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a b s t r a c t

The quest for effective anticancer therapeutics continues to be extensively pursued. Over the past cen-
tury, several drugs have been developed, however, a majority of these drugs have a poor therapeutic
index and increased toxicity profile. Hence, there still exists ample opportunity to discover safe and
effective anticancer drugs. Aurora Kinase B (AurB), a member of the Aurora kinase family and a key
regulator of mitotic cell division, is found to be frequently overexpressed in a variety of human cancers
and has thus emerged as an attractive target for the design of anticancer therapeutics. In the present
study, a structure-based scaffold hopping approach was utilized to modify the heterocyclic moiety of (S)-
3-(3-aminopyrrolidine-1-carbonyl)-4,11-dihydroxy-2-methylanthra [2,3-b]furan-5,10-dione (anthra-
furan 1) to generate a series of heteroarene-fused anthraquinone derivatives, which were then subjected
to virtual screening for the identification of potential AurB inhibitors. The obtained hits were subse-
quently synthesized and evaluated by using a combination of in silico and biophysical techniques for
elucidating their in vitro binding and inhibition activity with recombinantly expressed AurB. Four
identified hits presented an improved binding profile as compared to their parent analog anthrafuran 1.
One derivative, anthrathiophene 2 demonstrated excellent in vitro inhibition of AurB (7.3 mM).

© 2020 Published by Elsevier B.V.

1. Introduction

The side effects of chemotherapy and drug resistance, including
the ‘gold standard’ doxorubicin, pose serious challenges to cancer
patients worldwide. Altered drug responses have been implicated
in raising the risk of developing secondary disorders including
cancer and cardiovascular anomalies [1,2]. This emphasizes the

need for exploration of newer drug targets for cancer therapy and
the search for their inhibitors. The Aurora family of kinases, a family
of key cell cycle regulators comprising highly conserved serine/
threonine protein kinases, are being considered to be novel and
effective therapeutic targets for cancer treatment [3e9].

Human cells express three different types of Aurora kinases,
namely, Aurora Kinase A (AurA), Aurora Kinase B (AurB), and Aurora
Kinase C (AurC). Several clinical studies have experimentally vali-
dated the overexpression of both AurA and AurB in human tumors,
including breast, lung, colon, ovarian, prostate, colorectal, and
pancreatic cancer [10e15]. The correlation between Aurora A/B
kinase overexpression and cancer has been further substantiated
over the years by analysis of numerous in vitro and in vivo
expression data. Owing to this, both AurA and AurB have been
projected as attractive drug targets for effective cancer treatment
[16e21]. Previous studies have shown that the AurA gene is over-
expressed in many tumor cells, leading to the development of new
AurA inhibitors. However, recently certain studies have indicated
that the overexpression of AurB, independent of AurA, is an
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important molecular marker in determining the extent of inva-
siveness, recurrence, and poor prognosis of various cancerous
phenotypes, reiterating its role as a critical coordinator of several
events of mitosis. Consequently, research interests have now shif-
ted to the discovery of AurB inhibitors and several pharmaceutical
companies are in the process of identifying potent and selective
inhibitors against it [22e30]. To date, only a handful of compounds,
selectively targeting human AurB have entered clinical trials e.g.
AZD1152 [30]. The increased toxicity profile of these synthetic
compounds and related side effects are a source of concern which
warrants the discovery and identification of novel therapeutic
compounds with reduced toxicity and increased specificity.

In the era of ever-advancing targeted anticancer therapy, the
anthracycline family of compounds and their analogs have proven
to be promising anti-tumor agents [31e35]. However, recent
studies including clinical use of these compounds have indicated
their frequent association with organ toxicity (heart and bone
marrow) in addition to altered drug response [36,37]. Hence, to
improve the efficacy, intracellular specificity, reduce toxicity, and
circumvention of drug resistance, the development of new gener-
ation of anthracycline-based drugs with their preclinical and clin-
ical evaluation is underway [38e42]. The anthraquinone moiety of
anthracyclines is largely responsible for its therapeutic properties
and thus is extensively used as scaffolds for the design of various
anti-cancer drugs. Recently, for the design of more effective ana-
logs, in silico scaffold hopping has emerged as a significant break-
through [43e45]. Utilizing this strategy, we identified various
anthrafuran compounds (Fig. 1) that are best-in-series derivatives
among anthra [2,3-b]furan-3-carboxamides and had a multi-target
antitumor effect including the inhibition of AurB [43,46].

In this study, we have computationally designed a series of

potential inhibitors of AurB, based on the chemical modifications of
the anthraquinone scaffold-based compound, anthrafuran 1. These
newly designed compounds were then subjected to molecular
docking and simulation studies with AurB. The top four screened
compounds were subsequently synthesized and evaluated for their
binding and inhibitory activity with recombinantly purified AurB.
These screened heteroarene-fused anthraquinone hits were found
to have enhanced binding and better inhibition profile as compared
to the parent anthrafuran 1 compound.

2. Materials and methods

2.1. Protein expression and purification of AurB

The N-terminal poly Histidine tag human AurB (55e344)
plasmid was procured from Nicola Burgess-Brown (Addgene
plasmid #39119) [47] and subsequently expressed in E.coli BL21
(DE3) RIL cells. The large-scale culture was carried out in 50 mg/mL
kanamycin and 35 mg/mL chloramphenicol supplemented Terrific
Broth with overnight expression at 20 �C using 1 mM IPTG.
Following expression, cells were harvested, centrifuged, and stored
at �80 �C until further processing.

For purification, binding buffer (50 mM Tris (pH 7.5), 500 mM
NaCl, 5 mMMgCl2, 10 mM imidazole, 5% (v/v) glycerol and 5 mM b-
mercaptoethanol) suspended cell pellet was lysed by ultra-
sonication and the resultant lysate was centrifuged at 21,000 g for
40 min. The clarified supernatant was loaded onto Ni-NTA column
pre-equilibrated with binding buffer. The columnwas then washed
with 10 column volumes of binding buffer containing 40 mM
imidazole followed by elution with 300 mM imidazole. The protein
was further purified by size exclusion chromatography using

Fig. 1. (A) Structure of the parent analog anthrafuran 1 used as scaffold for subsequent modifications (B) Structure of hit heteroarene-fused anthraquinone derivatives (2e5) derived
from anthrafuran 1.
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Superdex 75 16/60 columnwith 25 mM Tris (pH 7.5), 150 mM NaCl,
5 mM MgCl2, 2 mM DTT and 5% (v/v) glycerol. Protein fractions
were collected and concentrated to 5 mg/mL using a 10 kDa MWCO
Amicon filter for further studies. All the purification steps were
performed at 4 �C.

2.2. Generation of virtual heteroarene-fused anthraquinone
derivatives and molecular docking studies

A cocktail of compoundswas computationally designed utilizing
the planar four-ring heteroarene-fused anthraquinone scaffold of
parent analog anthrafuran 1 (Fig. 1A). The shape and environment
of the active site of AurB were central to the design of these mol-
ecules. Several modifications were introduced considering these
properties at heterocyclic core (Het) and positions R1, R2, R3 taking
the parent analog anthrafuran 1 as the base scaffold
(Supplementary Fig. S1AB). These positions involve the 4,11-
hydroxy groups of furanoquinizarin derivatives and (S)-(3-amino)
pyrrolidine cyclic diamine side chain. Previously, it has been shown
that the derivatives of 3-aminomethylnaphtho [2,3-f]indole-5,10-
dione possess high antiproliferative activity [48]. Hence, the
carbonyl group of the carboxamide fragment of anthrafurandione-
3-carboxamides was also modified. These modifications of the
scaffold (Supplementary Table S1) created a library of over 2million
chemical structure derivatives. All the generated compounds were
utilized for primary virtual screening and computational evaluation
for their drug-likeness potential and ADMET profile. The top 20
screened candidates were further evaluated based on binding en-
ergy and favorable interactions with target AurB resulting in the

filtering out of four hit compounds 2e5 (Fig. 1B).
For docking studies, the three-dimensional coordinates of Hu-

man AurB with co-crystallized ligand VX-680 were retrieved (PDB
ID: 4AF3) [47]. Docking studies of screened heteroarene-fused
anthraquinone hits with target AurB was performed after consid-
ering the binding site based on active site residues and the position
of co-crystallized inhibitor (VX-680). The target protein was pre-
pared for docking by Protein Preparation wizard (Schrodinger LLC)
[49]. Two-dimensional diagrams of screened derivatives were
drawn using the program Marvin Sketch [50] and their corre-
sponding 3D coordinates were generated through OPENBABEL
software [51]. These compounds were then further optimized using
LigPrep [52]. Multiple grids (5e15 Å) that defined a cube where the
ligand is proposed to bind were generated with the centroid of the
co-crystallized ligand. Glide (grid-based ligand docking) was uti-
lized for docking as it approximated a complete search of the
conformational, orientation, and positional space of the ligand in
the receptor [53]. The docked complexes were then analyzed for
their potential binding mode and protein-ligand interactions. The
docked complex with the best pose was refined by energy mini-
mization to get rid of any steric clash. Further, the minimized
docked complexes were incorporated into the Prime-MM-GBSA
module to elucidate their respective binding free energy scores
[54]. The top docked pose based on binding free energy and in-
teractions with AurB were selected for the confirmation of binding
complex stability through Molecular Dynamics (MD) simulation.

MD simulationwas carried out to assess the dynamic stability of
the protein-ligand complex for the specified time scales (50 ns)
using DESMOND [55]. NPT ensemble with temperature 300 K and

Table 1
Non-covalent interactions of hits within 4 Å with Aurora B. Residues involved in hydrogen bonding interactions are highlighted in bold.

Compounds Structure MM/GBSA binding energy
(kcal/mol)

Interacting residues (within 4 Å)

2 �60.7 Leu83, Gly84, Lys85, Phe88, Tyr156, Ala157, Arg159, Gly160, Glu161, Lys164, Glu
165, Glu204, Leu207

3 �45.5 Leu83, Phe88, Val91, Ala104, Lys106, Leu138 Leu154, Glu155, Tyr156, Ala157,
Gly160, Glu161, Glu204, Leu207

4 �47.2 Leu83, Gly84, Lys85, Phe88, Leu138, Leu154, Glu155, Tyr156, Ala157, Pro158,
Gly160, Glu161, Leu207

5 �34.1 Leu83, Val91, Ala104, Glu155, Tyr156, Ala157, Pro158, Arg159, Gly160, Glu161,
Lys164, Leu207
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pressure 1 bar was applied on all runs with relaxation time for each
complex set to 1ps. The OPLS2005 force field parameters were used
for all the simulation runs. The long-range electrostatic interactions
were calculated using the particle mesh EWALD method. The sys-
temwas prepared prior to simulation using the System builder tool
of Desmond. The boundary condition was defined by setting a
10 Å � 10 Å x 10 Å orthorhombic box around the protein with the
cut off radius of Coulomb interactions at 10 Å. The system was
solvated using the Simple Point Charge (SPC) solvent model and set
up in a 0.15 M NaCl solution to mimic the physiological conditions.
The stability of MD simulations was checked by monitoring the
overall RMSD of the protein-ligand complex.

2.3. Synthesis of compounds

NMR spectra were recorded on a Varian Mercury 400 Plus in-
strument operated at 400 MHz (1H NMR) and 100 MHz (13C NMR).
Chemical shifts were measured in DMSO‑d6 using tetramethylsi-
lane as an internal standard. Analytical TLC was performed on Silica
Gel F254 plates (Merck). Column chromatography was performed
using SilicaGel Merck 60. Melting points were determined using a
Buchi SMP-20 apparatus and are given uncorrected. High-
resolution mass spectra were recorded with electron spray ioni-
zation on a Bruker Daltonics microOTOF-QII instrument. HPLC was
performed using a Shimadzu Class-VP V6$12SP1 system, A:
0.01 M H3PO4 pH ¼ 2.6; B: MeCN. All solutions were dried over
Na2SO4 and evaporated at a reduced pressure using IKA RV 10 ro-
tary evaporator at < 45 �C. All products were vacuum dried at room
temperature. All solvents, chemicals, and reagents were obtained
from Sigma-Aldrich, St. Louis, MO unless specified otherwise, and
used without purification.

Compounds 1e3 were synthesized according to the previously
developed methods [43,56,57]. The purity of all samples was �95%.

4,11-Dihydroxy-2-methyl-5,10-dioxo-N-(piperidin-4-yl)-5,10-
dihydro-1H-naphtho [2,3-f]indole-3-carboxamide (naphthoindole
4).

A mixture of acid 6 (0.10 g, 0.3 mmol) and thionyl chloride
(0.2 mL, 2.8 mmol) in benzene (10.0 mL) was boiled for 30 min,
cooled to room temperature and evaporated under vacuum [58].
The resulting acyl chloride was immediately used at the next steps
without purification. To a suspension of crude acyl chloride in
anhydrous chloroform (5 mL) a solution of tert-butyl 4-
aminopiperidine-1-carboxylate (80 mg, 0.4 mmol) and pyridine
(0.1 mL, 1.2 mmol) in anhydrous chloroform (5 mL) was added. The
mixture was refluxed for 5 min, diluted with chloroform (20 mL),
washed with aqueous HCl (0.3 M) and water, then dried and
evaporated. The residue was purified by column chromatography
on a silica gel using chloroform-methanol (10:0 / 10:1) as the
eluent. The red solid obtained after evaporation was dissolved in
hot chloroform (10 mL). Methanesulfonic acid (0.2 mL, 3.1 mmol)
was added, the mixture was stirred overnight and evaporated. The
residue was dissolved in boiling water (1 mL), filtered, and the
product was precipitated with acetone-ether (4:1). The red solid
was collected by filtration, washed with acetone, Et2O, n-hexane
and dried. The yield of naphthoindole 4 was 0.10 g (66%) as a red
solid, mp > 250 �C. HPLC (LW ¼ 260 nm, gradient B 20 / 60%
(30 min)) tR ¼ 17.6 min, purity 99%. 1H NMR (400 MHz, DMSO‑d6)
d 14.91 (s, 1H, OH); 14.75 (s, 1H, OH); 13.12 (s, 1H, NH); 9.41 (d, 1H,
J ¼ 7.0, CONH); 8.59 (br s, 1H, NH2); 8.38 (br s, 1H, NH2); 8.12e8.10

(m, 2H, 6,9-Н); 7.79e7.77 (m, 2H, 7,8-Н); 4.03e4.00 (m, 1H, CH);
3.35e3.33 (m, 2H, (CH2)2NН); 3.17e3.12 (m, 2H, (CH2)2NН); 2.42 (s,
3H, СН3); 2.36 (s, 3H, SCH3); 2.13e2.10 (m, 2H, CH2); 1.79e1.74 (m,
2H, CH2). 13C NMR (100 MHz, DMSO‑d6) d 177.7 (C]O); 169.8 (C]
O); 164.4 (NeC]O); 164.3 (C); 161.9 (C); 144.4 (C); 132.0 (2CH);
130.8 (C); 130.0 (C); 129.9 (C); 124.8 (CH); 124.6 (CH); 122.5 (C);
115.4 (C); 106.1 (C); 105.6 (C); 43.0 (CH); 41.7 (2CH2NH2); 39.7
(SCH3); 27.7 (2CHCH2); 12.9 (CH3). HRMS (ESI) calculated for
C23H21N3O5 [MþH]þ: 420.1559, found 420.1530 (Supplementary
Fig. S2).

2-Benzyl-4,11-dihydroxy-1H-anthra [2,3-d]imidazole-5,10-
dione (anthraimidazole 5).

A mixture of 2,3-diaminoquinizarine 7 (0.50 g, 1.85 mmol) and
phenylacetic acid (5.00 g, 37 mmol) was stirred at 170 �C under
argon for 20min and poured intowater [59]. The producedmixture
was basified with aqueous NaOH (5 M) to pH ¼ 8, the solid was
filtered, washed with water and dried. The residue was recrystal-
lized from nitrobenzene. The yield of anthraimidazole 5 was 0.45 g
(69%) as a brown solid, mp > 250�С. HPLC (LW¼ 260 nm, gradient B
20 / 60% (30 min)) tR ¼ 17.6 min, purity 99%. 1H NMR (400 MHz,
DMSO‑d6) d 14.55 (s, 2H, OH); 13.95 (br s, 1H, NH); 8.33e8.31 (m,
2H, 6,9-Н); 7.93e7.90 (m, 2H, 7,8-Н); 7.36e2.25 (m, 5H, Ph); 4.24 (s,
2H, CH2). 13C NMR (100 MHz, DMSO‑d6) d 177.4 (2C ¼ O); 156.7 (C-
2); 136.4 (CPh); 133.3 (2CH, C); 132.1 (2C); 128.5 (C, 2Co�Ph); 128.2
(2Cm�Ph); 126.4 (C, Cp�Ph); 125.6 (2CH, C); 106.5 (2C); 34.2 (CH2).
HRMS (ESI) calculated for C22H15N2O4 [MþH]þ: 371.1026, found
371.1046 (Supplementary Fig. S3).

2.4. In vitro fluorescence binding

In vitro binding interaction of AurB with synthesized hits was
studied by monitoring tryptophan quenching. Experiments were
carried out with 1 cm path length quartz cuvette on Jasco Spec-
trofluorimeter (FP-6200) at pH 7.5 and 25 ± 0.1�С using a ther-
mostated water circulator. Ligands were dissolved in DMSO and
diluted to working concentration in TBST buffer (50 mM Tris,
150 mM NaCl, 1 mM DTT, 0.01% Tween 20). The fluorescence
emission experiment was conducted in the presence of each syn-
thesized hit compound (2e5) and parent anthrafuran 1 over a
concentration range of 1e200 mM. The emission spectra of AurB in
the presence of different concentration range of ligands were
collected in the wavelength range 300e400 nm after excitation of
tryptophan (Trp221, Trp257, and Trp326) at 280 nm. A non-
hydrolyzable analog of ATP, AMP-PNP was then utilized to deter-
mine its competitiveness with ATP. The competition assay was
carried out in the presence of different concentrations of com-
pounds 1e5 separately to evaluate the change in binding prowess
of AMP-PNP with AurB by following the protocol of Eathiraj and
Ashwell [60]. A complex of AurB (1 mM) was prepared at varying
concentrations (6.25, 25, 50, and 100 mM) of the compounds 1e5
separately and incubated for 1 h. In the same samples, AMP-PNP
were serially diluted (0 mMe200 mM). The competition between
the compounds and AMP-PNP was observed by comparing the
binding affinity of AMP-PNP with AurB alone and with the complex
of AurB and compounds 1e5 individually. For all the experiments,
the excitation and emission slit width were both set at 5 nm.
Spectra were taken for compounds in assay buffer without protein
for baseline correction. Parallel buffer controls were measured to
correct the background fluorescence quenching caused by the

Fig. 2. (A) Cartoon structure of AurB (light brown) with INCENP (blue) together with the surface representation of the protein indicating the active site pocket (black arrow) and
active site residues (cyan) important for its selective inhibition. (B) Surface representation of the binding region of AurB pinpointing the active site residues (cyan; ball and stick) and
other interacting residues (green; ball and stick) with the hit compounds 2e5. (C) MD simulation refined docked poses of hit compounds (C1) Anthrathiophene 2 (orange), (C2)
Naphthoisatine 3 (yellow), (C3) Naphthoindole 4 (deep salmon), (C4) Anthraimidazole 5 (cyan), with AurB (green). The compounds and the side-chain of interacting residues of
AurB are represented in ball and stick and hydrogen-bonded interactions are shown by black dashed lines.
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buffer if any. The results were analyzed by fitting the saturation
curve in the nonlinear equation (1) in the Sigma curve fitting
wizard for the determination of Kd value for all the compounds.

f ¼ aþ(b-a)*((xþ0.5þKd)-((xþ0.5þKd)^2-2*x)^0.5) (1)

2.5. Biolayer interferometry (BLI) assay

The binding interactions between AurB and the synthesized
compounds 1e5 were further monitored in real-time by perform-
ing BLI assay with the Octet-Red 96 system (Fort�eBio Inc., USA) [61].
His tagged AurB was first captured onto Ni charged NTA sensors
and the unbound AurB was washed using the assay buffer (25 mM
HEPES pH 7.4, 200 mM NaCl, and 0.01% Tween 20 supplemented
with 0.2 mg mL-1 BSA). To initiate association, AurB loaded sensors
were then incubated in the presence of a serially diluted concen-
tration of each analyte (synthesized compounds) at 1000 rpm for
180e360 s till saturation was achieved in independent binding
experiments. The dissociation of the protein-compound complex
was thenmonitored by dipping sensors in assay buffer alone for the
same period. A reference sensor without bound AurB was simul-
taneously subjected to the same protocol as the NTA sensors loaded
with the ligand for baseline correction. The experiments were
carried out in triplicates at a constant temperature of 25 �C in
Greiner 96 well black microwell plates. The real-time data were
analyzed and Kd values were determined using Curve fit (1:1, as-
sociation; dissociation) model in the Octet® software.

2.6. ADP-Glo™ kinase assay

The inhibitory activity of hit heteroarene-fused anthraquinone
derivatives with AurB was assessed by performing the ADP-Glo™
kinase assay according to the manufacturer’s protocol [62]. Prior to
the inhibition experiments, a kinase titration experiment was done
to standardize the optimal amount of AurB required for the sub-
sequent dose-response curve. The lab synthesized hetero-
anthraquinone hits were then incubated with recombinant human
AurB for few hours at 25 �C. The inhibition assay was carried out in
96-well solid white, round bottom plate in a volume of 20 mL

containing 9 nM/well AurB, 0.1 mg/mL MBP substrate, 5 mL of serially
diluted compound, and 10 mM ATP. The reactions in each well were
started by the addition of ATP immediately and the reaction plate
was incubated for 60 min at 25 �C. 20 mL of ADP Glo™ reagent was
then added to each well and further incubated for 40 min at 25 �C.
This step converts ADP into ATP and depletes the unused ATP.
Finally, 40 mL of kinase detection reagent was added in each well
and the resultant luminescence was recorded after 30 min of
further incubation at 25 �C with Spectramax® i3x Multi-Mode
Microplate reader (Molecular Devices). The resultant decrease in
luminescent intensity was directly correlated with the inhibition
efficiency of each hit by Curve fitting using GraphPad Prism®
sigmoidal dose-response ((log) vs three parameters) software.

2.7. MTT assay

The cytotoxic effect of synthetic compounds 2e5 and parent
anthrafuran 1 was determined on two different AurB over-
expressing Saos-2 (osteosarcoma) and MDA-MB-453 (breast sar-
coma) cell lines (National Centre For Cell Science (NCCS), Pune,
India) along with the non-cancerous HEK-293T cell line as control.
In each well around 8000 cells were seeded in a 96-well plate along
with 200 mL of complete DMEM media (Gibco, Thermo Fisher Sci-
entific) containing 10% FBS and 1% Antibiotic and Antimycotic. The
media was discarded on the next day and cells were treated with
200 mL of different concentrations (1, 3.5, 7, 10, 15, 20, 30, 40, 50, 75,
and 100 mM) of compounds along with control in 6 replicates and
then cells were incubated for 24 h in CO2 incubator. After incuba-
tion, 20 mL of 5 mg/mL MTT solution prepared in 1X PBS was added
and the cells were again incubated for 4 h. Further, the wells were
decanted and Formazone crystals were solubilized in 80 mL DMSO
and kept cells at room temperature for 15 min. Finally, the optical
densities were measured in Spectramax i3x at 575 nm.

The cytotoxicity was calculated using the formula:

% cytotoxicity ¼ (1-(absorbance of test/absorbance of control))
x 100

Fig. 3. Scheme 1 e Schema for synthesis of 4,11-dihydroxy-2-methyl-5,10-dioxo-N-(piperidin-4-yl)-1H-naphtho [2,3-f]indole-3-carboxamide (naphthoindole 4); Scheme 2 e

Schema for synthesis of 2-benzyl-4,11-dihydroxy-1H-anthra [2,3-d]imidazole-5,10-dione (anthraimidazole 5).
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Fig. 4. Binding studies of hit compounds with AurB using fluorescence spectroscopy. (A1-A5) The emission spectra of AurB (3.0 mM) in the presence of different concentrations of
compounds 1e5 (0e200 mM) was collected in the wavelength range 300e400 nm after excitation of the tryptophan residues (Trp221, Trp257, and Trp326) at 280 nm. (B) The values
of fluorescence intensity at 338 nm plotted as a function of ligand concentration to determine the binding parameters.
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3. Results

3.1. Identification of anthrafuran analogs by assessing protein-
ligand interactions

The library of heteroarene-fused anthraquinone derivatives was
designed with substitutions at different positions of the ring
keeping parent compound anthrafuran 1 (Fig. 1A) as the reference
molecule. The core of all these compounds comprised the initial
scaffold which is a planar polycyclic molecule enabling it to
comfortably sit in the non-polar binding pocket of AurB. All the
designed structures were subsequently docked into the active site
of AurB. The protein-ligand complexes were analyzed for their
binding interactions. Themolecular docking resulted in filtering out
four compounds 2e5 (Fig. 1B) which gave better binding energy
and molecular interactions than the parent compound anthrafuran
1 [43]. The Molecular Mechanics/Generalized Born Surface Area
(MM/GBSA) binding energy of all the obtained hits are summarized
in Table 1.

The docking calculations were followed by MD simulation of
each AurB-hit complex to evaluate the stability and the flexibility of
the designed hits. The ability of the complex to remain bound in the
presence of an explicit solvent was also assessed. The RMSD fluc-
tuations of the atomic positions of both protein and each bound
ligand were between 1 and 3 Å for a notably large part of the
simulation time indicating the stability of the complex in the active
site. The active site residues and amino acid residues located in the
hydrophobic pocket situated near the active site of the protein
(Fig. 2AB) were majorly observed to interact with the compounds
2e5.

The 4,11-bis(2-(2-chloroacetamidino)ethyl)anthra [2,3-b]thio-
phene-5,10-dione (anthrathiophene 2) has the largest side-chain
amongst the four derivatives 2e5. Its core scaffold reorients itself
to adjust the large substituent in the binding pocket enabling
strong hydrophobic interaction of 11-((2-chloroacetamidino)eth-
ylamino) arm with Phe88. Additionally, the thiophene ring of
anthrathiophene 2 is involved in hydrophobic interactions with
Tyr156 and Ala157. The hydrophobic core of anthrathiophene 2 is
surrounded by the side chains of hydrophobic residues Leu83,
Gly84, Gly 86, Gly 89, Phe88, Val91, Leu138, Leu154, Tyr156, Ala157,
Gly160, Leu207 as also observed for other hit derivatives.

The positively charged nitrogen atom of 11-((2-
chloroacetamidino)ethylamino) and 4-((2-chloroacetamidino)eth-
ylamino) armwere involved in stable hydrogen-bonded interaction
with the main chain carbonyl oxygen of Glu204 and Arg159
respectively. Another strong hydrogen bond was observed between
the 10-carbonyl oxygen of the anthraquinone moiety and the
Glu161 side-chain. Significant cation-p interaction between the
primary benzene ring of the heteroarene-fused anthraquinone core
and the main chain nitrogen of Lys164 majorly contribute to the
stabilization of the ligand-protein complex in the binding pocket of
AurB (Fig. 2 C1).

The binding mode of 4,11-dimethoxy-1H-naphtho [2,3-f]isa-
tine-5,10-dione (naphthoisatine 3) in the ATP binding pocket of
AurB was found to be similar to the co-crystallized inhibitor, VX-

680, which targets the ATP binding pocket of AurB and over-
lapped well with its pyrazole-benzimidazole core [47]. The poly-
cyclic system of naphthoisatine 3 was observed to be involved in
several stable van der Waals interactions with hydrophobic side-
chains of surrounding amino acids at the binding pocket. The
carbonyl oxygen of the anthraquinone core formed a strong hy-
drophobic interaction with the phenyl residue of Phe88. Additional
interactions were observed between the methoxy groups of
naphthoisatine 3 and the side-chain carbon atoms of Leu207. The 2-
carbonyl oxygen of the pyrrole-2,3-dione ring of naphthoisatine 3
revealed water-assisted hydrogen bonding interaction with the
side-chain amino group of Lys106 (Fig. 2C2).

The predicted binding mode of 4,11-dihydroxy-2-methyl-5,10-
dioxo-N-(piperidin-4-yl)-1H-naphtho [2,3-f]indole-3-carboxamide
(naphthoindole 4) was quite similar to anthraimidazole 5 with
the planar fragment nearly stacking with the docked orientation of
each other. The 11-hydroxy oxygen of the anthraquinone core was
involved in a stable hydrogen bond main chain nitrogen of Ala157
(Fig. 2C3). Further stability to the complex was provided through
van der Waals interactions notable being the side-chain of Leu138
with the aromatic D ring of the tetracyclic system of the ligand and
phenyl carbon of Phe88 with the side-chain of carboxamide
piperidine substituent.

For 2-benzyl-4,11-dihydroxy-1H-anthra [2,3-d]imidazole-5,10-
dione (anthraimidazole 5), the predicted orientation was found to
be reasonably similar to naphthoisatine 3. The polycyclic core of
anthraimidazole 5 was observed to be completely immersed in the
hydrophobic cavity of the ATP binding pocket and was stabilized by
the side-chain residues of Leu83, Phe88, Leu138, and Leu207. The
10-quinone oxygen of anthraimidazole 5 formed a strong hydrogen
bond with the Ala157 amino group, further stabilizing the complex
(Fig. 2 C4).

The binding modes of two derivatives, naphthoindole 4 and
anthraimidazole 5 are comparable to the parent heteroarene-fused
anthraquinone anthrafuran 1 including similar hydrogen-bonding
interactions with Ala157 [43]. Derivative anthrathiophene 2 has a
bulky substituent, and formed hydrogen bonding interaction with
Arg159, Glu161, and Glu204 and additional strong cation-p inter-
action with Lys164 which can be attributed to the stabilization of
the protein-ligand complex. The derivative, naphthoisatine 3, was
stabilized through a water-mediated hydrogen bond. The simula-
tion refined non-covalent interactions for each hit is summarized in
Table 1. For experimental validation of the proposed molecular
models, synthesis and biological estimation of derivatives 2e5 and
parent anthrafuran 1 were carried out.

3.2. Chemistry behind the synthesized hit compounds

Compounds 1e3 (Fig. 1AB) were prepared following the previ-
ously developed methods [43,56,57], while for the derivatives
naphthoindole 4 and anthraimidazole 5 we have developed new
synthetic schemes. The starting compounds 6 and 7 for target
transformations were prepared in accordance with previously
described procedures [58,59]. Naphthoindole 4 was obtained from
the corresponding carboxylic acid applying the same method used

Table 2
Binding affinity (Kd, mM) of heteroarene-fused anthraquinones 1e5 with Human AurB.

Compounds Biolayer Interferometry (Kd, mM) Fluorescence Spectroscopy (Kd, mM)

1 29.0 ± 0.6 24.0 ± 3.2
2 4.2 ± 0.1 9.8 ± 0.6
3 14.5 ± 0.3 13.1 ± 1.7
4 14.3 ± 0.3 14.5 ± 2.3
5 23.7 ± 1.1 22.4 ± 4.3
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Fig. 5. BLI experiments plotted on a linear scale indicate the association and dissociation curves at varying concentration for compounds 1e5. The human AurB protein (50 mg/mL)
was immobilized on the NTA sensor and dipped in each compound at different concentrations till saturation. The compound concentration of 100 mM (green), 50 mM (blue), 25 mM
(red), 12.5 mM (purple) and 6.25 mM (yellow) were used for each compound.
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for the synthesis of parent analog anthrafuran 1. In particular,
boiling of naphtho [2,3-f]indole-3-carboxylic acid 6 with SOCl2
formed acid chloride which was used for acylation of 1-Boc-4-
aminopiperidine (Fig. 3; Scheme 1). Intermediate Boc-protected
amide was purified by column chromatography and then treated
with methanesulfonic acid to produce naphthoindole 4. On the
other hand, heating of 2,3-diamino-1,4-dihydroxyanthraquinone 7
with phenylacetic acid at 170 �C in an inert atmosphere gave
anthraimidazole 5 in good yield (Fig. 3; Scheme 2).

3.3. Binding of compounds with AurB

The fluorescence emission was measured to monitor the in vitro
binding affinity of synthesized compounds 1e5 with AurB in the
concentration range of 1e200 mM using Tryptophan (Trp)
quenching as a probe. Change in emission spectra of tryptophan
(Trp) residues (Trp221, Trp257, and Trp326) was observed in
response to ligand binding as it affected the environment sur-
rounding the indole ring of Trp in a distance-dependent manner.
The maximum tryptophan fluorescence of AurB with ligand
occurred between 338 and 340 nm (Fig. 4A1-A5). Binding of the
compounds with AurB resulted in shifts of 2e3 nm fluorescence
emission maxima to lower wavelength hypsochromic shift or blue
shift in a ligand concentration-dependent manner. Such a blue shift
of fluorescence peaks occurs when Trp is buried deeper and
shielded away from the hydrophobic environment. Change in the
microenvironment of Trp residues reveals a conformational change
in protein and consequently strength of protein-ligand interaction
[63]. The binding of ligands to AurB also decreased the Trp fluo-
rescence intensity in a ligand concentration-dependent manner.
This is due to the change in polarity of the Trp environment from
polar to nonpolar as it is more buried from the polar environment.
Maximum fluorescence intensity at 338 nm (lmax) versus concen-
trations of ligand was plotted to generate saturation curves for each
ligand (Fig. 4B) and Kd value for all the compounds determined
(Table 2). All the synthesized derivatives were shown to possess

improved binding affinity and saturation property even at low
concentrations; easily superseding the observed results for parent
analog anthrafuran 1. The observed order of binding affinity of
compounds with AurB is in good agreement with the docking re-
sults revealing derivative anthrathiophene 2 to possess an
enhanced binding profile.

Further, the AMP-PNP competition assay indicated that the
quenching of Trp fluorescence (decrease in fluorescence intensity)
is more at lower concentration (6.25 mM) of compounds 1e5. On
increasing the concentration of the compounds to 25, 50, and
100 mM a decrease in quenching was observed (Supplementary
Fig. S4AB and S5A-E). The dissociation constant (Kd) were calcu-
lated from the nonlinear, single-site saturation model for each
curve (Supplementary Fig. S6). Values of Kd for AMP-PNP in the
presence of an increasing concentration of compounds 1e5 in-
creases concomitantly (Supplementary Tables S2 and S3). These
results suggest that the Kd value for AMP-PNP increases (or binding
affinity decreases) with increasing concentration of compounds
1e5.

3.4. Specificity inferred from real-time binding experiments

To elucidate the real-time binding kinetics in addition to the
verification of steady-state affinity (Kd) for synthesized
heteroarene-anthraquinone hits, biolayer Interferometry assay
(BLI) was performed with purified AurB. The association of each
compound with the protein occurring on the surface of the
biosensor can be determined by a resultant shift in the wavelength
of the sensorgram in real-time. The parent analog anthrafuran 1
was used as the reference control to observe the real-time binding-
kinetics and compare the obtained binding affinity of the synthe-
sized compounds 2e5 with AurB. The addition of increasing con-
centrations of compounds 1e5 resulted in varied wavelength shifts
in the sensorgrams for each compound depicting their differential
ability to bind AurB. A significant shift in the association curve in a
concentration-dependent manner was detected in the BLI experi-
ments involving anthrathiophene 2 and naphthoindole 4 indicating
strong interaction of these synthetic compounds with AurB. A
lesser yet reasonable association was detected for the remaining
heteroarene-fused anthraquinones hits naphthoisatine 3 and
anthraimidazole 5 while parent anthrafuran 1 showed the least
binding profile. The real-time binding curves obtained by fitting the
data globally to the 1:1 binding model as well as the disassociation
constant (Kd) (calculated from the ratio of Kon (association) and Koff
(disassociation) constants) confirmed the robust binding of syn-
thesized hits (2e5) with AurB. This was evident from their faster
association rate and considerably slower dissociation rates as
compared to parent anthrafuran 1 (Fig. 5). The results obtained
from this experiment were compared with the data from the
fluorescence assay results (Table 2).

3.5. AurB activity of the designed compounds by kinase assay

The in vitro binding experiment results indicated enhanced
binding of the synthesized hits 2e5 with AurB as compared to
parent anthrafuran 1. The inhibitory effect of these derivatives was
also evaluated in relation to parent anthrafuran 1 to better correlate
and estimate their differential potency against AurB. Preceding to
assay assessment of the compounds, a kinase titration experiment
was performed for AurB which revealed an excellent Km of 7.7 nM.
The difference in the overall activity was observed as a decrease in
the kinase activity of AurB. This occurs due to decreased utilization
of ATP upon incubation with an increasing concentration of ATP-
competitive compounds. This phenomenon was measured
through the ADP GLO assay as the resultant decrease of

Fig. 6. Dose-response curve was created using 9 nM of AurB to determine the potency
of heteroarene-fused anthraquinone derivatives 1e5. Curve fitting was performed
using Graphpad Prism® sigmoidal dose-response ((log) vs three parameters) software.
Data points are the average of two independent determinations with the error bars
indicating ± S.D. IC50 values for each tested compound are given with respective colors.
Inset: Kinase assay was performed for AurB (9 nM) and MBP substrate (0.1 mg/mL) with
various concentrations of ATP and AMP-PNP (0e200 mM) to check the hydrolysis of
AMP-PNP to ADP in comparison to ATP. Significant luminescence was recorded for each
increase of ATP concentration but insignificant luminescence was detected in the re-
action involving AMP-PNP which shows the failure of hydrolysis of AMP-PNP and non-
release of gamma phosphate and formation of ADP.
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luminescence emitted by utilized ATP in the experiment (Fig. 6).
Anthrathiophene 2 gave the best IC50 of 7.3 mM followed by
naphthoindole 4 (17.7 mM), naphthoisatine 3 (29.8 mM),

anthraimidazole 5 (33.5 mM) with the least IC50 value of 45.7 mM
obtained for parent anthrafuran 1. The IC50 in the micromolar range
suggests that the compounds are promising lead compounds
against AurB and can be taken forward for further structure
optimization.

3.6. Antiproliferative potency of the designed heteroarene-fused
anthraquinones

Overexpression of AurB has been linked to poor prognosis in
several malignant tumors including breast and bone sarcoma
[64,65]. Thus, to test the efficacy of synthesized hit compounds 2e5
and parent analog anthrafuran 1, MTT assay was performed with
Saos-2 (osteosarcoma) and MDA-MB-453 (breast sarcoma) cell
lines. In Saos-2, anthrathiophene 2 showed the highest cytotoxicity
in a dose-dependent manner at 24 h’ treatment with the IC50 value

Fig. 7. Cytotoxicity % of compounds 24 h’ incubation with (A) Saos-2 and (B) MDA-MB-453 cell line by MTT assay. The assay was performed in 96 well microtiter plates in 6
replicates. The obtained data were analyzed and plotted in the Sigma plot software.

Table 3
Antiproliferative activity (IC50, mM, 24h) of heteroarene-fused anthraquinone de-
rivatives 1e5 against AurB over-expressing MDA-MB-453 and Saos-2 cell lines and
noncancerous HEK 293T cell line.

Compounds IC50, mM

MDA-MB-453 Saos-2 HEK 293T

1 >100 >100 >100
2 4.0 7.0 15
3 2.7 79.5 >100
4 >100 15 >100
5 90 >100 >100
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of 7 mM, followed by naphthoindole 4 with IC50 of 15 mM. These
correlated with the outcome of previous results obtained in this
study. Concurrently, naphthoisatine 3, and anthraimidazole 5 was
observed to achieve lesser cytotoxicity in Saos-2 cells with IC50
values of 79.5 mM and 90 mM, respectively. Parent compound
anthrafuran 1 showed the least cytotoxicity against tested cells and
IC50 was not reached within the different concentrations used
(Fig. 7A).

In MDA-MB-453, naphthoisatine 3 performed best among the
rest of the compounds with a better overall IC50 value of 2.7 mM
with comparable cytotoxicity to anthrathiophene 2 which showed
slightly lesser yet significant IC50 of 4.0 mM. The IC50 for derivatives
naphthoindole 4, anthraimidazole 5, and parent anthrafuran 1 was
not reached, although naphthoindole 4 showed a peak cytotoxicity
of 48.4% at 75 mM concentration (Fig. 7B). The resulted IC50 values
(Table 3) of derivative anthrathiophene 2 correlate well with the
experimental values obtained by cell-free ADP Glo-Assay and other
in vitro techniques forwarding the case of anthrathiophene 2 as a
potential effective AurB inhibitor.

The compounds was evaluated further on Human HEK 292T
non-cancerous cells (Table 3, Supplementary Fig. S7). The com-
pound anthrathiophene 2 revealed the IC50 value of 15 mM which
was found to be less than half when compared to 7 mM of Saos-2
and 4 mM of MDA-MB-453. The cytotoxic effect of the parent
compound anthrafuran 1 was found to be comparatively higher in
these cells as compared to cancerous cells. The other compounds
3e5, displayed comparatively lower cytotoxic effect on HEK 293T
compared to cancerous cell lines indicating that these compounds
are less toxic to normal cells. Additionally, the specificity of com-
pounds 1e5 against cancer cells with different levels of Aurora B
expression was estimated with A549 Human lung carcinoma cells
which overexpressed AurB gene [66,67] compared to HCT116 hu-
man colon carcinoma cell line with median AurB expression [68]. It
was observed that derivative 2 exhibited the best binding to Aurora
B kinase up to 4 times and inhibited proliferationmore efficiently of
A549 cells with overexpressed AurB gene (Supplementary
Table S4). This indicates that Aurora B kinase could be one of the
main targets of anticancer action of heteroarene-fused
anthraquinones.

4. Discussion

An intensive study of heterocyclic derivatives annelated to
anthraquinone core resulted in the discovery of anthra [2,3-b]
furan-3-carboxamides, a potent class of antitumor compounds [43].

Among them, the derivative anthrafuran 1 demonstrated a prom-
ising multitargeted action on tumor cells, and in particular,
inhibited phosphorylation of protein kinase, AurB [69].

The three isoforms of human Aurora kinase (A, B, and C), have a
conserved ATP binding pocket [5]. However, there exists a signifi-
cant difference in the active site residues of AurA and AurB. In AurA,
the three active site residues, Leu 215, Thr217 and Arg 220 are
substituted with three different residues, Arg159, Glu161, and
Lys164 in AurB (Fig. 2A), near the solvent-exposed region of the
protein. Various studies have suggested that targeting these resi-
dues in the active site can lead to selective inhibition of AurA or
AurB [29,70]. It has been demonstrated that in a series of indur-
ubins, aurora kinase sub-type selectivity can be explained by the
differential interaction of the inhibitor with Thr217/Glu161 residue
[71]. Thus, with the aim to identify novel compounds with
enhanced activity and specificity against AurB, a scaffold-hopping
approach was adopted based on derivative anthrafuran 1, which
yielded a series of heteroarene-fused anthraquinone derivatives.

Computational screening of virtually modified derivatives of
anthrafuran 1 resulted in shortlisting of top four derivatives from
molecular docking and MD simulations studies which target AurB
(Fig. 1B). The in silico results distinctly revealed the promising
binding profiles for all the four derivatives which were subse-
quently synthesized. The prepared compounds experimentally
validated the in silico findings and established that the designed
derivatives possessed better binding affinity than the parent analog
anthrafuran 1. Anthrathiophene 2 demonstrated potent (at sub-
micromolar or low micromolar concentrations) activity in binding
and cell-free assays (Table 2). All the studies clearly pinpoint that
anthrathiophene 2 is the most potent derivative followed by
naphthoindole 4 with naphthoisatine 3 and anthraimidazole 5
exhibiting the least inhibitory potential. These findings are further
complemented with the data obtained from AurB over-expressing
tumor cell - based MTT assay.

The molecular docking followed by MD simulations reveals that
the derivatives bind preferably in the active site of the protein. The
docking suggested that the most favorable modifications were
those at positions 4 and 11 of ring B and 2 and 3 in the furan ring A.
The overall binding mode of the core scaffold is similar in terms of
position and orientation in three of the four derivatives 3e5.
However, due to the bulky 4,11-bis((2-(chloroacetamidino)ethyl
amino substituents at the 4,11-positions, anthrathiophene 2 dis-
played a slightly different orientation in the active site region of
AurB (Fig. 8). The 4,11-side chains of anthrathiophene 2 were
observed to orient themselves to maximize the interactions with
the protein active site residues. The mode of binding for all the
compounds in the active site occurred with minimal conforma-
tional perturbations during complexation. The core scaffold of the
heteroarene-fused anthraquinone derivatives in the protein-
inhibitor complexes is stabilized majorly through hydrogen
bonding and hydrophobic interactions. The precise interactions
occurring between the compound and AurB play a central role in
determining the specificity of each derivative.

Both fluorescence and BLI binding studies demonstrated that
compounds 2e5 had substantially enhanced Kd values compared to
parent anthrafuran 1. Anthrathiophene 2 displayed the best overall
binding profile with AurB. The kinase assays also supported this
finding. The better binding of anthrathiophene 2 can be attributed
to the strong cation-p interaction of the D benzene ring of the
polyannelated core with side-chain nitrogen of Lys164 of AurB. This
is further complemented by additional hydrogen-bonded and hy-
drophobic interactions of its chloroacetamidine-bearing arms with
the surrounding amino acid residues as evident from molecular
docking and MD simulation studies. Hence, the computational and
experimental analyses support each other and are in good

Fig. 8. Superimposition of hit heteroarene-fused anthraquinones (2e5) in the binding
pocket of AurB. The superimposed compounds are represented as ball-and-stick with
Anthrathiophene 2 (orange); Naphthoisatine 3 (yellow); Naphthoindole 4 (deep
salmon) and Anthraimidazole 5 (cyan).
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agreement.
These studies underlined the significance of the various sub-

stitutions in the modified parent compound anthrafuran 1 whilst
reiterating the importance of the hydroxyl groups at the 4,11-
positions and the 3-carboxamide moiety of anthra [2,3-b]furan-3-
carboxamides in their ability to effectively bind at the active site
of AurB. The additional modifications of the 3-
carboxaaminopyrrolidine moiety of anthrafuran 1 for naph-
thoindole 4 further augment its inhibition competence. In case of
anthrathiophene 2, the substitution of the 4,11-hydroxyl groups
with 2-((chloroacetamidino)ethyl)amines, permits further reor-
ientation in the active site. This enables the formation of necessary
stable interactions (Arg159, Glu161, and Lys164) with AurB essen-
tial for its potent and selective inhibition. These interactions can be
attributed to the observed increased potency of anthrathiophene 2
compared to other derivatives in in vitro inhibition of AurB. The
large side-chains of anthrathiophene 2 enter and interact inside the
groove of the binding pocket of AurB competing with ATP to form
strong hydrogen bond and cation-p interactions while concomi-
tantly decreasing the activity of AurB.

5. Conclusion

The present study has potentiated the enhanced binding and
inhibition profile of all the four derived hit compounds (2e5) with
target AurB as compared to parent analog anthrafuran 1. Anthra-
thiophene 2 was found to have excellent inhibition activity in cell-
free (ADP Glo Kinase) as well as cell-based (MTT) assays. Hence,
targeting AurB by these novel heteroareneanthracenedione lead
compounds can prove to be an effective approach to manage the
clinical manifestations of various cancers attributed to over-
expression of AurB. Overall, our results encourage the use of
heteroarene-fused anthraquinone scaffold to design and develop
novel therapeutics against AurB.
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