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ABSTRACT: Human Aurora kinase A (AurA) has recently
garnered the attention of researchers worldwide as a promising
effective mitotic drug target for its involvement in cancer and
related inflammatory anomalies. This study has explored the
binding affinity of newly identified heteroarene-fused anthraqui-
none derivatives against AurA. Molecular docking analyses showed
that all the heteroanthraquinone compounds bind to AurA with
different affinities. Molecular dynamics simulation studies revealed
that the compounds maintained relatively stable binding modes in
the active site pocket while inducing minimal conformational
changes in the AurA structure, interacting with key residues
through several noncovalent interactions, including hydrogen
bonds. Fluorescence spectroscopy and biolayer interferometry
binding assays with synthesized compounds against recombinantly expressed AurA further verified their binding efficacy.
Naphthoisatine 3 proved to be the best binder, with compounds anthraimidazole 5 and anthrathiophene 2 showing comparable
results. Overall, this study indicates decent binding of heterocyclic derivatives of anthraquinone with the target AurA, which can
further be assessed by performing enzymatic assays and cellular studies. The studies also highlight the applicability of the
heteroarene-fused anthraquinone scaffold to construct selective and potent inhibitors of Aurora kinases after necessary structural
modifications for the development of new anticancer drugs.

1. INTRODUCTION
The process of centrosome amplification is considered a
“hallmark” of cancer cells and is commonly accompanied by
chromosome segregation activity in the mitotic cell cycle. The
phases in the cell cycle are firmly controlled through mitotic
kinases, among which the Aurora kinase family, comprising
human Aurora kinase A (AurA), human Aurora kinase B
(AurB), and human Aurora kinase C (AurC), ensure the
precise progression of cells into mitosis by not only aiding in
the formation of a bipolar mitotic spindle but also through
accurate segregation of chromosomes and the accomplishment
of cytokinesis.1−5 In particular, AurA has been known to play
an essential role in various cellular processes, including the
entry of cells in mitosis, chromosome derangement and
alignment, separation and maturation of centrosomes,
correcting spindle assembly, asymmetric division, and cilia
dynamics. In contrast, its aberrant overexpression has
frequently been correlated with tumorigenesis.1,6−10

The AurA gene is situated on human chromosome 20q13
and translates a 403 amino acid-long protein. This region of
the chromosome has been observed to be amplified in an
assortment of human tumors. The AurA gene itself is revealed
to be amplified in >50 and >12% of primary colorectal and

breast tumors, respectively, as well as in prostate, colon,
ovarian, and cervical tumor cells.11−15 The translated protein
has also been observed to overexpress, resulting in elevated
kinase activity in several tumor types.8,16 In cancerous cells, the
AurA protein has been known to overexpress and localize
mutually in the nucleus as well as in the cytoplasm, irrespective
of their cell-cycle phases.17 The interactions between AurA and
tumor suppressor p53 have frequently been linked to
uncontrolled cell growth, while its inhibition through
modulatory compounds has been postulated to trigger the
activity of p53, which further leads to proliferation arrest and
senescence in melanoma cells.18−20 Overexpression of AurA
has also been documented to increase genomic instability and
aneuploidy by interrupting cell-cycle checkpoints while
supporting cancer cell endurance and chemoresistance by
activating the PI3K/Akt/GSK3 signaling cascade.8,21,22 Hence,
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modulation of AurA activity has been deemed an essential
approach to effective anticancer therapy.
The human Aurora protein kinase family (AurA, AurB, and

AurC) all have a highly conserved ATP binding pocket; that is,
the catalytic domain of AurA shares numerous features with
AurB and AurC.23 All Aurora kinases majorly comprise three
prominent domains with a single large binding site cavity. The
Aurora kinases’ catalytic domain consists primarily of a
conserved C-terminal α-helical domain (residues 216−385)
and a short N-terminal β-strand domain (residues 127−215)
connected by a small hinge region (residues 210−215) that
forms part of the active site (Figure 1A). In AurA, the catalytic
domain containing the ATP binding active site encompasses
five regions: a kinase hinge region which accommodates its
heteroaromatic core (adenine), a ribose binding region, a
solvent accessible region, a buried region (back pocket), and a
phosphate-binding region that outspreads to the activation
loop (residues 274−299) (Figure 1A,B,C).24 The buried
region is mostly involved in hydrophobic contacts, while the
solvent-accessible region can make polar interactions aiding
the fixation of potential inhibitors in a specific conformation
(Figure 1B,C). The most important region is the hinge region,
where a direct hydrogen-bonding network can be forged
between adenosine (or other substrates) and residues within
the hinge region, which in turn contributes significantly to the
binding affinity of potential inhibitors.24−27

ATP is a co-substrate of these kinases required for the
transfer of its γ-phosphate group to the hydroxyl groups of its
target substrates, consequently altering their function. Hence,
most of the reported inhibitors of Aurora kinases are structural
analogues of ATP. While the ATP binding pocket is
evolutionarily conserved, considerable distinct disparities
exist in their active site residues. In AurA, the Leu215,
Thr217, and Arg220 catalytic triad residues are substituted

with Arg159, Glu161, and Lys164 residues in AurB, close to
the solvent-accessible region of the protein (Figure 1C).
Numerous findings have indicated that targeting these
differential residues present in the binding pocket can help
achieve enhanced selectivity for the inhibition of either of the
kinases.27,28 This subtype selectivity was excellently demon-
strated through varied interactions of the indirubin-based
inhibitors with the Thr217/Glu161 catalytic triad residue of
AurA/AurB, respectively.29

Although quite a few Aurora kinase inhibitors have been
studied at various phases of clinical trials, none has passed the
criteria completely to be used as an effective anticancer
therapeutic. The majority of these inhibitors failed to pass
phase I/II of clinical trials due to various side effects, including
toxicity.27,30 Only a handful of AurA inhibitors have exhibited
some promising results. Among them, the AurA-selective
inhibitor molecule MLN8237 (Alisertib) is, to date, the most
actively pursued lead, having undergone phase III clinical trials
in various clinical settings.27,28 Nevertheless, the advent of
tumor cell resistance and organ toxicity remains the major
restricting factor for achieving the desired efficacy from these
inhibitors.
Recently, the anthraquinone scaffold has been extensively

sought as a viable source for designing novel antitumor
efficacious therapeutics. In particular, the various side-chain
modifications of this scaffold have demonstrated enhanced
inhibition of wild-type tumor cells, their altered drug response
counterparts, and in various in vivo settings.31−36 Other
chemical modifications aimed at optimizing their physico-
chemical and chemotherapeutic properties have identified
promising new preclinical candidates.
Further studying the chemotype of antitumor heteroarene-

fused anthraquinones, we identified various anthraquinone
scaffold-based compounds, among which best-in-series de-

Figure 1. (A) Cartoon structure of AurA, together with the surface representation, indicating structural components of its catalytic kinase domain.
(B) Surface representation of the AurA active site, indicating regions of ATP and substrate binding. (C) Surface representation of the AurA active
site, highlighting its solvent exposed region and buried region. The above-displayed figures have been generated utilizing the crystal structure
coordinates of PDB ID: 3H10.
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rivatives were anthra[2,3-b]furan-3-carboxamides (e.g., anthra-
furan 1), possessing a multitarget antitumor effect with the
ability to inhibit phosphorylation of proteins by the kinase
AurB.31,34,37−39 In this study, the top lead compounds
obtained from previous studies have been tested for their in
silico and in vitro binding capabilities against another important
target belonging to the Aurora kinase family of enzymes, AurA.

2. METHODOLOGY
2.1. Molecular Docking. The three-dimensional (3D)

structural coordinates of human AurA with the co-crystallized
inhibitor 9-chloro-7-(2,6-difluorophenyl)-N-{4-[(4-methylpi-
perazine-1-yl)carbonyl]phenyl}-5H-pyrimido[5,4-d][2]-
benzazepine-2-amine (97B) were retrieved for docking analysis
(PDB ID: 3H10).40 Docking studies of compounds with target
AurA were performed after contemplating the active site amino
acid residues and the location of the inhibitor (97B) inside the
binding cavity. Before docking, the AurA protein was prepared
using the Protein Preparation Wizard module in Maestro.41

The Protein Preparation Wizard module step optimizes the
overall hydrogen bonding environment, removes defined
crystal waters, helps in filling any missing sidechains and
loops using Prime, generates protonation and charge states for
protein residues and bound ligands (pH 7.0 ± 2.0), and
performs restraint energy minimization on the macromolecular
structure.42 Taking the centroid of the bound inhibitor 97B,
various grids (5−15 Å) that characterized a cube, where the
ligand molecule was suggested to bind, were created. Two-
dimensional (2D) structures of compounds were then
sketched using Marvin Sketch software,43 and their 3D
structures were produced through the program OPEN-
BABEL.44 The compounds were then prepared for docking,
utilizing the LigPrep45 module of Maestro, which filters and
desalts ligands based on default criteria and generates possible
ionization and tautomeric states for ligands at target pH 7.0 ±
2.0.
Finally, the prepared AurA receptor and compounds (1−5)

were docked through Glide extra-precision docking (Glide
XP), a grid-based ligand docking program incorporated in
Maestro. Glide XP comprehensively approximates an extensive
exploration of the ligand’s conformational, orientation, and
positional binding pose in the receptor.46 The resultant docked
AurA−compound complexes were then evaluated for their
possible binding modes and protein−ligand noncovalent
interactions through the Glide XP visualizer. The best-docked
pose for each compound was then refined by the steepest
descent energy minimization method with default parameters
(minimization stops when 75 iterations have been performed
or the maximum change in distance between atoms is less than
0.1 Å) to remove any steric clashes. The minimized top docked
pose for each compound with AurA was chosen for validation
of the binding complexes’ structural and interactional stability
in an explicit solvent compared to free AurA by molecular
dynamics (MD) simulations.

2.2. MD Simulation. MD simulation is a computational
technique that simulates the natural motion of a biomolecular
system (atoms and molecules) for a predefined period of time
to analyze their physical behavior and interactive stability to
present a comprehensive view of the dynamic evolution of the
system. In this study, MD simulation for a specific time scale
(200 ns) was performed to evaluate the dynamic stability of
free AurA and each AurA−compound complex employing the
DESMOND simulation module.47 To initialize the MD setup,

each system was first prepared using the System builder
package included in Desmond. To solvate the systems, the 4-
site transferable intermolecular potential (TIP4P) water model
was utilized, which was defined by setting an orthorhombic box
with periodic boundary conditions with edges atleast 10 Å
away on all sides from any nearby solute or atoms across the
protein structure. The prepared solvated model was first charge
neutralized by the addition of counter ions (Na+ or Cl−), and
then, 0.15 M NaCl ions were added to the system to depict the
background salt in physiological conditions. The prepared
system was then energy minimized by utilizing 2000 iterations
of the hybrid method of the steepest descent and the limited-
memory Broyden−Fletcher−Goldfarb−Shanno algorithms to
equilibrate and reduce its overall potential energy. The energy-
minimized solvated system was further relaxed by utilizing the
integrated relaxation protocol in Desmond’s “Molecular
Dynamics” package. In this protocol, a series of minimizations
and short MD simulations are performed in a series of time
steps (1−24 ps) with the aid of Brownian dynamics and the
Berendsen NVT and NPT ensemble to raise the temperature of
the system gradually from 0 to 300 K, for a total equilibration
time of 100 ps.48−50 The final MD production run was
performed for 200 ns with a constant temperature of 300 K,
pressure of 1.013 bar with a thermostat, and barostat relaxation
times of 1 and 2 ps under the isothermal isobaric ensemble
(NPT).51 To maintain a constant temperature and pressure
throughout the MD run, the Nose−́Hoover thermostat and the
Martyna−Tobias−Klein barostat methods were used.52−54 The
r-RESPA integrator was used to calculate the nonbonded
forces, where the short-range forces were updated every 2 fs,
and the long-range forces were updated every 6 fs.55 Further, a
9 Å cut-off radius was set for Coulomb interactions. The
simulated system’s energy was recorded at a consistent interval
of 1.2 ps, while the trajectories were saved at intervals of 200
ps, as required for further analysis. The OPLS4 all-atom force
field with default parameters was applied for all the simulation
runs. OPLS4 makes for a highly accurate and unwavering
molecular mechanics force field that provides a near-credible
atomistic simulation of complex biomolecular systems.56

Further, to compute the long-range inter- and intramolecular
electrostatic interactions with the particle mesh, the EWALD
geometric algorithm incorporated in DESMOND was
implemented.57,58 The behavior and interactions among each
compound and the AurA protein were explored employing the
simulation interaction diagram package incorporated in
Desmond. The stability of the predicted model system was
determined through a comparison of the overall root mean
square deviation (RMSD) of the free AurA protein and
compound-bound AurA atomic positions in time and their
respective trajectories. Furthermore, the protein regions with
maximum fluctuation during MD simulations were identified
using the protein root-mean-square fluctuation (RMSF) plot.
The number and strength of various noncovalent interactions
formed between the ligands and protein were calculated
through Protein−Ligand Contact plots.

2.3. Molecular Mechanics with Generalized Born and
Surface Area Solvation (MM/GBSA) Calculations. The
last 500 frames of each MD-refined AurA-compound trajectory
were accessed to compute their net molecular mechanics with
Generalized Born and surface area solvation (MM/GBSA)
binding free energy using the thermal_mmgbsa.py script
incorporated in the Schrodinger suite.59,60
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2.4. Cloning and Expression of Human AurA. The
AurA (125−392) gene was isolated from the human leukocyte
cDNA library and amplified through a polymerase chain
reaction (PCR) applying the forward primer 5-CATGC-
CATGGGAAAGAGGCAGTGGGCTTTGG-3 and the re-
verse primer 5-CCGCTCGAGCTAATTTGATGGTTTT-
GATGAATTT-3 containing Nco1 and Xho1 restriction sites.
These PCR-amplified DNA fragments were ligated to the
cloning vector (pET28b) between the Nco1 and Xho1
restriction sites, and the clone was confirmed by colony
PCR. The AurA gene in pET28b possesses a C-terminal
noncleavable (His)6 tag. The pET28b-AurA construct was
verified by DNA sequencing. The cloned construct’s protein
expression was realized in the E. coli, Rosetta (DE3) cells at 21
°C for 13−15 h using 0.5 mM IPTG and confirmed by a 12.5
% (w/v) sodium dodecyl sulfate−polyacrylamide gel electro-
phoresis (SDS−PAGE) run (Figure S1A).

2.5. Purification of Human AurA. For AurA protein
purification, the cells were first harvested as cell pellets and
subsequently resuspended in a binding buffer comprising 50
mM Tris−HCl (pH 8.0), 300 mM NaCl, 5 mM imidazole, 20
mM MgCl2, 5 mM β-mercaptoethanol (BME), and 10% (vol/
vol) glycerol to which ethylenediaminetetraacetic acid-free
protease inhibitor cocktail from Roche (Sigma-Aldrich) was
additionally supplemented. The cell lysis was achieved utilizing
ultrasonication, and the cell lysate was centrifuged for 30 min
at 35,000g at 4 °C. The processed supernatant was loaded into
the NiNTA metal affinity resin (GE Healthcare), previously
equilibrated with binding buffer. The affinity purification
column was cleaned by 10 column volumes of washing buffer
comprising 50 mM Tris−HCl (pH 8.0), 300 mM NaCl, 50
mM imidazole, and 20 mM MgCl2 supplemented with 10%
(vol/vol) glycerol and 5 mM BME to eliminate any
nonspecifically bound proteins. Finally, the resin-bound AurA
was eluted with an elution buffer containing 50 mM Tris−HCl
(pH 8.0), 300 mM NaCl, 500 mM imidazole, and 20 mM
MgCl2 supplemented with 10% (vol/vol) glycerol and 5 mM
BME. All the AurA purification steps were performed at a
constant temperature of 4 °C. The homogeneity of purified
AurA protein was verified with a 12.5 % (w/v) SDS−PAGE
run (Figure S1B). The purified eluted protein was buffer
exchanged [50 mM Tris−HCl pH 7.4, 150 mM NaCl, 20 mM
MgCl2, 1 mM DTT, and 5% (vol/vol) glycerol] with a PD-10
desalting column and finally concentrated to 5 mg/mL and
divided into two batches, with one concurrently utilized for
performing planned biophysical experiments and the other

flash-frozen with liquid nitrogen and stored at -80 °C
refrigeration till further use.

2.6. Synthesis of Compounds. All the synthesized
compounds 1−5 have been procured through the Gause
Institute of New Antibiotics, Russia. Compounds 1−3 were
chemically synthesized by employing the previously established
protocols,37,61,62 while compounds naphthoindole 4 and
anthraimidazole 5 were synthesized according to the new
synthetic schemes.38 The purity of all samples was ≥95%, as
confirmed by high-performance liquid chromatography
(HPLC) measurements (Figures S2−S6). The 2D chemical
structures of all compounds (1−5) are shown in Figure 2.

2.7. Fluorescence Spectroscopy. Tryptophan quenching
studies were used to measure the binding interactions of
synthesized compounds (1−5) with recombinantly purified
AurA in vitro. Experiments were conducted on a Jasco
Spectrofluorometer (FP-6200) with a quartz cuvette of 1 cm
path length at pH 7.5 and temperature 25 °C utilizing a
thermostat water circulator Peltier device. Working concen-
trations of compounds were prepared by dissolving them in
dimethyl sulfoxide and diluting them in TBST buffer
comprising 50 mM Tris, 150 mM NaCl, 1 mM DTT, and
0.01 % Tween 20. A concentration range of 1−200 μM of each
synthesized compound 1−5 was used for the experiment. After
the excitation of tryptophan residues present in AurA (Trp128,
Trp277, Trp313, and Trp382) at 280 nm, the resultant
emission spectra of AurA in different concentrations of each
compound were recorded in the set wavelength range of 300−
400 nm. The width of excitation and emission slit for all the
experiments was set at 5 nm. For baseline correction, the
spectral readings were subtracted from the corresponding
blank containing each compound separately in assay buffer
without AurA protein. Further, corresponding buffer controls
were quantified to check and eliminate any fluorescence
intensity signal if produced by the buffer. The experimental
findings were evaluated by incorporating the saturation curves
data in the SigmaPlot curve fitting wizard’s nonlinear eq 1.

F a b a x K

x K x

( ) (( 0.5 )

(( 0.5 ) 2 ) )
d

d
2 0.5

= + · + +
+ + · (1)

2.8. Biolayer Interferometry (BLI) Assay. The binding
affinity of the compounds 1−5 and AurA protein was
examined further in real time by biolayer interferometry
(BLI) experiments on the Octet-Red96 platform (ForteB́io
Inc., USA).63 BLI is a label-free optical analysis technique that

Figure 2. 2D structures of the paternal anthrafuran 1 and its analogues 2−5. Adapted in part from Singh et al.* Heteroarene-fused Anthraquinone
derivatives as potential modulators for AurB. DOI: 10.1016/j.biochi.2020.12.024. Copyright 2021. Biochimie.
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Figure 3. 2D and 3D diagrammatic representation of molecular docking analysis of AurA with compound anthrafuran 1 (A,B), anthrathiophene 2
(C,D), naphthoisatine 3 (E,F), naphthoindole 4 (G,H), and anthraimidazole 5 (I,J).
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analyzes the resultant interference pattern of white light
reflected from the two surfaces: the biosensor tip with a
coating of immobilized protein molecules and an internal
reference layer, in real time and solution. To initiate the
experiment, C-terminal His-tagged AurA was first loaded on
the nickel-charged nitrilotriacetic acid (NTA) sensor tip.
Subsequently, the unbound AurA was removed by placing the
sensors in HBST assay buffer comprising 25 mM HEPES, pH
7.4, and 200 mM NaCl, supplemented with 0.01 % Tween 20
and 0.1 mg/mL BSA. To commence the association of
compounds, AurA-coated NTA sensors were then dipped and
incubated with serially diluted concentrations of each
compound (1−5) at 1000 rpm microplate shaking for 180−
360 s until peak saturation was seen in separate binding
experiments. The corresponding dissociation of the loaded
AurA−compound complex was observed by soaking the loaded
sensors in the HBST assay buffer. The response data from the
biolayer surface were normalized by subjecting a reference
NTA sensor without bound AurA concurrently through a
procedure similar to that used for the NTA sensors loaded
with AurA and subtracting the reference response from the
primary response data. This step eliminates the accessory
nonspecific binding and buffer-induced interferometry spec-
trum shift. The experiments were conducted in 96-well Greiner
black microwell plates at a steady temperature of 25 °C. The
real-time data were analyzed, and the resultant association
curves were utilized to calculate the steady state affinity (Kd)
values using the in-built Curve fit 1:1 homogenous binding
model algorithm for compounds (1−3) and 2:1 heterogenous
binding model algorithm for compounds naphthoindole 4 and
anthraimidazole 5 in the Octet Data Analysis package.

3. RESULTS AND DISCUSSION
3.1. Molecular Docking of Compounds with AurA.

The ATP binding active site pocket of AurA is majorly a
nonpolar site and surrounded by mainly hydrophobic residues
Leu139, Val147, Ala160, Leu164, Leu194, Leu210, Tyr212,
Ala213, Pro214, Leu210 Leu215, Leu263, Ala273, Phe275, and
Val279. The core of all the five compounds has a linear
heteroarene-fused anthraquinone scaffold, which is a plane
nonpolar aromatic system that can comfortably fit into the
hydrophobic binding pocket of AurA. The observed binding
mode mechanism of the core heterocyclic scaffold is
comparable in position (near the hinge region of the active
site) for all the compounds (1−5) with highly similar
orientation in naphthoindole 4 and anthraimidazole 5, differing
marginally in anthrafuran 1. The orientation of anthrathio-
phene 2 having the bulky 4,11-bis(2-(chloroacetamidino)-
ethylamino) substituent moieties attached to the central core
of the compound orient themselves toward a suitable space to
further increase the interactions with AurA atoms. Interest-
ingly, though the position of naphthoisatine 3 in the binding
pocket closely resembled that of naphthoindole 4 and
anthraimidazole 5, its orientation was observed to be flipped
by a complete 180°, which positioned its terminal pyrrole-2,3-
dione moiety in the vicinity of the flexible region and activation
loop residues.
The analysis of the protein−ligand interactions after docking

indicated that anthrafuran 1 occupied the ATP-binding cleft.
The stabilization of the complex was mainly due to nonpolar
interactions with hydrophobic residues of amino acids (Figure
3A). This was further stabilized through hydrogen bonds
involving the oxygen and hydroxyl atoms of the quinoid

fragment with the carbonyl and amino group of the Ala213
hinge region residue. The amino group of the terminal
pyrrolidine moiety also formed additional hydrogen-bonding
interaction with the sidechain carbonyl oxygen of Pro138
(Figure 3B). Subsequently, the docking of derivative
compounds 2−5 in the corresponding AurA site was carried
out.
Anthrathiophene 2 has the largest substituent moieties

among the five derivatives. Its core scaffold reorients itself to
accommodate these 4,11-bis(2-(chloroacetamidino)-
ethylamino) moieties comfortably inside the binding pocket.
Three of the six potential hydrogen bond donor atoms (amino-
and imino-groups) of the 4,11-bis(2-(chloroacetamidino)-
ethylamino) arms formed hydrogen-bonded interactions with
sidechain oxygen atoms of hinge region residue of Pro214 and
front loop residues of Glu260 and Asn261 (Figure 3C,D). The
hydrophobic core of compound 2 was surrounded by the
sidechains of hydrophobic, polar, and charged active site
residues enabling it to form additional stabilizing noncovalent
interactions within the active site (Figure 3C).
The character of the binding of naphthoisatine 3 in the ATP

binding active site of AurA is similar to that of the pyrazole-
benzimidazole-based inhibitors, for example, PHA-680632,
which also binds at this site.64 The 180° degree inversion of
naphthoisatine 3 while on one side positioned its quinoid
oxygen in the vicinity of the amino group of the hinge region
residue, Ala213, enabling a single hydrogen-bonding inter-
action; it additionally rearranged the positioning of its terminal
pyrrole-2,3-dione moiety in the vicinity of the flexible region
and activation loop residues enabling its 3-carbonyl oxygen
atom to form additional stable hydrogen bonding interaction
with Lys162 (Figure 3F). The complex was further stabilized
through numerous noncovalent interactions with the side-
chains of hydrophobic, polar, and charged active site residues
of AurA, including that with the sidechain of polar catalytic
triad residues Thr217 (Figure 3E).
The predicted orientation of naphthoindole 4 and

anthraimidazole 5 is reasonably similar, wherein their poly-
annelated core overlaps almost entirely. However, the observed
slightly different orientation enables anthraimidazole 5 to
develop additional hydrogen-bond interactions with the
sidechain of Leu139. The hydroxyl groups of the poly-
annelated core of naphthoindole 4 and anthraimidazole 5 were
observed to form similar hydrogen-bond interactions with the
amino group of Ala213, while the pyrrolidine amino group of
naphthoindole 4 interacts additionally with the carbonyl group
of Ala213. (Figure 3H,J). Similar to the other compounds, the
hydrophobic cores of naphthoindole 4 and anthraimidazole 5
were involved in several hydrophobic, charged, and polar
interactions including those with the catalytic triad residues
Leu215, Thr217, and Arg220, additionally stabilizing the
complex inside the active site binding pocket (Figure 3G,I). All
noncovalent bonding interactions of compounds (1−5)
observed inside 4 Å with AurA are listed in Table S1.

3.2. Structural Changes in AurA upon Compound
Binding. The docking computations were followed by MD
simulation studies to assess the stability and flexibility behavior
of the free AurA structure and the docked complexes. MD
simulations have become a widely used approach to not only
gain valuable acumen into the structural dynamics and
functional process of protein−ligand bound complex but also
to illustrate the dynamics of the ligand’s binding prototype
with the protein in the explicit solvent medium.65,66 Here, an
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all-atom MD simulation study of AurA in the free state and
compound-bound complex state was done for 200 ns in
triplicates to elucidate the conformational dynamics, complex
steadiness, and mechanism of interactions of each compound
with AurA. Upon binding in the active site, a ligand molecule
can result in large conformational changes in a receptor’s
structure. Hence, the calculation of RMSD forms an effective
approach to monitor the structural stability and conformational
deviations in a protein. To corroborate the conformational and
structural stability of the AurA backbone before and after
binding with each compound, the resultant RMSD of the
simulated systems were recorded and analyzed (Figure 4A−F).
From the RMSD plot, we inferred that all the docked

complexes, except naphthoindole 4, displayed a reasonably
stable trajectory during the simulation time of 200 ns. The
simulation trajectories of the naphthoindole 4-docked complex
were observed to follow a slightly more flexible behavior in all

of the simulation replicates with higher fluctuations (Figure
4E) with its corresponding heavy atoms trajectories also
stabilizing at a higher average RMSD value of ∼4 Å (Figure
S7D). The observed RMSD of the free AurA protein backbone
atoms demonstrated a stable behavior between 1 and 2.5 Å in
two of the three replicates, except one replicate, where the
resultant trajectory showed higher flexibility and increased
fluctuations during the entire simulation time (Figure 4A). For
the AurA-anthrafuran 1 dock complex, the RMSD trajectories
were also found to be within 2.5 Å for the majority of
simulation time in all the replicates (Figure 4B). The
corresponding heavy atoms trajectories of anthrafuran 1 were
also quite stable with minor fluctuations indicating a stable
binding mode in the active site (Figure S7A). In two of the
three anthrathiophene 2 docked complex simulation replicates,
AurA backbone atoms and corresponding anthrathiophene 2
heavy atoms showed similar stable fluctuation behavior, except

Figure 4.MD simulation trajectory analysis of free AurA and AurA−compound complexes. RMSD fluctuation plots for the backbone atoms of (A)
free AurA, (B) AurA−anthrafuran 1, (C) AurA−anthrathiophene 2, (D) AurA−naphthoisatine 3, (E) AurA−naphthoindole 4, and (F) AurA−
anthraimidazole 5.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00740
ACS Omega 2022, 7, 39603−39618

39609

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00740/suppl_file/ao2c00740_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00740/suppl_file/ao2c00740_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00740/suppl_file/ao2c00740_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00740?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00740?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00740?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00740?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


replicate 3, where they followed slightly flexible trajectories
(Figure 4C) (Figure S7B). The simulation replicates of the
naphthoisatine 3-docked complex indicated that the AurA
backbone atoms followed very stable trajectories with an
average RMSD of ∼2 Å, and the least fluctuation behavior
complemented equally well with naphthoisatine 3 heavy atom
trajectories that incurred acceptable fluctuations with an
average of < 2.5 Å (Figure 4D) (Figure S7C). This warrants
the presence of the stabilizing effect of naphthoisatine 3 on the
global dynamics of the AurA structure, leading to less
conformational changes compared to its free conformation.
The docked complex trajectories of anthraimidazole 5 (Figure
4F) were observed to propagate with minor fluctuations within
2.5 Å, with its corresponding heavy atom trajectory following a
very similar path and stable fluctuation behavior (Figure S7E).
Overall, after comparing the dock complexes’ RMSD behavior
with free AurA trajectories, the findings indicate that the

binding of each compound in the AurA active site induced
acceptable fluctuation behavior within the 1−3 Å range, with a
mean value of <2.5 Å after the 200 ns simulation time scale.
Further, the structural flexibility of the AurA backbone was

checked utilizing the RMSFs value to evaluate the average
residual fluctuations of each residue before and after binding of
the compounds. A high RMSF value indicates higher per
residue fluctuations in protein, while a low value portrays
stable orientation. From the RMSF plot, it was inferred that all
the systems sported a relatively similar fluctuation behavior
with average RMSF values of <3 Å (Figure 5A−F). The amino
acid residues comprising the N- and C-terminals displayed a
higher degree of fluctuations for all the docked complexes,
similar to the free AurA. A corresponding decrease in the
fluctuations span was observed in the region comprising the
activation loop (residues 274−299) for compound anthrafuran
1 and naphthoisatine 3, indicating formation of stabilizing

Figure 5.MD simulation RMSF analysis of free AurA and AurA−compound complexes amino acid residues. RMSF fluctuations plots for backbone
atoms of (A) free AurA, (B) AurA−anthrafuran 1, (C) AurA−anthrathiophene 2, (D) AurA−naphthoisatine 3, (E) AurA−naphthoindole 4, and
(F) AurA−anthraimidazole 5.
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interactions with the residues in the region (Figure 5D).
Similarly to the free AurA, the average RMSF of the residues
surrounding the AurA active site, including the hinge region
containing the catalytic triad residues (Leu215, Thr217, and
Ar220), were observed to be maintained with minimal
fluctuations, indicating minimal conformational impact and
sturdy binding of the compounds with the AurA residues in the
region. Overall, the RMSF plots reflected that the fluctuation
behavior of AurA residues was not majorly impacted upon
binding of the compounds with naphthoisatine 3, providing a
further decrease in residual fluctuations in the activation loop
region.

3.2.1. Interaction Analysis of the AurA−Compound
Complex. The formation of hydrogen bonds within the
protein structure is a foundational characteristic of its
conformational stability. Probing the hydrogen-bonding
interactions between a ligand and a receptor can provide
extensive insight into not only the stability of the complex but
also provides relevant information on the directionality and
specificity of receptor−ligand interactions. The post-MD
interaction analysis of the AurA−anthrafuran 1 complex
revealed that the complex stability was majorly supported by
hydrogen-bonding interactions with hinge region residue
Ala213 and Leu139 and water-mediated interactions with
catalytic residue Thr217, which were observed to be
maintained for a minimum of 50% of simulation time in all
the replicates (Figure S8A). The quinone moiety in the
anthraquinone core of all the docked compounds (1−5) was
observed to interact with the hinge region residue Ala213 via
hydrogen bonds for the majority of the simulation time, which
reaffirms the specific interaction’s importance in the fixation of
small molecules in the active site and their corresponding
contribution to good binding affinity with AurA.25,27,67 The
loss of this specific interaction has been observed to lead to a
loss of affinity of potential inhibitors with AurA.68 The large
4,11-bis(2-(chloroacetamidino)ethylamino) moieties of an-
thrathiophene 2 provided its further flexibility in the active
site binding pocket of AurA. This enabled it to form additional
stabilizing hydrogen bonding interactions with the hinge
region residue Pro214 through its 4-((2-chloroacetamidino)-
ethylamino) arm in all the three MD replicates and water-
mediated hydrogen bonding interactions within the vicinity of
the activation loop region with residues Glu260 and Asp274
via its 11-((2-chloroacetamidino)ethylamino) arm in one of
the replicates (Figure S8B). The presence of terminal pyrrole-
2,3-dione ring in naphthoisatine 3 facilitates it to form
additional stable hydrogen bonding and water-mediated
interactions in the vicinity of phosphate-binding and activation
loop regions with residues Lys162 and Asp274 in all the three
replicates and with Lys141 and His280 in one MD replicate
(Figure S8C). Studies have indicated that compared with an R
group in the solvent-accessible region, the orientation of the
R1 group in the phosphate-binding region always leads to
stronger interactions with AurA kinase,25 which can be
attributed to the enhanced binding mode of naphthoisatine 3
in the AurA active site. Additionally, the primary benzene ring
of naphthoisatine 3 further stabilized the complex in the active
site by forming stable hydrophobic contacts with Tyr212 and
Leu139 residues (Figure S8C). The interaction profile of
naphthoindole 4 and anthraimidazole 5 in the active site is
quite similar, with their primary benzene ring forming
hydrophobic contacts with Ala160 and Leu263 residues.
Additionally, the terminal pyrrole nitrogen in both naph-

thoindole 4 and anthraimidazole 5 interacts with hinge region
residues of Tyr212 and Pro214 via water-mediated hydrogen
bonds (Figure S9A,B). The improved binding mode in the
case of anthraimidazole 5 compared to naphthoindole 4 can be
attributed to its 4-OH additional hydrogen bonding interaction
with the side chain amino group of Ala213.

3.2.2. Binding Free Energy Calculations (Prime MM/
GBSA). The value of ΔGbind is suggestive of the binding affinity
between the receptor and ligand complex, where a more
negative value represents a stronger binding between them.69

The MM/GBSA calculations for each AurA−compound
docked complex were performed for computing their binding
free energies by incorporating the last 500 frames of each
complex’s simulation trajectory. The resultant calculations
confirmed the findings of the docking and MD simulations that
all the compounds (1−5) bind in the AurA active site with a
decent binding affinity (Table S2). The net binding free energy
computation comprised contributions from covalent, coulomb,
hydrogen bonding, van der Waals, lipophilic, and polar
solvation energy. Among them, the most substantial contrib-
utors were found to be van der Waals and Coulomb energy,
while the smallest contributions were obtained through polar
solvation energy (Table S2). Higher negative values of van der
Waals energy implies that the molecules were involved in
strong interactions with the proteins.20 The average con-
tributions of coulomb interaction energy were found to be
higher for AurA−naphthoisatine 3 complexes as compared to
other compound complexes, with anthrathiophene 2 scoring
the lowest (Table S2). The lowest MM/GBSA binding free
energy (ΔGbind) was recorded for the naphthoisatine 3-docked
complex that largely correlates with the MD simulation results,
which highlighted its stabilizing effect on the AurA structure,
highly stable binding mode with minimum fluctuations, and a
stable similar set of interactions including direct hydrogen
bonding interactions with Ala213 and Lys162 and water-
mediated hydrogen bonding interaction with Asp274, addi-
tionally supported by hydrophobic contacts with Leu139 and
Tyr212.

3.3. In Vitro Binding of Compounds with Purified
AurA. 3.3.1. Fluorescence Spectroscopy. Fluorescence-based
techniques are extensively used to study not only the chemical
environments but also the intermolecular interactions of
ligands with the target receptors. If a suitable change in
fluorescence is detected upon binding of the ligand to the
receptor, it can be observed to gather evidence on both the
properties of the equilibrium complex and the associated
kinetics of interaction, that is, the conformational fluctuations
that help in attaining the equilibrium state. Fluorescence
quenching in biomacromolecules can be attained through a
number of interactions, including a ground−state complex
arrangement among the quencher and fluorophore, excitation
of charge−transfer complex, intersystem cross-over toward
triplet state, and molecular reorganizations.70−73

Hence, to examine the in vitro binding affinity of
heteroanthraquinone compounds 1−5 with AurA, tryptophan
(Trp) quenching-based fluorescence emission was used as a
probe. AurA has four Trp-residues (Trp128, Trp277, Trp313,
and Trp382) that can act as ideal fluorophores and thus can be
utilized for the ligand-binding experiments applying the
fluorescence quenching technique. In response to ligand
binding, a desired shift in emission spectra of Trp residues
of AurA was detected, as it altered the environment bordering
the indole ring of a Trp-residue in a distance-relative mode.
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The binding ability of the compounds with AurA was studied
in the concentration span of 1−200 μM. The maximum Trp-
fluorescence of AurA with ligands occurred between 342 and
345 nm. The recorded emission spectra of AurA’s intrinsic
fluorescence with increasing concentrations of each compound
are shown in Figure 6A−E.
The discrete binding of each compound with AurA

produced a hypsochromic shift or blue shift of 2−3 nm
emission maxima toward a lesser wavelength. Additionally, this
diminished the Trp fluorescence intensity in a compound
concentration-dependent mode, indicating the shift in polarity

of the Trp residues from polar to nonpolar or a more buried
environment. Naphthoisatine 3 and anthrathiophene 2 showed
a considerable decrease in Trp fluorescence with every
dilution. The maximal recorded fluorescence intensity at 342
nm (λmax) for AurA against varying concentrations of each
compound was mapped to produce saturation curves. The Kd
value for all compounds was subsequently determined from the
nonlinear, single-site saturation model for all baseline (Figure
S10B) corrected recorded curves (Figure 6F). Among all the
synthesized compounds (1−5), naphthoisatine 3 (Kd 10.7 ±
0.9 μM) and anthraimidazole 5 (Kd 23.3 ± 3.0 μM) were

Figure 6. Intrinsic fluorescence binding studies of synthesized compounds (A) anthrafuran 1, (B) anthrathiophene 2, (C) naphthoisatine 3, (D)
naphthoindole 4, and (E) anthraimidazole 5 with AurA. After excitation of tryptophan (Trp128, Trp277, Trp313, and Trp382) residues at 280 nm,
the resultant emission spectra of AurA (3.0 μM) in increasing concentrations of compounds (0−200 μM) were noted in the wavelength scale of
300−400 nm. (F) Fluorescence intensity values were recorded at 342 nm and subsequently mapped as a function of concentrations of compounds
on a logarithmic scale to calculate the binding affinity parameters.
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revealed to possess an enhanced binding affinity with AurA
followed by anthrathiophene 2 (Kd 33.2 ± 4.6 μM) and
naphthoindole 4 (Kd 35.6 ± 4.4 μM), with paternal
anthrafuran 1 (Kd 61.0 ± 13.7 μM) showing the least binding
affinity.

3.3.2. Assessment of the Affinity and Specificity of the
Synthesized Compounds (1−5). The real-time binding
kinetics for synthesized compounds was performed by the
BLI assay with purified AurA. The resultant data was fitted to
obtain steady-state affinity (Kd) values for each compound (1−
5), and it was compared with the steady-state affinity (Kd)
results obtained through fluorescence spectroscopy data to
further warrant the binding profile of each compound. The

binding of each compound (1−5) in serially diluted
concentrations with the immobilized AurA on the surface of
the NTA biosensor increased the thickness of the sensor. This
was accredited by a subsequent shift in the wavelength
interference pattern of the sensorgram in real time. A
considerable shift (0−8 nm) in the association curves upon
adding different concentrations of each compound (1−5) to
AurA in a concentration-dependent manner was observed
(Figure S11). The real-time binding curves (Figures S12 and
S13) were calculated by fitting the reference subtracted
association curve data globally to a 1:1 binding model for
compounds (1−3) with the equilibrium dissociation constants
(Kd) calculations for all protein−ligand complexes. For

Figure 7. Steady state binding affinity analysis of AurA-complexes through the BLI assay. The obtained association curves for each concentration of
compounds with AurA were fitted onto a 1:1 binding model for compounds (1−3) and a 2:1 heterogenous binding model for compounds 4 and 5.
The resulting fitting plots for (A) anthrafuran 1, (B) anthrathiophene 2, (C) naphthoisatine 3, (D) naphthoindole 4, and (E) anthraimidazole 5 are
shown above.
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compounds naphthoindole 4 and anthraimidazole 5, the
association data curves were found to fit precisely with the
2:1 heterogenous binding model, indicating possible sequential
binding of these compounds with the allosteric site of AurA.
Though the majority of inhibitors are designed to specifically
target only the conserved prominent ATP binding site of AurA,
the conformational transitions in AurA structure induced upon
ligand binding in the AurA active site may enable the potential
inhibitors to additionally access and bind to allosteric sites
within the AurA.25,74,75

Interestingly, validating the results of in silico and
fluorescence binding studies, a reasonable interaction in vitro
between AurA and naphthoisatine 3, anthraimidazole 5, and
anthrathiophene 2 was seen with Kd values of 10.5 ± 1.4, 26.0
± 6.4, and 29.9 ± 3.0 μM, respectively. The compound
naphthoindole 4 exhibited a Kd value of 32.4 ± 3.6 μM, and
while corroborating the previous findings, the least binding
affinity was seen in anthrafuran 1, with a Kd value of 55.7 ± 4.2
μM. The obtained binding curves for AurA and heteroarene-
fused anthraquinone derivatives are presented in Figure 7A−E.

3.3.3. Binding Profile of Compounds. Based on the findings
of previous studies, potential Aurora kinase inhibitors can be
majorly divided into four types. Type 1 inhibitors or ATP-
competitive inhibitors, for example, VX680, MLN8054,
ML8237, and PHA-680632; type 2 inhibitors, for example,
imatinib; type 3 inhibitors or allosteric inhibitors, for example,
AurkinA; and type 4 inhibitors also referred to as covalent and
reversible inhibitors, for example, coenzyme A.24,27,28,30,76−79

Our designed compounds closely resemble the type 1 or ATP-
competitive inhibitors in the basic chemical structure and
features. Type 1 inhibitors typically consist of a heterocyclic
core system that occupies and interacts with the hinge region
of Aurora kinase and extended sidechains that occupy
hydrophobic pockets nearby. For the heterocyclic core scaffold
of the compounds, we have utilized the anthraquinone core,
which is becoming a highly sought-after scaffold to develop
specific and effective novel antitumor therapies,80 while various
modifications at the 4,11 hydroxyl groups position of the
anthraquinone core and terminal heterocyclic are aimed to
offer further stabilization to the binding mode by contacts of
compounds with the hydrophobic back pocket, activation loop,
and ATP phosphate binding region of the Aurora kinases’
active site.
In the study, similar to the binding mode and the character

of known AurA inhibitors (VX680, MLN8054, ML8237, and
PHA-680632),27,28,64,67,81−83 the linear heteroarene-fused
anthraquinone core of all the five compounds fit comfortably
inside the AurA active site, forming essential polar contacts
with hinge and solvent-exposed region residues to fix them in
position. Various modifications at the 4,11-hydroxyl group
position of the anthraquinone core and the terminal
heterocyclic ring further stabilized the binding contacts of
compounds (1−5) with the nearby hydrophobic back pocket,
activation loop, and ATP phosphate binding region of the
AurA active site, with different modifications providing
distinctive interactional profiles.
These findings along with the binding energies of

compounds (1−5) were further corroborated and correlated
with the obtained results from BLI and fluorescence quenching
experiments (Table 1).
Reiterating the findings of in silico studies, naphthoisatine 3

presents itself as the overall best binder in fluorescence
quenching and BLI binding assays as well. The results of other

tested compounds are also in good agreement with all the
modeling and experimental data. As previously tested with
AurB,38 the overall binding mode of compounds anthrafuran 1,
naphthoindole 4, and anthraimidazole 5 is fairly comparable,
except anthrathiophene 2. While the binding orientation of
anthrathiophene 2 is only slightly modified in AurA due to the
large horizontal binding pocket which accommodates both
4,11-bis(2-(chloroacetamidino)ethylamino) substituents in the
AurA active site (Figure S14), the short vertical binding site of
AurB enables anthrathiophene 2 to reorient its structure to
accommodate one of its arms in an anchor fit type position
deep inside the binding pocket, while the core anthraquinone
moiety and its other arm orient toward the solvent-exposed
region, allowing it to make additional stabilizing interactions.
This orientation of anthrathiophene 2 also potentially acts as a
steric barrier to ward off the binding of ATP and other
cofactors competitively, as confirmed with AMP−PMP
competitive binding experiments with AurB.38 All these factors
greatly influence the binding and inhibition ability of
anthrathiophene 2, presenting it as the better inhibitor
candidate in the case of AurB. In the case of AurA, the basic
binding profile of all compounds (1−5) is similar in terms of
primary interactions with the hinge region residues in the AurA
active site, particularly the hydrogen bonding interactions with
Ala213. The structural modifications in the core heteroarene-
fused anthraquinone scaffold, specifically the modification of
the terminal furan ring of anthrafuran 1 to pyrrole-2,3-dione in
naphthoisatine 3, facilitate the formation of additional stable
hydrogen-bonded and water-mediated interactions with the
nearby active site residues, particularly in the vicinity of
phosphate-binding and activation loop region residues, Lys162
and Asp274. These changes in the scaffold enhance its overall
binding strength with AurA. The in silico observations are
complemented by the biophysical binding assay results. Thus,
naphthoisatine 3 presents itself as a prominent binder of AurA
among other tested compounds.

4. CONCLUSIONS
The current study investigated the binding ability of
heterocyclic derivatives of anthraquinone previously found to
inhibit AurB, against another important member of the kinase
family, viz., AurA protein, through a blend of computational
and biophysical methods.
Molecular docking computations revealed that all the

compounds (1−5) bind at the active site of AurA, forming
non-covalent hydrogen bonding interactions and hydrophobic
contacts with active site residues. A study of conformational
dynamics of docked complexes in an explicit solvent
environment revealed that they follow relatively stable
trajectories with acceptable fluctuations. Docked complexes
of naphthoisatine 3 were observed to enhance the conforma-

Table 1. In silico and In Vitro Binding Profiles of
Compounds 1−5 with AurA

compounds

MMGBSA ΔG
binding energy
(kcal/mol)

BLI
(Kd, μM)

fluorescence
spectroscopy
(Kd, μM)

anthrafuran 1 −40.0 ± 3.8 55.7 ± 4.2 61.0 ± 13.7
anthrathiophene 2 −46.6 ± 5.2 29.9 ± 3.0 33.2 ± 4.6
naphthoisatine 3 −47.1 ± 4.1 10.5 ± 1.4 10.7 ± 0.9
naphthoindole 4 −41.9 ± 2.1 32.4 ± 3.6 35.6 ± 4.4
anthraimidazole 5 −42.6 ± 1.6 26.0 ± 6.4 23.3 ± 3.0
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tional stability and reduce the number of fluctuations in the
AurA trajectory, as compared to free AurA.
To test the in vitro binding affinity of compounds with AurA

and correlate the findings of in silico studies, fluorescence
quenching studies were undertaken. The observations from the
fluorescence spectroscopy binding experiments were further
validated with the real-time label-free binding technique of
BLI. Compounds naphthoisatine 3 and anthraimidazole 5 were
found to be prominent binders of AurA with good binding
affinity and saturation property. In conclusion, all the studies
indicate that, among the tested compounds, naphthoisatine 3
proves to be the best binder with AurA, followed closely by
anthraimidazole 5 and anthrathiophene 2. Hence, these
compounds can be actively pursued to target Aurora kinases
as an effective strategy to develop novel drugs for the treatment
of the clinical anomalies of cancer related to differential
expression of Aurora kinases. In conclusion, our results
encourage the use of heteroarene-fused anthraquinone
scaffolds for the effective design and development of anticancer
agents.
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