by applying the CHARMm
forcefield to the proteins and monitoring the valences of the ligands
using Prepare Protein and Prepare Ligand protocols.

The Prepare Protein protocol prepares the PLK-1 protein by per-
forming tasks such as inserting missing atoms in incomplete residues,
modeling missing loop regions, deleting alternate conformations (dis-
order), removing water molecules, standardizing atoms and proto-
nating titratable residues. The Prepare Ligand protocol helps to prepare
ligands for input into other protocols, performing tasks such as re-
moving duplicates, enumerating isomers and tautomers and generating
3D conformations. After the preparation, the active site (binding site) of
the protein was first identified and defined based on the ligand already
present in the PDB file. A sphere was defined around the binding site for
PLK-1 protein. The binding site sphere is required for running LibDock
in Discovery Studio. LibDock uses the systematic conformational search
algorithm to dock ligands freely to the receptor and rank the com-
pounds via the default scoring function LibDock Score [18].

The docking protocol was then validated using self-docking analysis
of bound crystal ligand back with the same binding pocket. Molecular
docking was performed for the designed library of molecules by
LibDock protocol. Based on the LibDock score, further simulated an-
nealing docking was performed using CDOCKER protocol in CHARMm
based molecular dynamics algorithm with default parameters [19].

CHARMm is a program for molecular simulation and modelling
[20]. It uses energy minimization techniques to optimize the con-
formations, performs molecular dynamics simulation, and analyzes the
simulation results to determine structural, equilibrium, and dynamic
properties. In order to explore the mode of action of the inhibitor-

protein interaction and to highlight the key residues responsible for the
binding affinity, interaction energies for each inhibitor were further
decomposed into individual residue contributions using the “Calculate
Interaction Energy” protocol in Discovery Studio. The CDOCKER in-
teraction energy and interacting residues at active site region were
calculated and compared with the bound co-crystal ligand and known
inhibitor. The binding energy of protein and ligands were calculated by
using the equation:

= +Ecomplex Ereceptor EligandEbinding ( ) ( )

The calculated binding energies of standards were used as the
baseline comparison for the selection of molecules with the best binding
affinity to selected targets. Ligand interactions were analysed for both
the originally bound and docked standards with the aid of 2D protein-
ligand interaction diagrams. Ligand interactions of the hit molecules
were also analyzed to compare the interactions with that of the known
inhibitor. The compounds with the best binding affinity were further
screened in silico for their pharmacokinetics and pharmacodynamics
properties using the ADME and Toxicity prediction employing com-
puter-assisted technology (TOPKAT) protocols of DS4.1 [21]. The so-
lubility, absorption, plasma protein binding, CYP2D6 inhibition, and
hepatotoxicity of the compounds were evaluated by using ADME/T
descriptors. TOPKAT calculations were performed to determine the
probability for carcinogenicity, mutagenicity and other toxicity mea-
sures of the designed molecules. The molecules which showed good
score, binding energy, best conformations and suitable ADME/T pro-
files were identified as leads and selected for synthesis.

2.2. Chemistry

2.2.1. Chemicals and reagents
The major chemicals used were procured from Sigma and Merck. All

other chemicals and reagents used were of analytical grade. The sol-
vents were purified and dried according to standard methods. 1H and
13CNMR spectra were recorded on a Bruker 400 MHz spectrometer
using TMS as the internal standard. DMSO-d6 was used as the solvent.
Chemical shifts are reported in parts per million (ppm) downfield from
TMS. Spin multiplicities are described as s (singlet), d (doublet), t
(triplet), q (quartet), and or m (multiplet). HRMS analysis was recorded
on TOF MS ES+ spectrometer. Analytical TLC was performed on
MERCK Aluminium back precoated silica gel 60 – F254 (0.5 mm) plates.
Visualization of the spots on TLC plates was achieved by exposure to
Ninhydrin, PMA, iodine vapor or UV light. Column chromatography
was performed using silica gel 60–120 and 100–200 mesh. Moisture
sensitive reactions were carried out using standard syringe septum
techniques under an inert atmosphere of nitrogen.

2.2.2. General procedure for the synthesis of the key intermediate (Scheme
1)

(I.) Synthesis of ethyl 2-(9H-pyrido[3,4-b]indol-9-yl)acetate (NAC):
Norharmane (5 g, 29.8 mM) was dissolved in anhydrous DMF

(50 mL) under inert gas and ethyl chloro acetate (1.2 eq.) was added to
the solution in the presence of sodium hydride (1.5 eq.) in icecold
condition. The mixture was stirred for 24 h at room temperature,
quenched with ice cold water and extracted with ethyl acetate. After
removal of the solvent under reduced pressure, the resulting residue
was purified by silica gel column chromatography using ethyl acetate
and n-hexane as mobile phase when a pale beige colour compound,
NAC, was obtained.

(II.) Synthesis of 2-(9H-pyrido[3,4-b]indol-9-yl)acetohydrazide
(CAH):

The purified NAC was refluxed with 99% hydrazine hydrate (1 eq.)
in ethanol for 24 h. The light yellow colour precipitate formed was
filtered and recrystallized in hot ethanol. The hydrazide, CAH, was
obtained in good yield.

Fig. 1. β-Carboline scaffold and its derivatives.
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2.2.3. General procedure for the synthesis of Schiff bases (Scheme 2)
Equal proportions of CAH (1 eq.) and the appropriate aromatic/

heterocyclic aldehydes (1 eq.) in dry methanol (20 mL) was boiled
under reflux for 12 h in the presence of a few drops of glacial acetic
acid. After completion of the reaction, the solvent was removed under
reduced pressure. The precipitate was filtered under suction. The re-
sulting residue was washed with excess water and purified by re-
crystallization using suitable solvents that resulted in compounds, SB-1
to SB-10.

2.3. In vitro cytotoxicity by MTT assay

Vero and PC-3 cell cultures used in the experiments were procured
from National Centre for Cell Sciences, Pune, India. Vero and PC-3 cells
were grown in Earl’s Minimal Essential Medium supplemented with
2 mmol L-glutamine, 10% fetal bovine serum, penicillin (100 µg/mL),
streptomycin (100 µg/mL) and amphotericin B (5 µg/mL) and the cells
were maintained at 37 ˚C in a humidified atmosphere with 5% CO2 and
sub cultured twice a week.

The monolayer cell culture was trypsinized and the cell count was
adjusted to 10x105 cells/ml using DMEM medium containing 10% FBS.
To each well of a 96 well microtitre plate, 100 μL of the diluted cell
suspension (ca. 10,000 cells/well) was added. After 24 h, when a partial
monolayer was formed, the supernatant was flicked off. The monolayer
was washed once with the medium. Different test sample concentra-
tions (100 μL) prepared in maintenance media were added per well to
the partial monolayer in microtitre plates. The plates were then in-
cubated at 37 °C for 72 h in 5% CO2 atmosphere. The observations re-
corded every 24 h. The sample solutions in the wells were discarded
after 72 h and 20 μL of MTT (2 mg/mL) in MEM-PR (MEM without
phenol red) was added to each well. The plates were shaken gently and
incubated for 3 h at 37 °C in 5% CO2 atmosphere. The supernatant was
removed and 50 μL of isopropanol was added. The plates were shaken
gently to solubilize the formed formazan. The absorbance was mea-
sured at 540 nm on a microplate reader. Using the following formula,
the percentage growth inhibition was calculated and the concentration
of the drug/test samples needed to inhibit cell growth by 50%, were
generated from the dose–response curves for each cell line.

=

×

Mean OD of the individual test group
Mean OD of the control group

%Growth viability

100

2.4. Cytotoxicity screening

The compounds were screened for their cytotoxicity at the
Developmental Therapeutics Program, National Cancer Institute,
Rockville, Maryland, USA, in their NCI 60 Cell panel screen, initially at
a single high dose (10-5M) according to the standard procedure men-
tioned in the website https://dtp.cancer.gov/discovery_development/
nci-60/methodology.htm. The compounds that satisfied predetermined
threshold inhibition criteria in a minimum number of cell lines were
taken to the full 5-dose assay.

2.5. In vitro short term toxicity studies

The short term toxicity studies were carried out against DLA and
EAC cells using standard procedures. This test relies on the breakdown
of membrane integrity determined by the uptake of a dye (Tryphan
blue) to which the cell is normally impermeable. Cells were cultured in
peritoneal cavity of mice by injecting intraperitoneally a suspension of
cells (1 × 105 cells/mL). The peritoneal fluid containing cells were
withdrawn from the peritoneal cavity between 12 and 15 days with the
help of a sterile syringe. The cells were washed with HBSS and cen-
trifuged for 10–15 min at 1200 rpm. The procedure was repeated thrice.

The cells were suspended in a known quantity of HBSS and the cell
count was adjusted to 1x105 cells/mL. The diluted cell suspension was
distributed into Eppendorf tubes (0.1 mL containing 2 × 105 cells). The
cells were exposed to test dilutions and incubated at 37 °C for 3 h. After
3 h, equal quantities of the treated cells and Tryphan blue (0.4%), were
mixed and left for a min and loaded into a haemocytometer and the
viable and non-viable count were recorded within two min. (If kept
longer, live cells also generate and take up colour). Viable cells do not
take up colour, whereas dead cells take up colour. The percentage
growth inhibition was calculated and CTC50 value was generated from
the dose-response curves for each cell line.

= ×Total cells Dead cells
Total cells

%Growth Inhibition 100 100

2.6. KINOME scan screening

The KINOME scan screening platform employs a novel and pro-
prietary active site-directed competition binding assay to quantitatively
measure interactions between test compound and more than 450
human kinases and disease relevant mutant variants. The kinase pro-
filing study was performed at DiscoverX, USA KINOMEscan™ Profiling
service, using their standard protocol mentioned in the website https://
www.discoverx.com/technologies-platforms/competitive-binding-
technology/kinomescan-technology-platform/kinomescan-assay-
process on selected 25 kinases for the test compound SB-2 at 15 µM.

2.7. Cell cycle analysis

HCT-116, colon carcinoma cells were grown in 60 mm plate at 40%
confluence in complete growth medium and treated with SB-2 at a
concentration of 0, 5, 10 and 20 µM for 48 or 75 h. At the end of the
treatment, cells were trypsinized, harvested and washed once with PBS
by centrifuging at 2000 rpm for 5 min at room temperature. The cells
were then suspended in the propidium iodide hypotonic solution
(0.025gm PI+ 0.5 gm sodium citrate + 500 mL ddH2O, refrigerated
and protected from light) and vortexed vigorously to avoid doublet or
clumping of cells. The suspension was stored on ice for at least 15 min
before running on the flow cytometer. The nuclei suspension should
remain on ice until the run. Flow cytometer (Becton Dickinson FACS
scan) set up with a blue laser (488 nm) and detection filter (610/20 nm)
bandpass for PI was used. Cell flow rate (less than 400 events/sec) for
optimal resolution of PI fluorescence was set up and doublets were
excluded by creating a combination of same-channel bivariate plots
utilizing Area vs Height or Area vs Width (i.e., FSC, SSC and PI fluor-
escence). Singlet events are presented in a diagonal pattern as doublets/
clumps have a lower height and higher width values. Fluorescence was
acquired and the cell cycle stages were analyzed of each sample by flow
cytometry Cell-Quest software (Becton Dickinson, Franklin Lakes, NJ).

2.8. Western blot analysis

Colon carcinoma cell line (HCT) were cultured in DMEM with 10%
FBS. The cells were grown in 5% CO2 at 37 ˚C. On the previous day of
the treatment, cells were split into 6 well plates at a confluence of
60–70% overnight. The following day, compound, SB-2 in DMSO was
diluted in complete growth medium at a concentration of 20, 10, 5, 2.5,
1.25, 0 µM and replaced in the 6 well plate. SB-2 treated HCT cells were
grown for 24 or 48 h. At the end of the treatment, the cells were har-
vested by using trypsin by centrifuging at 14000 rpm, 4 ˚C and washed
twice with ice-cold PBS and stored at −80 ˚C until further analysis.
Proteins from the cell pellet were extracted by adding the Triton lysis
buffer [Triton X-100 buffer (50 mM Tris), (pH 7.5), 300 mM NaCl, and
0.5% Triton X-100] containing 2X phosphatase and protease inhibitor
(Thermo Scientific) for 20 min on ice. After centrifugation at 14000 rpm
for 15 min at 4 ˚C, the supernatant was collected and estimated for
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protein concentration by the Bradford’s method. The protein (40-50µg)
was separated by 12% SDS-PAGE, transferred on to the nitrocellulose
membrane (100 V, for 72 min) and immunoblotted with respective
primary and HRP-conjugated secondary antibodies. Immunoblots were
developed by chemiluminescence.

2.9. In vivo screening

Out of the 10 molecules synthesised, SB-2, showed potent activity in
both in silico and in vitro cytotoxicity studies. The compound also
proved effective in short term in vitro cytotoxicity studies. The com-
pound was, therefore, selected for in vivo anticancer activity in different
tumor models. The experimental protocols were approved by the
Institutional Animal Ethical Committee on animal experimentation of
JSS College of Pharmacy, Ootacamund, Tamilnadu, India, [JSSCP/
IAEC/PhD/Ph.Chem/02/2016–17].

2.9.1. Acute oral toxicity studies
The compound, SB-2, was evaluated for acute oral toxicity in female

Swiss albino mice as per OECD guideline for testing of chemicals,
“Acute oral toxicity study (acute toxic class method), Guideline No
423”. A limit test at a dose of 2000 mg/kg/bd.wt. was carried out with
six female mice. Overnight fasted mice (16–18 h) were weighed and the
prepared test substance was administered in a single dose (2000 mg/kg)
by oral gavage at a dose of 10 mL/kg/bd.wt. Animals were observed
individually after dosing at 0, 30 min and there after an hourly basis
with special attention given during the first 4 h and periodically during
the first 24 h and daily thereafter for a total of 14 days. Individual
weights of animals were recorded on day-0 (non-fasting), day-1
(fasting) shortly before the test substance was administered, on day 7
and 14. Weight changes were calculated and recorded.

2.9.2. In vivo anticancer studies

(I) Selection and maintenance of animals required for anticancer stu-
dies

Adult male Swiss albino mice (25–30 g) were used for the study.
They were housed in a groups of 6 per cage at 22 ± 1 °C for 12 h light/
12 h dark cycle. All the animals were acclimatized to the laboratory
environment for at least 48 h before the experiments. Food and water
were allowed ad libitum.

(II) Preparation of test compound and standard

The compound, SB-2, was suspended in distilled water using 0.3%
CMC and 5-FU was used as the standard.

(III) Effect of SB-2 on mice bearing DLA cells

DLA cells were procured from Amala Cancer Institute, Amala nagar,
Trissur, Kerala, India. The cells were maintained in vivo in Swiss albino
mice intraperitoneally. Swiss albino mice were divided into five groups
with six animals in each group. All the animals were injected with DLA
cells (1 × 105 cells) intraperitoneally except the normal control group.
This was taken as day zero. Group I served as normal control and Group
II as tumor control. These two groups received CMC suspension (0.3%)
administered orally. Group III served as a positive control and was
treated with standard 5-FU at 20 mg/kg p.o. Group IV and V were
treated with SB-2 at a dose of 50 and 100 mg/kg p.o., respectively. All
these treatments were given 24 h after the DLA cells were inoculated,
once daily for 10 days.

(IV) Effect of SB-2 on mice bearing EAC cells

Ehrlich tumor is a rapidly growing carcinoma with very aggressive

behavior. It grows in almost all mice strains. The Ehrlich ascitic tumor,
derived from a spontaneous murine mammary adenocarcinoma, is
maintained in the ascitic form by passaging in Swiss albino mice, by
intraperitoneal route. The protocol for this study was the same as de-
scribed earlier for the DLA model. The following antitumor parameters
were calculated for both DLA and EAC experimental models;

Average life span

Life span of the animals of all the groups was noted and the average
life span (ALS) was calculated for each group.

=ALS
survival time days of each mice in a group

Total number of mice in a group
[ ]

The Kaplan Meier survival curve was plotted for all the groups.
Percentage increase in life span (% ILS) was calculated from the average
life span.

= ×ILS ALS of treated group ALS of Control group
ALS of Control group

% 100

Body weight analysis

Body weight of the experimental mice were recorded for both the
treated and control groups, at the beginning of the experiment (day 0)
and sequentially on every alternate days during the treatment period.
Increase in body weight was observed using statistical analysis. All
values are expressed as mean ± SD. Statistical calculation was per-
formed by One-way Analysis of Variance (ANOVA) followed by Tukey’s
multiple comparison test. The results were considered statistically sig-
nificant if P < 0.05.

3. Results and discussion

3.1. Designing of novel β-Carboline based ligands

A virtual library of 750 β-Carboline analogs, substituted at the N9
position with different heterocycles such as 1,3,4-oxadiazole, 1,2,4-
triazole, 1,3,4-thiadiazole, pyrrole, thiophene, imidazole, furan, and a
fused ring, naphthalene, was designed. The molecules were substituted
with different aldehydes and heterocycles at the amino group of 1,3,4-
oxadiazole, 1,2,4-triazole, and 1,3,4-thiadiazole. Additionally, a series
of Schiff bases were designed by substituting the N9 position of β-
Carboline with five, six-membered and fused rings. A series of 1,3,4-
oxadiazole thione derivatives were also designed using different amines
and aldehydes. All the designed molecules were identified as novel
compounds by SciFinder.

3.2. Molecular docking & ADME/T study

Molecular docking study is the basis for analyzing selectivity and
further improvement of a ligand for specific inhibitor development. The
docking protocol used was validated by docking the co-crystallized li-
gand into the X-ray crystal structure of PLK-1 (2OWB). The super-
impositions indicated that the docked complex and crystal conforma-
tion overlapped well with the acceptable rms deviation of 0.5 Ǻ which
is within the permissible range, as a value of below 2.0 Å is considered
being a successful docking protocol. The ligands produced a large
number of conformations in the Prepare Ligand protocol. All the con-
formations were docked against the target protein PLK-1. Unique fea-
tures of the PLK-1 ATP binding site provide an opportunities for de-
signing of potent and selective inhibitors [5].

Among the 750 molecules designed with various heterocycles, the
molecules substituted with Schiff bases at the 9th position of the β-
Carboline resulted in good docking scores for the target PLK-1 com-
pared with the known inhibitor, BI-2536 and the co-crystal ligand
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(Table S1). This specificity is due to the presence of C]O linker in the
designed molecules and the unique features of the PLK-1 kinase do-
main. The designed molecules were well accommodated in the ATP-
binding pocket of the PLK-1 kinase domain. The residues most fre-
quently involved in the interactions were Phe183, Arg136, Cys133,
Cys67, and Arg134 (Table S2). The molecules were ranked on the basis
of the high docking score, interaction energy, in addition to favorable
H-bond, electrostatic and hydrophobic interactions.

Among the best ranked Schiff bases, the molecule, SB-2, substituted
with naphthyl ring showed the highest docking score and favorable key
interactions with the active site amino acids like the standard PLK-1
inhibitor, BI-2536 (Fig. S1) and co-crystal (Fig. S2). The C]O group
present in the molecule forms a hydrogen bond interaction with the
unusual residue, Arg136 which is located in the hinge region of the
ATP-binding pocket with a bond distance of 3.2 Å. Another H-bond
interaction was found between the key residue of Cys133 in the hinge
region of PLK-1 and –N atom of the pyridyl ring present in the core β-
Carboline scaffold with the calculated distance of 3.6 Å (Fig. 2).

The aromatic and pyridyl ring present in the β-Carboline scaffold
forms bidentate Pi-Pi interaction with the Phe183. The two aromatic
rings of the naphthalene ring form Pi-Pi interactions with Arg136 and
Arg57. The compound, SB-2, also showed hydrophobic interactions
with Val144, Leu130, Leu132, Ala80, Cys67, Lys61, Gly62, Gly60, and

Arg134. These multiple interactions collectively contribute to SB-2
binding affinity and specificity for PLK-1.

The first 10 ranked molecules which showed good docking scores
were further screened for their ADME/T properties using DS4.1 soft-
ware. The pharmacokinetic parameters of the selected molecules were
assessed by biplot ADME descriptions of DS4.1. A plot between AlogP
and PSA descriptors at 95% and 99% confidence ellipses was con-
sidered to be a more precise model for the cell permeability prediction.
The intestinal absorption model includes 95% and 99% confidence el-
lipses in the ADMET_PSA_2D Vs ADMET_AlogP98 plane, represents the
oral absorption of the selected molecules (Fig. S3). The in silico oral
absorption of the molecules was found to be extremely good and
showed good Blood-Brain Barrier penetration. All the molecules had the
AlogP < 5 and Polar Surface Area < 140 (PSA), values within the
permissible range (AlogP98 –1 to 5.9 and PSA of 0 to 132 Å2). The
molecules were found to be non-inhibitors of CYP2D6 enzyme and
showed low to moderate solubility (Table S3).

The in silico toxicity profile was assessed by TOPKAT model in
DS4.1. The molecules did not show any AMES mutagenicity, carcino-
genicity and hepatotoxicity. However, some molecules showed mild
skin irritancy during in silico prediction. In conclusion, all the 10 mo-
lecules had good binding interactions and acceptable ADME/T prop-
erties. These 10 molecules were, therefore, selected for synthesis.

3.3. Synthesis and characterization of lead molecules

Norharmane was esterified at the N9 position by treating with ethyl
chloroacetate in the presence of NaH exhaustively in dry condition to
obtain NAC (Scheme 1). NAC was purified by column chromatography
and characterized by IR, 1H, 13C NMR and HRMS analysis. The for-
mation of the ester function was confirmed by the disappearance of
–NH peak in IR and 1HNMR. It was also confirmed by the presence of
new signals at δ 5.091 (S, N-CH2), 1.2 (t, terminal eCH3 and 4.2 (q,
eCH2 group) ppm, in 1HNMR. The signals at 1195 (CeO), 1733 (C]O),
1442.54 (CeN) and 1626 (C]N) in IR spectra clearly indicate the
completion of the reaction. The signal at δ 167.886 ppm in 13CNMR
corresponds to the C]O group. The High-Resolution Mass spectrum
value matched with the molecular formula and calculated mass of the
synthesized compound.

The N9 substituted ester was transformed to hydrazide (CAH) by
treating the ester with hydrazine hydrate in ethanol. The formation of
the hydrazide was confirmed by the presence of eNH2 peak in IR and
1HNMR. Further, the disappearance of peaks which corresponds to the
ester function indicated the conversion of ester to hydrazide. It was also
confirmed by the presence of new signals at δ 5.108 (S, NeCH2), 7.3 (t,
eNH) and 2.5 (d, eNH2 group) ppm, in 1HNMR. The signals at 1649.12
(C]O) and 1442.95 (CeN) in IR spectra clearly indicate the completion
of the reaction. The signal at δ 166.90 ppm in 13CNMR corresponds to

Fig. 2. Molecular interactions of compound SB-2 with PLK-1 (Dotted green
lines represent the H-bond interaction). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Scheme 1. Synthesis of the key intermediate.
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the C]O group present in the amide function.
In Scheme 2, the compounds, SB-1 to SB-10 were prepared by Schiff

reaction utilizing hydrazide function and the respective aromatic/het-
erocyclic aldehydes in good yields. The transformation of the azo-
methine group by the condensation of respective aldehydes and amine
was characterized by the presence of C]N group in IR, 1H, and 13C
NMR analysis.

3.4. In vitro cytotoxicity screening by MTT assay

The compounds synthesized through Scheme 2 were evaluated for
their preliminary cytotoxicity screening on Vero and PC-3 prostate
cancer cell lines by MTT assay. The IC50 values were found to be greater
than 1 μM against Vero cell lines and 0.1–1.3 μM against PC-3 cell lines
(Table S4).

3.5. In vitro tumor cell line screening

In silico docking studies predicted that the designed molecules can
bind to PLK-1 which is up-regulated in multiple cancers including
lymphoma, leukemia, multiple myeloma, colon, prostate, gastric,
breast, head and neck cancers. A total of 9 compounds were further
evaluated for their cytotoxicity against 60 different human cancer cell
lines.

All the compounds were initially tested at a single dose at a high
concentration (10 μM) in the sixty-cell line panel (One-dose screen).
The compounds that satisfied predetermined threshold inhibition cri-
teria in a minimum number of cell lines were taken up for the five-dose
assay. The results are presented as the % growth of treated cells relative
to the control following 48 h of incubation.

All the compounds showed inhibitory activity (> =20%) on leu-
kemia HL-60 (TB) cell lines. Among the nine compounds, two com-
pounds, SB-2 and SB-3, showed significant cytotoxic activity against
most of the tested human cancer cell lines in the preliminary test.
However, SB-2, showed < 20% growth in 25 cell lines and lethality was
found in 9 cell lines at 10 μM across the 60-panel cell lines. The results
of the one dose screen were summarized in Fig. S4. The compound, SB-
3, showed < 50% growth in 23 cell lines and lethality was found with
ovarian cancer cell line [OVCAR-4: −60.03] and leukemia cell line
[RPMI-8226: −27.72] at 10 μM.

Based on the threshold inhibition criteria, SB-2 was further screened
for the five-dose (0.01, 0.1, 1.0, 10 and 100 μM) assay. The compound
showed a GI50 value in the range of 3–40 μM (Figs. S5 & S6) and ex-
hibited significant cytotoxicity on HCT-116, SR and RPMI-8226 cell
lines with GI50 values of 3.5, 6.3 and 7.8 μM, respectively.

3.6. Kinase selectivity evaluation

As the molecules were designed towards PLK-1 inhibition, the in-
hibitory potential of SB-2 was carried on 25 kinases (Fig. S7) of the STK
family. The kinases were selected on the basis of their previous reports
available for carboline derivatives. The compound, at a dose level of

15 µM, showed substantial PLK-1 inhibition (6.2 %control), and a
modest inhibition was found with PIM-2 and DAPK-3 (Fig. S8), namely
73 and 77 %control, respectively. These results were in tandem with the
in silico docking results.

3.7. Cell cycle analysis

To elucidate the mechanism by which SB-2 inhibits cell prolifera-
tion, its effect on cell cycle was evaluated. HCT-116 cells were treated
with 0–20 µM of SB-2 for 48 and 75 h (Fig. 3a & b). The DNA content
was analyzed by staining the cells with propidium iodide. The analysis
revealed an increase in the percentage of cells in the S phase from
20.16% (untreated control) to 38.29% (20 µM), followed with a con-
comitant decrease in the percentage of cells in G2 phase. No major
change was observed in the percentage of cells in G1 phase exposed at 5
and 10 µM. Only a slight reduction in the percentage of cells was ob-
served in G1 phase at 20 µM after 75 h treatment. After 48 h treatment,
an increase in the percentage of cells in S phase was observed from
18.08% (untreated cells) to 36.29% (20 µM of SB-2). Accumulation of
cells in G2 phase decreased from 8.0% (untreated) to 3.95% at 20 µM.
No major changes in SubG1 peak were observed after 48 and 75 h
treatment. These data suggest that, SB-2, induces slight apoptosis and
causes the cell cycle arrest between S and G2 phase in HCT-116 cells. It
is well known that PLK-1 expression is activated and peaks at late G2/
early prophase. However, its expression starts in DNA replication stage
basal level activity [22]. It can be proposed that the S/G2 phase cell
cycle arrest by SB-2 in HCT-116 cells may be due to the degradation of
PLK-1 expression.

3.8. Western blot analysis

The induction of apoptotic proteins, procaspase-3 and cleaved
PARP, were analyzed by western blot. A dose-dependent upregulation
of these protein levels was observed after 48 h treatment indicating that
SB-2 induces apoptosis after 48 h. The induction of apoptosis is seen at
2.5 µM with upregulation of caspase 3 at 2.5 µM followed by the clea-
vage of PARP (Fig. 4). However, treatment after 24 h did not activate
these proteins suggesting that SB-2 may be a slow binding inhibitor.

3.9. In vitro short term toxicity studies

In vitro short term toxicity studies were carried out against DLA and
EAC cells using standard procedures. The compound, SB-2 was screened
at 0–1000 µg/mL concentration on EAC and DLA cell lines. 100% cell
death was observed up to 125 µg against EAC and DLA cell lines. The
CTC50 value of SB-2 was found to be 58 and 65 µg against DLA and EAC
cells, respectively.

3.10. Acute oral toxicity studies

Acute oral toxicity was performed on Swiss albino female mice as per
OECD guidelines 423. SB-2 at a maximum dose of 2000 mg/kg/bd.wt was

Scheme 2. Synthesis of Schiff bases.
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administered at once by the oral route. The mice were observed for a
period of 14 days. The compound did not show any toxic signs, abnormal
neuronal behaviors and preterminal deaths. All the mice gained weight
throughout the observation period. Based on the results, the maximum
tolerated dose of the acute oral toxicity of the test compound, SB-2, in
Swiss albino mice was fixed as MTD > 2000 mg/kg.

3.11. In vivo anticancer studies

As SB-2 showed well in vitro cytotoxic potential on selected cancer
cell lines, it was further evaluated for in vivo anticancer activity on DLA
and EAC induced ascites tumor models. Ascitic tumor implantation is
known to induce per se local inflammatory reactions with an increase in
vascular permeability, resulting in an intense edema formation, cellular
migration, and a progressive ascitic fluid formation. The ascitic fluid is
essential for tumor growth since it constitutes the direct nutritional
source for tumor cells [23].

Effect of SB-2 on DLA bearing mice
SB-2 significantly increased the lifespan (Fig. 5) of the tumor in-

duced animals with a significant reduction in the body weight when
compared to tumor control mice indicating its potent anticancer
properties. The standard, 5-FU at 20 mg/kg, significantly (p < 0.05)
increased the ALS to 21.33 ± 1.54 days with the % ILS of 45.49%.
Treatment with SB-2 at 100 mg/kg significantly (p < 0.05) increased
the ALS of DLA bearing mice from 14.66 ± 0.66 to 19.66 ± 1.51 days
when compared to the DLA tumor control group. Percentage ILS of SB-2
at 100 mg/kg was found to be 34.09% which is comparable to standard
5-FU at 20 mg/kg. Only 11.39% of ILS was observed with 50 mg/kg SB-

2 treated group (Table S5).
The change in body weight of treated animals may be due to the

reduction in ascitic fluid volume which in turn may have restricted the
tumor progression. The increase in body weight of DLA bearing mice
was 41.530 ± 3.991. Treatment with SB-2 at 50 and 100 mg/kg/bd.wt
showed a significant reduction in the body weight (p < 0.05) when
compared to DLA tumor control and comparable with normal and
standard groups on day 14 (Table S6).

Effect of SB-2 on EAC bearing mice
The standard 5-FU at 20 mg/kg, significantly (p < 0.001) increased

the ALS to 25.33 ± 1.02 days with the % ILS of 74.68% (Fig. 6).
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Fig. 3. SB-2 mediated cell cycle arrest in HCT-116 cells after 48 (a) and 75 h (b).

Fig. 4. Western blot analysis of SB-2 in HCT-116 cells after 24 and 48 h.

Fig. 5. Kaplan-Meier survival curve for DLA Model.
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Treatment with SB-2 at 100 mg/kg significantly (p < 0.05) increased
the ALS of EAC bearing mice from 14.5 ± 1.09 to 18.66 ± 1.02 days
when compared to EAC tumor control group. The lifespan of the ani-
mals treated with SB-2 at 50 and 100 mg/kg increased by 28.68 and
16.06%, respectively (Table S7). When compared to the standard,
compound, SB-2 showed only a moderate effect on EAC induced model
at both the doses tested.

The increase in body weight of EAC bearing mice after 14 days of
tumor induction was 41.210 ± 3.991. Treatment with SB-2 at 50 and
100 mg/kg/bd.wt showed a significant reduction in body weight
(p < 0.05) when compared to EAC tumor control and comparable with
normal and standard groups on day 14 (Table S8).

4. Conclusion

A series of novel N9 substituted β-Carboline analogs were designed
as potential inhibitors of PLK-1. The molecules that showed good
binding interactions and acceptable ADME/T properties were synthe-
sized and evaluated for their anticancer activity. It was found that the
cytotoxic potential was more pronounced in β-Carboline moiety sub-
stituted with a naphthalene ring followed by indole ring. The order of
cytotoxic potential was observed as naphthalene > indole > 6-mem-
bered heterocyclic > 5-membered heterocyclic rings. The compound,
(E)-N'-(naphthalene-1-ylmethylene)-2-(9H-pyrido[3,4-b]indol-9-yl)
acetohydrazide (SB-2) substituted with a naphthalene ring showed
promising caspase-dependent antiproliferative activity. The suppres-
sion of cell proliferation may be due to the depletion of PLK-1 enzyme.
The inhibition of PLK-1 might be due to the interactions between SB-2
and the unusual residues, Arg136 and Leu132, present in the hinge
region of PLK-1 protein. Further studies are in progress to elucidate the
mechanism of action for its antiproliferative activity.
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