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ABSTRACT

Aurora kinases are phosphotransferase enzymes that play essential roles in cell division. There
are three members of Aurora kinases inmammalian cells: Aurora A, Aurora B and Aurora C. The
overexpression of Aurora kinases in diverse cancer cells make them promising targets in cancer
therapy. Aurora kinases show highly conserved homology, having four different residues in the
active site: Leu215, Thr217, Val218, and Arg220 in Aurora A (Argl59, Glul6l, Leul62 and
Lys164 in Aurora B). Therefore, understanding Aurora kinase inhibitor selectivity remains a top
priority for kinase inhibitor design.

The utilization of molecular dynamics simulations for kinase selectivity studies could provide
insights into ligand-protein interactions, including key residues, predominant free energy
contributions, and interaction types, facilitating the design of subtype-selective inhibitors. To
elucidate the subtype selectivity mechanism of Aurora kinase A and B, molecular docking was
employed to construct complex structures. Subsequent MD simulations were conducted for
complexes of Aurora A and B with selective inhibitors LY3295668, MK-5108, and Alisertib, as
well as Aurora B selective inhibitor GSK-1070916 and pan-inhibitor Danusertib. The analysis
included RMSD, average structure determination, MM/PBSA-derived binding free energy, and
decomposition analysis, elucidating favorable or unfavorable residue contributions within the
active site. For Aurora A selective inhibitors (LY3295668, MK-5108, and Alisertib), the residue
Thr217 and Arg220/137 emerged as crucial for selectivity, with the carboxylate group being the
predominant functional group contributing significantly to binding free energy in these
compounds. Conversely, GSK-1070916's selectivity for Aurora B was attributed to Arg159 and
Asp218, with its tertiary amine with methyl group being key functional groups. These findings
on subtype selectivity mechanisms hold promise for the development of highly selective Aurora
kinase inhibitors, offering a less toxic anti-cancer strategy.
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CHAPTER ONE
Introduction
1.1 Cancer and Aurora Kinases
Cancer, a general term encompassing many diseases, can affect any part of body. A defining
characteristic of cancer is the rapid production of abnormal cells that exceed their usual boundaries,
invading neighbouring areas and leading to metastasis. In this process, cancer spreads to other
organs. Extensive metastasis stands as the primary cause of cancer-related deaths'. Metastasis
typically occurs in the late stages of cancer and can involve the blood or, lymphatic system, or both.
The typical steps in metastasis include local invasion, entry into the bloodstream or lymphatic
system, circulation throughout the body, extravasation into new tissues, proliferation, and
angiogenesis®*. Different types of cancer tend to metastasize to specific organs, with the lungs,
liver, brain, and bones being the most common sites*. In Canada, cancer is the leading cause of
death, accounting for 28.2% of all deaths (Fig. 1.1). In 2022, an average of 641 Canadians would
be diagnosed with cancer every day, leading to 233 deaths daily”.
Akinase is an enzyme that facilitates the transfer of phosphate groups from high-energy, phosphate-
donating molecules to specific substrates®. As serine/threonine kinases and phosphotransferase
enzymes, Aurora kinases play an essential role in cell proliferation’. There are three family
members of Aurora kinases in Mammalian cells: Aurora A, Aurora B, and Aurora C, each
possessing active and inactive modes. Aurora A functions during the prophase of mitosis, playing

a crucial role in the formation of the mitotic spindle, centrosome separation, and the organization



and alignment of chromosomes. Aurora B, acting as a chromosome passenger protein, is involved
in attaching the mitotic spindle to the centromere and chromosome segregation. Aurora C
exclusively functions in germ-line cells during meiosis®.

The overexpression of Aurora kinases in diverse cancer cells make them promising targets in cancer

therapy®. Different kinds of cancer have different levels of survival correlation with Aurora kinases.

Cancer
28.2%

Kidney disease 1.3% — | \ Heart disease
Suicide 1.4% *"’;} y - 18.5%
Alzheimer’s disease 2.2% \ \

Influenza and pneumonia 2.4%

Chronic lower respiratory diseases 4.5%

Cerebrovascular diseases 4.8% ’
Accidents 4.8%

Fig. 1.1 Proportion of Deaths Due to Cancer and Other Causes, Canada, 2019



1.2 Aurora Kinase A, B and C

1.2.1 Aurora Kinase A

Aurora kinase A, encoded by the AURKA gene in humans, is implicated in crucial processes during
both mitosis and meiosis, essential for healthy cell proliferation'®. Aurora A is activated through
one or more phosphorylation events, with its activity peaking during the G2 phase to M phase
transition in the cell cycle!!.

Aurora kinases were initially identified in 1990 during a cDNA screen of Xenopus eggs, and the
significance of Aurora A in meiosis and mitosis was recognized in 1998'2. Aurora A localizes near
the centrosome during late G1 phase and early S phase, associating with mitotic poles and adjacent
spindle microtubules as the cell cycle progresses'* 4. Aurora A remains associated with the spindles
through telophase and relocalizes to the mid-zone of the spindle just before mitotic exit!>.
During mitosis, Aurora A is critical for proper mitotic spindle formation, separation of centrosomes,
and organization and alignment of chromosomes during prometaphase!. Additionally, it
contributes to completing cytokinesis, ensuring the cell's exit from mitosis!”-!%, Dysregulation of
Aurora A has been associated with a high occurrence of cancer, as its proper expression is crucial

for preventing aneuploidy!®2!.

1.2.2 Aurora Kinase B
In the past decade, numerous studies have associated aberrant expression of Aurora kinases with

cancer, leading to the development of Aurora kinase inhibitors??. Aurora B is crucial for



chromosome segregation, spindle points, and cytoplasmic division, and alterations in these
processes can induce aneuploidy, a key characteristic of cancer cells?.

Aurora kinase B functions in attaching the mitotic spindle to the centromere and forms complexes
with three other proteins: Survivin, Borealin, and INCENP24. Each component is essential for the
proper localization and function of the others. Aurora B, a chromosomal passenger protein, reaches
its expression peak at the G2-M transition, with maximum activity during mitosis??. It localizes to
chromosomes in prophase, centromeres in prometaphase and metaphase, and the central mitotic
spindle in anaphase?%?.

Abnormally elevated levels of Aurora B kinase result in unequal chromosomal separation during
cell division, causing cells to possess abnormal chromosome numbers?32°, Aurora B acts both as a
cause and driver of cancer?’. Inhibiting Aurora B kinase allows polyploid cells to continue dividing,
but severe chromosomal abnormalities may eventually halt division or lead to cell death3!33,
Aurora B is involved in chromosomal bi-orientation, spindle assembly checkpoint control, and

cytokinesis regulation, and its overexpression is observed in various cancers®#3°,

1.2.3 Aurora Kinase C
Aurora kinase C, encoded by the AURKC gene in humans, is an enzyme that localizes to
centrosomes during early mitosis, and subsequently translocates to the midzone of mitotic cells

37,38

from anaphase to cytokinesis’’~°. Its expression in diploid human fibroblasts is approximately one

order lower than that of Aurora Kinase B, with mRNA and protein concentrations peaking during



the G2/M phase?®. Notably, the peak expression of Aurora kinase C in the M phase occurs later
than that of Aurora kinase B*’. While Aurora Kinase A and B are primarily expressed in mitotic
somatic cells, Aurora Kinase C is predominantly expressed in spermatogenesis and oogenesis
during meiosis. Although its expression is typically limited to meiotic cells, overexpression has

been observed in certain cancer cell lines*!.

1.3 Structures of Aurora Kinases

Aurora A consists of a short N-terminal domain and a highly evolutionarily conserved C-terminal
catalytic domain (Fig. 1.2), similar to Aurora B and C. The N-terminal domain marks the start of a
protein or polypeptide, while the C-terminal domain marks the end. The N-terminal domain
comprises a five-stranded antiparallel  sheet, an essential regulatory oC helix, and a P-loop*2. The
aC helix, a unique and dynamically regulated element within the protein kinase molecule, belongs
to the N-lobe in terms of sequence. The P-loop, a phosphate-binding loop, typically consists of a
glycine-rich sequence followed by a conserved lysine and a serine or threonine**. The C-terminal
domain is predominantly a helical and contains the activation loop (A-loop), which is involved in
polypeptide substrate binding**. The activation loop is typically 20 to 30 residues in length and
starts with a conserved DFG motif (usually Asp-Phe-Gly)*. The directionality of the three residues
of the DFG motifin the activation loop differs between active and inactive Aurora Kinases*S. In
active proteins, the activation loop extends away from the binding site, while in inactive proteins,

it is folded towards the binding site. Additionally, Aurora A's partner protein is TPX2, whereas



Aurora B's partner protein is INCENP’,

In active kinase structures, this loop forms a cleft that binds the substrate. These two domains are
connected by a flexible joint called the kinase hinge region, with the ATP binding pocket located
between them. The ATP binding site is the active site in Aurora Kinases*?.

Aurorakinase exhibits a wide range of conformations between active and inactive states. The active
conformation features several structural characteristics. In this state, the activation loop moves
away from the hinge region and the ATP pocket, facilitating the binding of substrate peptides®.
The DFG motifpoints into the ATP-binding pocket, adopting a DFG-in conformation, with its side
chains facing the aC helix in opposite orientations. Moreover, in this state, the aC helix is relatively
close to the ATP binding pocket, with the conserved glutamic acid on the aC helix pointing toward
the ATP binding pocket®. Residues downstream of the DFG motifin the activation loop typically
form a short o-helix, and a residue (tyrosine, serine, or threonine) in the activation loop is
phosphorylated®!.

In the inactive conformation, the activation loop adopts a closed conformation, blocking substrate
binding. The DFG motif points away from the ATP binding pocket, adopting a DFG-out
conformation, with the conserved glutamic acid on the o-C helix facing the solvent-exposed
region’2. Crystal structures of several kinases in the inactive state indicate that the activation loop

adopts a range of conformations, all of which are in a closed state, with residues of the activation

loop remaining unphosphorylated?>.



A N-terminal domain

ATP-binding puc{ceii:"_, \ L aC-helix
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Fig. 1.2 (A) Crystal structure of Aurora A-active with LY3295668 (6C2R). (B) Different

directions of DFG motif in activation loop in active and inactive Aurora Kinases.



1.4 High homology of Aurora Kinases

Aurora kinases exhibit highly conserved homology, differing only in four residues within the active
site: Leu215, Thr217, Val218, and Arg220 in Aurora A (Argl59, Glul61, Leul62, and Lys164 in
Aurora B)>* (Fig. 1.3)°. Aurora kinases share a common catalytic core, resulting in significant
sequence and structural similarity. Aurorakinase A and B, B and C, A and C demonstrate a notable
degree of identity at the primary sequence level. The kinase domain is highly conserved among
Aurora proteins, with homologies of 71%, 60%, and 75% between Aurora A and Aurora B, Aurora
A and Aurora C, Aurora B and Aurora C, respectively (Fig. 1.4)¢. These sequence and structural
similarities may contribute to a lack of selectivity and off-target toxicity of kinase inhibitors.
Therefore, understanding Aurora kinase inhibitor selectivity remains a top priority for kinase

inhibitor design and clinical safety assessment.

Hinge region

Leu21

Alyg20

Fig. 1.3 (A) The crystal structure of human Aurora kinase A (PDB ID: 3E5A). Illustration of the

structural segments of the ATP-binding pocket: the hinge region and the first two residues of the



aD helix (green), the Gly-rich loop (red), the residues in the aC helix (blue) and the ADFG residues

in the activation loop (yellow). (B) Superposition of the hinge residues of Aurora A and B shows

that only four residues in the hinge region and oD helix differ in human Aurora A and B. They are

colored in orange and cyan in Aurora A and B, respectively. (C) The crystal structure of human

Aurora kinase B (PDB id: 4AF3)3%%7

Aurora A
g — ] ]
| | | |
11 1 133 1383 402
| | | |
| | | |
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N-terminal Kinase domain C-terminal Total sequence Kinase domain
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Fig. 1.4 Percentages of homology measured by sequence identity of the total amino acid

sequence between Aurora A and Aurora B, Aurora A and Aurora C, Aurora B and Aurora C,

respectively>®.

1.5 Expressions of Aurora Kinases in Cancer

As mentioned previously, the overexpression of Aurora kinases in diverse cancer cells makes them

potent targets in cancer therapy, and finding a selective inhibitor for a specific type of Aurora kinase



is difficult yet essential. Numerous studies have demonstrated that Aurora kinase is overexpressed
or amplified in various human cancers, and different somatic cancer samples, such as lung cancer,
colorectal cancer, and melanoma, have been found to harbor several types of Aurora kinase
mutations®®. This indicates that Aurora kinase plays a pivotal role in cell transformation and
tumorigenesis. Over the past few decades, an increasing number of studies have focused on the
role of these potentially oncogenic proteins in tumor development.

Interestingly, different types of cancer exhibit varying degrees of correlation with Aurora kinases
(refer to Table 1). For instance, pancreatic adenocarcinoma (PAAD), a highly lethal cancer, is
notably correlated with the overexpression of Aurora A, but shows little correlation with Aurora B
or C (in Fig. 1.5)*. Therefore, developing specific medications for PAAD by identifying inhibitors
with high selectivity for Aurora A is feasible. Similarly, specific medications for various cancers

can be identified and developed accordingly.

ACC, KICH,

KIRP, LIHC,

LUAD, MESO, CESC
SARC, UVM

Aurora A

PAAD

_ LGG
- KIRC
>N SKCM

Fig. 1.5 Survival correlation among Aurora Kinases and variety of cancers



Table 1. Sensitive prognostic marker of Aurora Kinase A and B

Aurora A Aurora B
ACC-Adrenocortical carcinoma ACC-Adrenocortical carcinoma
LGG-Lower grade glioma LGG-Lower grade glioma
CESC-Cervical squamous cell carcinoma CESC-Cervical squamous cell carcinoma
KICH-Kidney chromophobe carcinoma KICH-Kidney chromophobe carcinoma
KIRC-Kidney renal clear cell carcinoma KIRC-Kidney renal clear cell carcinoma

KIRP-Kidney renal papillary cell carcinoma KIRP-Kidney renal papillary cell carcinoma

LIHC-Liver hepatocellular carcinoma LIHC-Liver hepatocellular carcinoma
LUAD-Lung adenocarcinoma LUAD-Lung adenocarcinoma
PAAD-Pancreatic adenocarcinoma MESO-Mesothelioma
SARC-Sarcoma SARC-Sarcoma
UVM-Uveal melanoma SKCM- Skin cutaneous melanoma

UVM-Uveal melanoma




1.6 Aurora Kinase Inhibitors

Aurora kinase is closely associated with cancer development and metastasis. In recent years, there
has been widespread attention on the design and development of Aurora kinase inhibitors. For
instance, Aurora A is considered an oncogene that is frequently overexpressed in various human
malignancies, such as colon, breast, pancreatic, and ovarian tumors®’. The recent clinical success
of kinase inhibitors in oncology has sparked significant interest in targeting Aurora kinases with
small molecules. Several Aurora kinase inhibitors, exhibiting potency and selectivity over other
kinases, are currently undergoing clinical trials (Fig. 1.6 and Table 2). However, only a few

inhibitors demonstrate some level of subtype selectivity for either Aurora A or Aurora B*.

Cl
Be

O.. OH

0
580
A A

H

MK-5108

Barasertib-HQPA Danusertib

Fig. 1.6 Structures of some Aurora inhibitors



Table 2. ICso of some Aurora inhibitors

Aurora A Aurora B Aurora C Current trial
Inhibitor
(ICs0 nM) (ICs0o nM) (ICs0 nM) stage
MK-874556 0.6 / / Preclinical
MK-510857 0.064 >15 / I
LY329566858 0.8 1038 / /11
TAS-119%° 1 95 / I
Alisertib®0 1.2 396.5 / I/II/1IT
MLN8054¢! 4 / / I
AKI60362 12.3 / / Preclinical
SP-9663 18.975 0.316 / Preclinical
Barasertib-
1368 0.37 / /11
HPQA®%
Hesperidin®> / 250 / Preclinical
GSK-10709166% > 100 0.38 1.5 I
Danusertib®’ 13 79 61 11
BI-84732568 / / 15 /




1.7 Purpose of Thesis

As mentioned earlier, understanding Aurora kinase inhibitor selectivity remains a primary objective
for the design of kinase inhibitors and for clinical safety assessments. Traditional approaches for
kinase selectivity analysis typically involve biochemical activity assays, binding assays, and
protein-ligand crystallization. However, these methods are often prohibitively expensive and are
limited by the availability of kinases. In contrast, studying kinase selectivity through molecular
dynamics simulation can provide detailed insights into ligand-protein interactions, including key
residues, main free energy contributions, and interaction types. Such insights can guide the design
of subtype-selective inhibitors. Given the high similarity in the active site, achieving high subtype
selectivity for Aurora kinase ligands is both crucial and challenging. Understanding the selective
mechanisms of protein-ligand recognition at the molecular level may offer valuable insights for the
rational design of selective inhibitors targeting Aurora kinase A and B, thereby helping to mitigate
potential side effects.

The objective of this thesis is to elucidate the subtype selectivity mechanisms of Aurora kinase A
and B by investigating several Aurora A selective inhibitors, Aurora B selective inhibitors, and
inhibitors that exhibit no selectivity for either Aurora A or B. To achieve this goal, molecular
docking was employed to generate complex structures. Molecular dynamics simulations were then
conducted to analyze the complexes of Aurora A and B with Aurora kinase inhibitors, focusing on
root mean square deviation (RMSD), average structure, binding free energy determined via

MM/PBSA, and binding free energy decomposition analysis. These analyses aim to identify



favorable or unfavorable residue contributions in the active site, thereby elucidating the subtype

selectivity mechanisms of Aurora kinase A and B in the presence of Aurora inhibitors.



CHAPTER TWO

EVALUATION OF AURORA A SELECTIVE INHIBITORS BINDING WITH AURORA

KINASE AAND B BY MOLECULAR DYNAMICS SIMULATION

2.1 Introduction

The overexpression of Aurora kinases in various cancer cells makes them promising targets in
cancer therapy. However, Aurora kinases exhibit highly conserved homology, with only four
different residues present in the active site: Leu215, Thr217, Val218, and Arg220 in Aurora A (and
Argl59, Glul6l, Leul62, and Lys164 in Aurora B). Aurora kinases share a common catalytic core,
resulting in significant sequence and structural similarities. Aurorakinase Aand B, B and C, A and
C share a substantial degree of identity, with over 71%, 75% and 60% similarity of sequence
identity respectively>®. These similarities in sequence and structure can contribute to a lack of
selectivity and off-target toxicity of kinase inhibitors. Therefore, understanding the selectivity of
Aurora kinase inhibitors remains a top priority for designing kinase inhibitors and evaluating
clinical safety.

Traditional methods for analyzing kinase selectivity typically involve biochemical activity assays,
binding assays, and protein-ligand crystallization. However, these approaches are costly and often
limited by the availability of kinases®’. In contrast, molecular dynamics simulation offers a means
of studying kinase selectivity while also providing insights into ligand-protein interactions, such as
key residues, significant free energy contributions, and interaction types.

Molecular docking predicts the preferred orientation of one molecule when bound to another to

23



form a stable complex’. Due to the lack of specific complex crystal structures, molecular docking
was employed to construct the structures of Aurora A and B bound with the ligand GSK-1070619.
Autodock Vina was chosen for this purpose due to its speed and accuracy’!-’2.

Molecular dynamics simulation analyzes the physical movements of atoms and molecules over a
fixed period of time, providing dynamic insights into the system's evolution’®. The main steps of
MD simulation include system preparation, simulation, and analysis. In this project, the Amber
software package was utilized’*7>.

Molecular mechanics-generalized Born surface area (MM/GBSA) and Molecular mechanics-
Poisson-Boltzmann surface area (MM/PBSA) methods are considered reliable and valid for
structure-based drug design, particularly in predicting the binding affinity of a protein bound with
a ligand’®>. MM/PBSA uses the Poisson-Boltzmann equation to compute the electrostatic
contribution to the free-energy, while MM/GBSA uses the Generalized Born approximation, which
is an approximate and faster treatment of the Poisson-Boltzmann equation’’. MM/PBSA is deemed
more accurate than MM/GBSA, and thus, MM/PBSA was employed to calculate binding free
energy decomposition. The calculation results include the binding free energy contribution of each
residue in the protein, aiding in identifying favorable or unfavorable residue contributions in the
active site.

Comparison of ligand interactions obtained from average structures reveals differences in ligand

interactions, key residues of the protein, and key functional groups of the ligand between the Aurora

A and B complexes, thereby elucidating the selectivity mechanism.
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2.2 Preparation of Complex Structures

As part of this research, LY3295668, MK-5108, Alisertib, GSK-1070916, and Danusertib were
investigated. Specifically, LY3295668, MK-5108, and Alisertib are selective inhibitors for Aurora
A, while GSK-1070916 exhibits higher selectivity for Aurora B over Aurora A. However,
Danusertib was found to lack specific selectivity for either Aurora A or B.

Some complex structures can be found in the Protein Data Bank’8, while others cannot or have
missing parts in the protein structure. In such cases, the proteins need to be repaired to ensure a
complete structure. Additionally, structures from AlphaFold can be utilized”*#°. AlphaFold is a
computational method capable of predicting protein structures with atomic accuracy, even in cases
where no similar structure is known®!. For example, the structure of LY3295668 binding with
Aurora A is based on 6C2R and corrected using AlphaFold, the structure of MK-5108 binding with
Aurora A is based on SEW9 and corrected using AlphaFold, and the structure of Danusertib binding
with Aurora A is based on 2J50 and corrected using 3ESA.

To obtain sequence and structural information of Aurora proteins for comparison, sequence
alignment and structure superimposition were performed. Considering the high homology and
conservation of the binding site between the two Aurora proteins, the interaction modes of
LY3295668, MK-5108, and Danusertib with Aurora A and Aurora B are expected to be very similar.
Therefore, it is not optimal to rebuild the binding models using molecular docking methods. Instead,
a straightforward and reliable approach is to align and merge based on the similar binding modes

of LY3295668, MK-5108, and Danusertib with homologous Aurora kinases®?.
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There are no crystal structures related to GSK-1070916 binding with human Aurora kinases.
Molecular docking was thus employed to predict the initial structure of the GSK-1070916/Aurora
A model and the GSK-1070916/Aurora B model. Specifically, even though the crystal structure of
the inhibitor GSK-1070916 is unavailable, it can be drawn and adjusted using ChemDraw.
Research indicates that the active conformation of Aurora kinases is the lowest energy state
compared to the inactive conformation and the active conformation with partner protein. As
mentioned earlier, Aurora C primarily functions in germ cells and has minimal correlation with
cancer. Therefore, this study only focuses on the active conformations of Aurora A and Aurora B.
The resources of the ligand, protein, and complex in each system are summarized in Table 3.
More significantly, regardless of how the protein-ligand complex was obtained, they were all

optimized by MD simulation.
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Table 3. Resources of the ligand, protein and building method of the starting structure in each

system.
LY- GSK-
MK-5108 Alisertib Danusertib
3295668 1070916
Ligand 6C2R SEW9 3ESA Chemdraw 2J50
6C2R, SEW9, 2J50,
Aurora Protein 2X81 AlphaFold
A AlphaFold  AlphaFold 3ESA
Crystal Crystal Crystal Crystal
Complex Y Y Y Docking Y
structure structure structure structure
Ligand 6C2R SEW9 5TA0 ChemDraw 2J50
Aurora Protein AlphaFold  AlphaFold  AlphaFold  AlphaFold  AlphaFold
B
Crystal Crystal Crystal Crystal
Complex Y Y Y Docking Y
structure structure structure structure

AlphaFold database access ID:

AF-A3KFJ2-F1 (Homo sapiens Aurora kinase A)

AF-A0A3D4H337-F1 (Homo sapiens Aurora kinase B)

27



2.3 Molecular Docking

Molecular docking involves studying how two or more molecular structures, such as a drug and an
enzyme or protein, fit together. It predicts the preferred orientation of one molecule when bound to
another to form a stable complex®. The method aims to identify the correct poses of ligands in the
binding pocket of a protein and predict the affinity between the ligand and the protein. Docking
can be classified into protein-small molecule (ligand) docking, protein-nucleic acid docking, and
protein-protein docking, depending on the types of ligands®*%°. In this study, docking is employed
to predict how the protein interacts with small molecules (ligands).

Docking involves placing rigid molecules or fragments into the active site of a protein using various
methods, such as pose clustering. The performance of docking relies on search algorithms like the
Monte Carlo method, genetic algorithm, fragment-based method, and distance geometry method,
as well as scoring functions like the force field method and empirical free energy scoring function®.
The first step in docking is to generate a composition of all possible conformations and orientations
of the protein paired with the ligand. Then, the score function calculates a number indicating
favorable interaction®”. The active site of the protein can be identified by selecting the required
crystal structure from the Protein Data Bank (PDB) and extracting the bound ligand, which
optimizes the protein's active site of interest®®. When the bound ligand is absent in the crystal
structure, identifying the active site in a protein becomes critical. In such cases, a comprehensive
literature review of the source papers from which the crystal structure in the PDB is obtained can
help identify the active site residues. If an existing drug has the same pharmacological effect on a

protein, the drug's active site should be determined. In the initial stages of analysis, these residues
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can be considered as active binding sites for test ligands®°.

Due to the lack of complex crystal structures, molecular docking was performed to construct the
structures of Aurora A and B bound with the ligands®®. Autodock Vina was chosen for this task due
to its speed and accuracy. The initial structures of the GSK-1070916/Aurora A model and the GSK-
1070916/Aurora B model were generated using molecular docking in the AutoDockTools 1.5.6
program’!72. A cubic box of 25 A x 25 A x 25 A was defined, with the ATP-binding sites as the
center and a grid spacing of 0.3 A. Gasteiger partial charges were distributed to the atoms of GSK-
1070916 using the AutoDockTools program. AutoGrid software was used to estimate the affinity
maps of Aurora A°!. The docking parameters were set as follows: 300 docking trials, clustering
according to the RMSD tolerance of 1.0 A, maximum number of evaluations set to 25,000,000,
and other parameters set to default values. The highest-ranking structures for the GSK-
1070916/Aurora A and GSK-1070916/Aurora B models were selected for the next step of

molecular dynamics (MD) simulation.

2.4 Molecular Dynamics Simulation

Molecular dynamics (MD) simulation is a computational method for analyzing the physical
movements of atoms and molecules. It operates within the framework of classical mechanics and
numerically simulates the motion of molecular systems®?. Molecular dynamics simulation enables
the simulation of chemical and physical processes on computers, providing kinetic information on

a microscopic scale, offering theoretical support for experiments, and guiding chemical
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experiments®>**. Since molecular systems typically involve a large number of particles,
determining the properties of such complex systems analytically is impractical. MD simulations
circumvent this issue by employing numerical methods. Additionally, computational simulations
can help reduce the costs associated with manual experiments. MD simulations can also be
conducted under specific conditions, such as ultra-high pressure, ultra-high temperature, strong
electric fields, and strong magnetic fields®>.

MD simulations were performed using AMBER 18. The force field FF98SB was used for proteins,
whereas GAFF was used for non-peptide components of the system, including the small organic
compounds’®. Water molecules were added using the TIP4P model around the molecular models,
with a9 A buffer from the edge of the periodic box. Counter ions were introduced to achieve total
charge neutrality. The atomic charges of protein come from force field; while atomic charges of
ligand come from a charging scheme employed, the net charge set before MD depend on the ligand
protonation state at pH of 7.4.

The system underwent equilibration through three steps>?:

Prior to molecular dynamics simulation, energy minimization was performed to relax the complex
systems. During the minimization step, the system underwent relaxation through 5000 steps of
steepest descent followed by 3000 conjugate gradient minimization steps, with a force constant of
10.0 kcal mol-A-2 applied to the protein and ligand. This process was repeated two more times with
a force constant of 10.0 kcal mol-A? applied to the protein and ligand respectively.

In the second step, the system was heated in two sequential runs to 300 K, while maintaining a
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force constant of 10.0 kcal mol-A~ on the protein. Initially, the system was rapidly heated to 100
K, followed by a gradual increase until reaching 300 K. The constant-temperature, constant-
pressure ensemble (NPT) was utilized during this step. Temperature control was achieved using a
Langevin thermostat with a collision frequency of 1.0 ps~'.

In the final step, an NTP MD simulation was conducted for 5 ns with a time step of 2 fs and a force
constant of 5.0 kcal mol-A? applied to the protein for equilibration.

Following the equilibration run, each system was simulated for more than 300 ns using the NPT
ensemble. Temperature regulation was maintained using a Berendsen Thermostat. All simulations
were conducted with periodic boundary conditions. The SHAKE algorithm was applied to all atoms
covalently bonded to hydrogen atoms®’. Long-range electrostatic interactions were calculated using

the particle mesh Ewald (PME) method. Non-bond interactions were treated with a residue-based

cutoff of 10 A7598,

2.5 RMSD and Average Structure

Root-mean-square deviation (RMSD) was employed to assess the dynamic stability of the complex
and ascertain whether the ligand deviated from the protein®. The RMSDs of the protein backbone
and mwRMSDs (mass-weighted) of ligand molecules from the initial structure were analyzed
across all MD trajectories. To scrutinize conformational changes, the averaged structures derived
from MD simulations were compared with the crystal structures. The averaged structures for all

atoms were computed using the CPPTRAJ module of AMBER 18 from the final 120 ns simulation
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trajectories, excluding water and ions, with a sampling interval of 0.5 ns’>. After 50ns, the curve
fluctuates within a very narrow range, which can be regarded as stabilizing. After that, the average
structures are very similar. Subsequently, these structures underwent minimization to alleviate
unrealistic bonds and angles. The distances between the center of mass of atoms were calculated
using the same module and parameters.

Analyzing the average structures of these models facilitated the extraction of information regarding
the residues engaged in ligand interactions and the types of interactions involved, which proved
invaluable for subsequent analyses. Moreover, the average structures exhibited minimal alteration
when compared to the initial structures by superimposing the structures, suggesting that, at this
juncture, the initial structures could be deemed reasonable. Some of the structures were modeled
in various ways and one of them was obtained by molecular docking. Even if the overall shape of
the protein (as measured by RMSD between Carbon alpha or backbone atoms) did not change
much, intermolecular interactions would have been significantly optimized after MD reached

equilibrium.

2.6 Binding Free Energy Calculation

Molecular mechanics-generalized Born surface area (MM/GBSA) and Molecular mechanics-
Poisson-Boltzmann surface area (MM/PBSA) are regarded as reliable and valuable techniques for
structure-based drug design. This is owing to their exceptional capability to predict the binding

affinity between a protein and its ligand'?°. By assessing the efficacy of MM/GBSA and MM/PBSA
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in predicting binding free energies, it was observed that MM/PBSA outperformed MM/GBSA in
calculating absolute binding free energies, though not necessarily relative binding free
energies'°1192. MM/GBSA can serve as a potent tool in drug design, where correct ranking of
inhibitors is often emphasized, considering its computational efficiency'%.

The binding free energy of each system was calculated using the MMPBSA.py program in AMBER
18, which conducts both MMPBSA and MMGBSA calculations”. This method involves post-
processing, utilizing representative snapshots from a conformational ensemble to determine the
free energy change between two states, typically the bound and free states of a receptor and ligand.
Free energy differences are computed by amalgamating gas phase energy contributions, which
remain independent of the chosen solvent model, alongside solvation free energy components (both
polar and non-polar) determined from an implicit solvent model for each species!?41% Further
refinement may include adding entropy contributions to the total free energy.

A total of 240 snapshots were extracted from each 120 ns trajectory at intervals of 0.5 ns. Prior to
analysis, all water molecules and counter ions were removed from the trajectories. For each

snapshot, the free energy was computed using the following equation'%®:

AGbind = Gcomplex - [Gligand + Gprotein] (1)
Where Geomplex, Giigand and Gprotein Were the free energies for the complex, ligand and protein,

respectively. Each of them was summed with the following equations:
AGping = AGyy + AGsop, — TAS (2)
AGping = (AGejec + AGpgy) + (Apr + Aan) — TAS 3)
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The binding free energy (AGy;nq) in equation 2 is calculated from a sum of the changes in the
molecular mechanical (MM) gas-phase binding energy (AGyy ), the solvation free energy (AGg,;,,)
and entropic contribution (TAS) at temperature T. AGy, is the sum of gas phase coulomb
interaction (AG,;..) and van der Waals interaction (AG,4,, ) energies. The solvation free energy
(AGspp) 1s the sum of polar contribution to solvation (AG,;) and nonpolar solvation term AG,,,.
The polar solvation energy was calculated by solving the Poisson-Boltzmann (PB) equation. The
values of dielectric constant of the surrounding solvent molecules and the solute were set to 80 and
1. Specifically, the dielectric constant of water is 80, and the dielectric constant of a vacuum is

considered to be 1.0 The nonpolar solvation term was computed using the following equation:
AG,, = YASASA+ b,'’ (4)

where y was the surface tension that was set to 0.0072 kcal/ (mol A?), and b was a constant set to
0. SASA is the solvent-accessible surface area (A?) that was estimated using the MOLSURF
algorithm. The solvent probe radius was set to 1.4 A to define the dielectric boundary around the

molecular surface.

2.7 Binding Free Energy Decomposition

To elucidate the intricate interactions between the protein and ligand, the binding free energy was
decomposed for each residue. As previously mentioned, MM/PBSA is deemed a more accurate
method compared to MM/GBSA. Hence, MM/PBSA was employed to compute the binding free

energy decomposition!?®!® However, MM/GBSA calculation is faster and also a reliable method.
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Comparing the results from MM/GBSA and MM/PBSA can verify their correctness and improve
the reliability. The results of the calculations included the contribution of binding free energy from
each residue within the protein. This allowed for the identification of favorable or unfavorable
residue contributions within the active site!!%!'3, In comparison to the ligand interactions deduced
from the average structures, this analysis could delineate the distinctions in ligand interactions, key
residues within the protein, and crucial functional groups of the ligand across the complexes of
Aurora A, B, and C. Consequently, it facilitated the elucidation of the selectivity mechanism of

Aurora kinases.

2.8 Results and Discussion

2.8.1 LY3295668, MK-5108 and Alisertib

Build the systems

The crystal structure of Human Aurora A binding with LY3295668 was retrieved from PDB: 6C2R,
but the protein was not complete, so the missing residues on activation loop had to be fixed by
homology modeling based on the templates of 6C2R and the structure retrieved from AlphaFold
Protein Structure Database’®, the AlphaFold database access ID is AF-A3KFJ2-F1. Due to the lack
of crystal structure of LY3295668 binding with human Aurora B, the active Aurora B was retrieved
from AlphaFold Protein Structure Database: Homo sapiens Aurora kinase B7*%°, the AlphaFold
database access ID is AF-AOA3D4H337-F1. The all-atom accuracy of AlphaFold was 1.5 A

RMSD95 (95% confidence interval = 1.2-1.6 A) compared with the 3.5 A r.m.s.d.95 (95%
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confidence interval =3.1-4.2 A) of the best alternative prediction method. Since the existing human
Aurora A/LY3295668 (6C2R) was fixed and the highly conserved homology between Aurora
kinase A and B mentioned before, the human Aurora B was superimposed structurally to the
complete Aurora A/LY3295668 complex instead of rebuilding the binding models by molecular
docking methods. Then the ligand conformation was extracted from the template and merged into
the target models. Significantly, the net charge of LY3295668 was set to 0 when preparing the
systems due to its protonation state at the pH of 7.4. The starting structures of LY3295668/Aurora

A and LY3295668/Aurora B models are shown in Fig. 2.1.

Anrora ATLY3205668 Agrora B/LY 3295665

Fig. 2.1 Starting structures of Aurora kinase A and B binding with LY3295668.

The process of building the starting structures of Aurora kinase A and B with MK-5108 was similar

to LY3295668. The crystal structures of Human Aurora A binding with MK-5108 was retrieved
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from PDB: SEW9, and then fixed based on the templates of SEW9 and the structure retrieved from
AlphaFold Protein Structure Database, the AlphaFold database access ID is AF-A3KFJ2-F1. The
human Aurora B was retrieved from AlphaFold Protein Structure Database: Homo sapiens Aurora
kinase B, the AlphaFold database access ID is AF-AOA3D4H337-F1. The human Aurora B was
superimposed structurally to the complete Aurora A/MK-5108 complex, and then the ligand
conformation was extracted from the template and merged into the target models. Significantly, the
net charge of MK-5108 was set to -1 when preparing the systems due to its protonation state at the
pH of 7.4. The starting structures of MK-5108/Aurora Aand MK-5108/Aurora B models are shown

in Fig. 2.2.

Aurora A/MK-5108 Aurora B/MK-5108

Fig. 2.2 Starting structures of Aurora kinase A and B binding with MK-5108.

The models were constructed by structurally superimposing the crystal structure of Aurora A (3E5A)
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and the AlphaFold structure of Aurora B to the crystal complex of Aurora A-MLN8054 (PDB ID:
2X81) due to the similar structure of Alisertib to MLN8054 (Fig. 2.3). Then the moieties were
modified on MLN8054 to get Alisertib (Fig. 2.4). Significantly, the net charge of Alisertib was set

to -1 when preparing the systems due to its protonation state at the pH of 7.4.

MLN8054 Alisertib

Fig. 2.3 The structure of Alisertib and MLN8054.

Aurora A/Alisertib Aurora B/ Alisertib

Fig. 2.4 Starting structures of Aurora kinase A and B binding with Alisertib.
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Stability of complex models and ligand interactions

To assess the dynamic stability of the complexes and validate the rationality of the sampling method
used during the 50 ns MD simulation for each complex, root-mean-square deviations (RMSD) from
the starting structure were analyzed. As depicted in Fig. 2.5, Fig. 2.6 and Fig. 2.7, this analysis

indicated that the proteins, active sites, and ligands in these systems remained stable after reaching

equilibrium.

protein
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ligand ] :
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Aurora A/LY3295668 Aurora B/LY3295668

Fig. 2.5 The root mean square deviation (RMSD) of Aurora kinase A and B binding with

LY3295668.

39



—— protein —gand
e
— ligand 15

15 4
1.0 4
T =
o o
2 2
o o
0.0 . - . 00 T T T T T
0 100 200 300 0 50 100 150 200 250
time (ns)

time (ns)

Aurora A/MK-5108

Aurora B/MK-5108

Fig. 2.6 The root mean square deviation (RMSD) of Aurora kinase A and B binding with MK-

5108.
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Fig. 2.7 The root mean square deviation (RMSD) of Aurora kinase A and B binding with

Alisertib.
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According to the average structure and ligand interactions of LY3295668 binding with Aurora A
and B, LY3295668 was stabilized in the binding pocket formed by residues Argl37, Leul39,
Phel44, Alal60, Lys162, Leul94, Glu211, Ala213, Gly216, Thr217, Arg220, Leu263 and Ala273
for Aurora A; Arg81, Leu83, Alal04, Leul38, Glul55, Alal57, Gly160, Glul61, Leu207 and

Ala217 for Aurora B (Fig. 2.8).

ARG 137

Aurora B/LY3295668

Fig. 2.8 Average structures and ligand interactions of Aurora kinase A and B binding with

LY3295668.
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According to the average structure and ligand interactions of MK-5108 binding with Aurora A and
B, MK-5108 was stabilized in the binding pocket formed by residues Leul39, Vall147, Ala160,
Lys162, Leul94, Leu210, Glu2l1l1, Ala213, Thr217, Arg220, Leu263 and Ala273 for Aurora A;
Arg81, Leu83, Alal04, Leul54, Tyr156, Alal57, Alal64, Leu207 and Ala217 for Aurora B (Fig.

2.9).

Aurora A/MK-5108

Aurora B MK-5108

Fig. 2.9 Average structures and ligand interactions of Aurora kinase A and B binding with MK-

5108.
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According to the average structure and ligand interactions of Alisertib binding with Aurora A and B,
Alisertib was stabilized in the binding pocket formed by residues Argl37, Leul39, Phel44, Val147,
Alal60, Lys162, Glul81, Glu211, Ala213, Glu260, Leu263 and Ala273 for Aurora A; Arg81, Leu83,

Val91l, Alal04, Alal57, Glul61, Glu204, Leu207 and Ala217 for Aurora B (Fig. 2.10).

Aurora A/Alisertib

Aurora B/Alisertib

Fig. 2.10 Average structures and ligand interactions of Aurora kinase A and B binding with

Alisertib.
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Binding free energy calculations

The calculated binding free energies of Aurora A/LY3295668 and Aurora B/LY3295668 are
presented in Table 4, along with the contributions of their components calculated using the
MM/PBSA and MM/GBSA methods. It is evident that the energy rankings predicted by both
methods are highly consistent, with the free energy value obtained from MM/PBSA being lower
than that from MM/GBSA. It is important to note that while the binding free energies calculated
with MM/PBSA and MM/GBSA may not precisely match the absolute experimental values, they
have demonstrated a strong correlation with experimental results.

The results show that the Van der Waals energy, polar solvation energy, and nonpolar solvation
energy favor binding in all systems,since these values are negative. While the electrostatic
interaction contribution in vacuum shows an unfavorable contribution. However, the favorable
polar solvation energy is offset by the unfavorable electrostatic energy resulting in disadvantages.
Van der Waals and nonpolar solvation energies are often closely related to hydrophobic interactions,
which are responsible for burying the hydrophobic groups of the ligand into the receptor binding
pocket. The sum of Van der Waals energy and nonpolar solvation energy contributes favorably to
all four complex systems, indicating that hydrophobic interactions are the main driving force for
the binding of LY3295668 to Aurora A and B. The summation of AGyq,, + AG,, is much more
favorable for the Aurora B model with the binding free energy of -58.76 kcal/mol than for the
Aurora A model with the binding free energy of -55.04 kcal/mol. However, the AG,;, + AG,p, sum

of the Aurora B model with the binding free energy of 22.06 kcal/mol is more unfavorable than the
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Aurora A model with the binding free energy of 9.88 kcal/mol, making the overall enthalpy
contribution favor the binding of LY3295668 to Aurora A. Overall, hydrophobic interactions are
an important driving force for the binding of LY3295668 to Aurora A and B. Changes in
electrostatic and polar solvation interactions primarily differentiate the binding affinities of Aurora
A and B for LY3295668.

The same method can be used to obtain the binding free energies of MK-5108 and Alisertib. It can
be found that MK-5108 and Alisertib are Aurora A selective inhibitors, which are in line with

experimental correlations from ICs data (in Table 5).

Table 4. The binding free energy and the contributions of its components for LY3295668 with

Aurora A and B calculated from MM/PBSA and MM/GBSA method (kcal/mol)

System Aurora A/LY 3295668 Aurora B/LY3295668
AGygw -50.90+0.29 -54.4740.30
AGge -97.27+0.51 -66.24+0.58
AGpp 108.40+0.36 88.30+0.50
AGpp -4.14+0.01 -4.30+0.01
AGym -148.16+0.47 -120.71+0.58
AGgoy 104.26+0.36 84.00+0.50
AGpg -43.90+0.35 -36.70+0.54
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System Aurora A/LY3295668 Aurora B/LY3295668
AGyqw -50.90+0.29 -54.47+0.30
AGgle -97.27+0.51 -66.24+0.58
AGgy, 89.99+0.35 76.12+0.48
AGgy ¢ -6.70+0.02 -6.60+0.02
AGym -148.16+0.47 -120.71£0.58
AGggyy 83.30+0.35 69.52+0.48
AGgg -64.87+0.33 -51.19+40.38

AGvawis the Van der Waals contribution from the MM force field.

AGeleis the electrostatic interaction calculated with the MM force field.

AGppb is the electrostatic contribution to the solvation energy calculated by the PB approach.

AGnp is the nonpolar contribution to the solvation energy.

AGiury is the nonpolar solvation energy from MMGBSA.

AGumu is the gas phase energy (AGvaw+ AGele).

AGsolvis the total solvation energy (AGps + AGnp).

AGPB= AGviw~+ AGeie + Apr + Aan

AGgb is the electrostatic contribution to the solvation energy calculated by the GB approach.

AGGB= AGvaw+ AGele + Ang + AGsu}jf
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Table 5. The binding free energy of Aurora kinase A and B

Alisertib calculated from MM/PBSA and ICsy.

with LY3295668, MK-5108 and

System AGpg (kcal/mol) ICs0o mM)
Aurora A/LY 3295668 -43.90 0.8
Aurora B/LY3295668 -36.71 1038

Aurora A/MK-5108 -55.22 0.064
Aurora B/MK-5108 -32.14 >15
Aurora A/Alisertib -44.37 1.2

Aurora B/Alisertib -36.90 396.5

Mechanisms of selectivity for LY3295668, MK-5108 and Alisertib over Aurora kinase A and B

To investigate the selectivity mechanism of LY3295668, per-residue free energy decomposition

was applied to the Aurora A and B models. Residues exhibiting binding free energies lower than —

1 kcal/mol are typically regarded as key contributors to ligand binding, as depictedin Fig. 2.11. In

the LY3295668/Aurora A model, the key residues for the binding with LY3295668 are mainly

Leul39, Glu211, Tyr212, Ala213, Gly216, Thr217, Arg220 and Leu263 with the binding free

energy lower than —1 kcal/mol. Arg220 forms the strongest interaction with the ligand (-7.99

kcal/mol) through multiple interactions including a hydrogen bonding interaction with the hydroxyl

(single-bonded OH) on the carboxylate group of the ligand and an attractive charge interaction with

47



the carbonyl (double bonded O) on the carboxylate group of the ligand (Fig. 2.12). The residues

Argl37, Lys162, Glu260 and Ala273 contribute unfavorably to the binding of LY3295668 in

Aurora A, as indicated by their positive binding free energies. The most unfavorable interaction is

generated by Lys162, with the binding free energy of 4.95 kcal/mol. The ligand-residue interaction

types of LY3295668 with Aurora A are listed in Table 6, only the residues with energy contributions

over 1.0 kcal/mol or under -1.0 kcal/mol are shown.

InLY3295668/Aurora B model, the key residues for the binding with LY3295668 are mainly Leu§83,
Glul55, Tyr156, Alal57, Gly160, Lys164 and Leu207 with the binding free energy lower than —1

kcal/mol (Fig. 2.13). Tyr156 forms the strongest interaction with the ligand (-2.54 kcal/mol). The

residues Glul61 and Glu204 contribute unfavorably to the binding of LY3295668 in Aurora B, as

indicated by their positive binding free energies, with the binding free energy of 4.48 kcal/mol and
4.89 kcal/mol. The ligand-residue interaction types of LY3295668 with Aurora B are listed in Table

7, only the residues with energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.

In the binding site of Aurora A, Thr217 and Arg220 show great contributions to the binding with

the ligand, with the binding free energy of -2.44 kcal/mol and -7.99 kcal/mol. However, in the

binding site of Aurora B, Lys164 (Arg220 in Aurora A) only contributes the binding free energy of
-1.98 kcal/mol, Glul61 (Thr217 in Aurora A) even shows a strong unfavorable binding free energy

contribution (4.48 kcal/mol) through salt bridge interaction. The significant disparities in binding

free energy observed for Thr217/Glul61 and Arg220/Lys164 in Aurora A compared to Aurora B

account for the selectivity variation when LY3295668 binds to Aurora kinases. Consequently,
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Thr217 and Arg220 emerge as pivotal residues in Aurora A's interaction with the ligand LY3295668,
rendering LY3295668 a highly selective inhibitor of Aurora A. Additionally, the carboxylate

functional group of the inhibitor plays a crucial role in driving the selectivity differences observed

in ligand interactions.

5 LYSsI62 i LY3295668/Aurora A

energy (kcal/mol)

T T 1
150 200 250 300
residue
- LY3295668/Aurcra B
5 7 GLU204
GLU161
4 4
34
24

energy (kcal/mol)

LEU207

100 150 200 250
residue
Fig. 2.11 Ligand-residue interaction energies from the MM/PBSA energy decomposition for

LY3295668 with Aurora A and B. The residues with energy contributions over 1.0 kcal/mol and

under -1.0 kcal/mol or labeled.
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Hydrogen bond
Alkyl/Pi-alkyl

Unfaverable Donor-Donor
Attractive charge

Halogen (Cl, Br, 1)

Fig. 2.12 Ligand-residue interactions of LY3295668 with Aurora A. Only the residues with

energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.



Table 6. Ligand-residue interaction types of LY3295668 with Aurora A. Only the residues with

energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.

Residue Number Interaction type
ARG 137 Hydrogen Bond
Hydrogen Bond
LYS 162
Alkyl
GLU 211 Hydrogen Bond
Hydrogen Bond
ALA 213 Unfavorable Donor-Donor
Pi-Alkyl
GLY 216 Hydrogen Bond
THR 217 Hydrogen Bond
Attractive charge
ARG 220
Hydrogen Bond
LEU 263 Pi-Alkyl
Halogen (CIL, Br, I)
ALA 273

Pi-Alkyl
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B Hydrogen bond

mm Alkyl/Pi-Alkyl

EE |nfavorable Donor-Donor
BN S3lt Bridge

Fig. 2.13 Ligand-residue interactions of LY3295668 with Aurora B. Only the residues with

energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.
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Table 7. Ligand-residue interaction types of LY3295668 with Aurora B. Only the residues with

energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.

Residue Number Interaction type
Hydrogen Bond
LEU 83
Pi-Alkyl
GLU 155 Hydrogen Bond
Hydrogen Bond
ALA 157 Pi-Alkyl
Unfavorable Donor-Donor
GLY 160 Hydrogen Bond
Salt Bridgen
GLU 161
Hydrogen Bond
LEU 207 Alkyl
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In MK-5108/Aurora A model, the key residues for the binding with MK-5108 are mainly Leul39,
Val147, Tyr212, Ala213, Gly216, Thr217, Arg220 and Leu263 with the binding free energy lower
than—1 kcal/mol (Fig. 2.14). Arg220 forms the strongest interaction with the ligand (-8.90 kcal/mol)
through multiple interactions including hydrogen bond interaction, attractive charge interaction and
Pi-Cation interaction. Especially, MK-5108 has a hydrogen bonding interaction with the hydroxyl
on the carboxylate group of the ligand and an attractive charge interaction with the carbonyl on the
carboxylate group of the ligand, which is the same as LY3295668 (in Fig. 2.15 and Table 8). The
residues Lys162, Glu211 and Glu260 contribute unfavorably to the binding of MK-5108 in Aurora
A, as indicated by their positive binding free energies. The most unfavorable interaction is
generated by Lys162, with the binding free energy of 5.05 kcal/mol.

In MK-5108/Aurora B model, the key residues for the binding with MK-5108 are mainly Val91,
Tyr156, Alal57, Gly160, Lys164 and Leu207 with the binding free energy lower than —1 kcal/mol
(Fig. 2.16). Lys164 forms the strongest interaction with the ligand (-3.67 kcal/mol). The residues
Glul61, Glu204 and Asp218 contribute unfavorably to the binding of MK-5108 in Aurora B, as
indicated by their positive binding free energies, with the binding free energy of 2.76 kcal/mol,
1.57 kcal/mol and 1.17 kcal/mol. The ligand-residue interaction types of MK-5108 with Aurora B
are listed in Table 9.

In Aurora A, Thr217 and Arg220 show great contributions to the binding with the ligand, with the
binding free energy of -5.00 kcal/mol and -9.00 kcal/mol. However, in the binding site of Aurora

B, Lys164 (Arg220 in Aurora A) only contributes the binding free energy of -3.67 kcal/mol, Glu161
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(Thr217 in Aurora A) even shows a strong unfavorable binding free energy contribution (2.76
kcal/mol). The binding free energy differences of Thr217/Glul61 and Arg220/ Lys164 in Aurora A
with Aurora B lead to the difference of selectivity when LY3295668 binds to Aurora kinases.

Hence, Thr217 and Arg220 serve as crucial residues of Aurora A when interacting with the ligand
MK-5108, rendering MK-5108 a highly selective inhibitor of Aurora A. Additionally, the
carboxylate functional group of the inhibitor is pivotal in driving the selectivity differences
observed in ligand interactions. This conclusion aligns closely with the findings for LY3295668. It
can be inferred that the carboxylate group plays a significant role in the ligand interactions of
Aurora A selective inhibitors, particularly in conjunction with the residues Thr217 and Arg220 in

Aurora A.
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Fig. 2.14 Ligand-residue interaction energies from the MM/PBSA energy decomposition for
MK-5108 with Aurora A and B. The residues with energy contributions over 1.0 kcal/mol or

under -1.0 kcal/mol are labeled.
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Fig. 2.15 Ligand-residue interactions of MK-5108 with Aurora A. Only the residues with energy

contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.
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Table 8. Ligand-residue interaction types of MK-5108 with Aurora A. Only the residues with

energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.

Residue Number Interaction type
LEU 139 Pi-Alkyl
VAL 147 Pi-Alkyl
LYS 162 Pi-Cation
GLU 211 Hydrogen Bond

Hydrogen Bond

ALA 213
Pi-Alkyl
THR 217 Hydrogen Bond
Attractive charge
ARG 220 Hydrogen Bond
Pi-Alkyl
LEU 263 Pi-Alkyl
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Fig. 2.16 Ligand-residue interactions of MK-5108 with Aurora B. Only the residues with energy

contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.
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Table 9. Ligand-residue interaction types of MK-5108 with Aurora B. Only the residues with

energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.

Residue Number Interaction type
TYR 156 Pi-Sulfur
ALA 157 Hydrogen Bond
LYS 164 Salt Bridge
LEU 207 Pi-Alkyl

Per-residue free energy decomposition was applied to the Aurora A and B models to investigate the
selectivity mechanism of Alisertib. Residues exhibiting binding free energies lower than —I
kcal/mol are typically regarded as key contributors responsible for ligand binding, as depicted in
Fig. 2.17.

In the Alisertib/Aurora Amodel, the key residues involved in binding with Alisertib include Arg137,
Leul39, Vall47, Leul94, Leu210, Tyr212, Ala213, and Leu263, all demonstrating binding free
energies lower than —1 kcal/mol. Among these, Argl37 exhibits the strongest interaction with the
ligand (-4.40 kcal/mol), primarily through a salt bridge interaction with the hydroxyl group on the
carboxylate moiety of the ligand (Fig. 2.18). The residues Glul81, Glu211, Glu260 and Asp274
contribute unfavorably to the binding of Alisertib in Aurora A, as indicated by their positive binding

free energies. The most unfavorable interaction is generated by Glu260, with the binding free
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energy of 1.72 kcal/mol. The ligand-residue interaction types of Alisertib with Aurora A are listed

in Table 10.

In Alisertib/Aurora B model, the key residues for the binding with Alisertib are mainly Leu83,

Val91l, Alal57, Argl59, Leu207 and Ala217 with the binding free energy lower than —1 kcal/mol

(Fig. 2.19). Tyr207 forms the strongest interaction with the ligand (-2.27 kcal/mol). The residues

Lys106, Glul61, Glu204 and Asp218 contribute unfavorably to the binding of Alisertib in Aurora
B, as indicated by their positive binding free energies, with the binding free energy of 2.26 kcal/mol,
2.30 kcal/mol, 1.58 kcal/mol and 1.14 kcal/mol. The ligand-residue interaction types of Alisertib
with Aurora B are listed in Table 12, only the residues with energy contributions over 1.0 kcal/mol

or under -1.0 kcal/mol are shown.
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Fig. 2.17 Ligand-residue interaction energies from the MM/PBSA energy decomposition for

Alisertib with Aurora A and B. The residues with energy contributions over 1.0 kcal/mol or under

-1.0 kcal/mol are labeled.
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Fig. 2.18 Ligand-residue interactions of Alisertib with Aurora A. Only the residues with energy

contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.

63



Table 10. Ligand-residue interaction types of Alisertib with Aurora A. Only the residues with

energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.

Residue Number Interaction type
ARG 137 Salt Bridge
LEU 139 Pi-Alkyl

Alkyl
VAL 147
Pi-Alkyl
GLU 181 Hydrogen Bond
GLU 211 Hydrogen Bond

Hydrogen Bond

ALA 213

Pi-Alkyl
GLU 260 Halogen (Fluorine)
LEU 263 Pi-Alkyl
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Fig. 2.19 Ligand-residue interactions of Alisertib with Aurora B. Only the residues with energy

contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.
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Table 11. Ligand-residue interaction types of Alisertib with Aurora B. Only the residues with

energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.

Residue Number Interaction type
LEU 83 Pi-Alkyl
VAL 91 Pi-Alkyl
ALA 157 Hydrogen Bond
GLU 161 Hydrogen Bond
GLU 204 Halogen (Fluorine)
LEU 207 Pi-Alkyl
ALA 217 Pi-Alkyl

2.8.2 Selectivity Mechanism of Aurora A Selective Ligands

In the ligand-residue interactions of LY3295668, MK-5108, and Alisertib, the carboxylate group
in the ligand consistently demonstrates significant contribution. Particularly, it establishes the most
significant interaction (-7.99 kcal/mol) between Aurora A and L'Y3295668 via hydrogen bonding
interaction with the hydroxyl of the carboxy group and attractive charge interaction with Arg220
on the carbonyl of the carboxylate group. In MK-5108/Aurora A model, carboxylate shows the

strongest interaction (-9.00 kcal/mol) with MK-5108 through hydrogen bond interaction and
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attractive charge interaction with Arg220. It also forms the strongest interaction (-4.43 kcal/mol)
between Alisertib and the residue Argl37 of Aurora A through salt bridge interaction on the
hydroxyl of the carboxylate group. The consistency of the results of LY3295668/Aurora A, MK-
5108/Aurora A and Alisertib/Aurora A confirms that the carboxylate group is the key functional
group in the binding between Aurora A selective inhibitors and Aurora A, which always contributes
the most in the ligand-residue interactions.

In LY3295668/Aurora A model and MK-5108/Aurora A model, Thr217 and Arg220 both are
located in the hinge region of Aurora kinase and show the greatest contributions to the binding with
the ligand, while they are not markedly correlated with the ligand in Alisertib/Aurora A model.
However, Glul61l (Thr217 in Aurora A) shows a strong unfavorable binding free energy
contribution (2.230 kcal/mol) in Alisertib/Aurora B model, which has a difference of 2.8 1 8kcal/mol
with the binding free energy contribution of Thr217 in Aurora A. Glul61 (Thr217 in Aurora A)
also contributes unfavorably to the binding of LY3295668 and MK-5108 in Aurora B with positive
binding free energies.

It is evident that Thr217 and Arg220/137 in Aurora A emerge as the most crucial key residues in
binding with Aurora kinase inhibitors, thereby contributing significantly to the discernible
difference in subtype selectivity between Aurora A and B.

The key residues, along with their binding free energy contributions, types, and locations of Aurora
A and B binding with LY3295668, MK-5108, and Alisertib, are listed in Table 12 and Table 13,

respectively.

67



Table 12. Key residues with the binding free energy contributions, types and locations of Aurora

A binding with LY3295668, MK-5108 and Alisertib.

LY3295668 MK-5108 Alisertib
E E E
Residue Type fetey Type HeIEy Type HeIgy Position
kcal/mol kcal/mol kcal/mol
ARG Glycine rich
HB 1.29 / 0.40 SB -4.40
137 loop
LEU Glycine rich
/ -1.33 PAl -2.03 PAl -3.36
139 loop
VAL Glycine rich
/ -0.73 PAl -1.93 Al, PAl -1.68
147 loop
LYS
162 Al, HB 495 PC 5.05 / 0.42 N-lobe
GLU
181 / -0.17 / 0.54 HB 1.40 aC helix
L Hi i
GLU HB 147 HB 1.88 HB 1.67 Hee regton
211 (active site)
ALA HB, Al, Hinge region
-1.81 HB, PAl -2.11 HB, PAl -1.78 o
213 UDD (active site)
GLY Hi i
HB 231 / 2.17 / -0.65 Hnge reglon
216 (active site)
THR Hinge region
HB -2.44 HB -5.00 / -0.52 .
217 (active site)
ARG AC, HB, Hi i
AC, HB -7.99 -9.00 / -0.20 meeregion
220 PC (active site)
GLU Activation
/ 1.64 / 2.69 Ha 1.72
260 loop
LE Activati
Y Al 228 PAI 233 PAI 2.68 ctivation
263 loop
ALA Activation
Ha, Al 1.27 / 0.40 / /
273 loop

HB=Hydrogen bond, Al=Alkyl, PAI=Pi-Alkyl, UDD=Unfavourable Donor-Donor, AC=Attractive Charge,

Ha=Halogen, PC=Pi-Cation, SB=Salt Bridge
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Table 13. Key residues with the binding free energy contributions , types and locations of Aurora

B binding with LY3295668, MK-5108 and Alisertib.

LY3295668 MK-5108 Alisertib
Ener Ener Ener
Residue Type & Type i Type &y Position
kcal/mol kcal/mol kcal/mol
LEU Glycine rich
HB, PAl -1.48 / -0.90 PAl -1.84
83 loop
VAL Glycine rich
/ -0.81 / -1.00 PAl -1.85
91 loop
GLU Hinge region
HB -1.15 / 0.97 / 0.51 o
155 (active site)
TYR Hinge region
/ -2.54 PS -2.26 / -0.78 L
156 (active site)
ALA HB, PAI, Hinge region
-1.96 HB -2.31 HB -1.42 L
157 UDD (active site)
GLY Hinge region
HB -2.07 / -1.03 / -0.94 L
160 (active site)
GLU Hinge region
SB, HB 4.48 / 2.76 HB 2.30 o
161 (active site)
LYS Hinge region
/ -1.98 SB -3.67 / -0.62 L
164 (active site)
GLU Activation
/ 4.89 / 1.57 Ha 1.58
204 loop
LEU Activation
Al -2.36 PAl -2.54 PAl -2.27
207 loop
ALA Activation
/ -0.13 / -0.59 PAl -1.08
217 loop

HB=Hydrogen bond, Al=Alkyl, PAI=Pi-Alkyl, UDD=Unfavourable Donor-Donor, AC=Attractive Charge,

Ha=Halogen, PC=Pi-Cation, SB=Salt Bridge, PS=Pi-Sulfur
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CHAPTER THREE

EVALUATION OF AURORA B SELECTIVE INHIBITORS BINDING WITH AURORA

KINASE A AND B BY MOLECULAR DYNAMICS SIMULATION.

3.1 GSK-1070916

Build the systems

Due to the lack of complex crystal structures and ligand structure, molecular docking was
performed to build the structures of Aurora A and B bound with the ligand GSK-1070916.
Specifically, the structure of GSK-1070916 was drawn by Chemdraw, Aurora A and B structures
were retrieved from AlphaFold Protein Structure Database: Homo sapiens Aurora kinase A and B,
the AlphaFold database access ID are AF-A3KFJ2-F1 and AF-AOA3D4H337-F1. The program
Autodock Vina including four steps: building the systems, docking calculation, scoring, and finding
the best conformation could give the best binding conformation predicted to achieve this goal,
which is much faster and more accurate depending on the system. Significantly, the net charge of
GSK-1070916 was set to 1 when preparing the systems due to its protonation state at the pH of 7.4.
The starting structures of Aurorakinase A and B binding with GSK-1070916 by molecular docking

are shown in Fig. 3.1.
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Aurora A/GSK-1070916 Aurora B/GSK-1070916

Fig. 3.1 Starting structures of Aurora kinase A and B binding with GSK-1070916.

Stability of complex models and ligand interactions

Root-mean-square deviations (RMSD) of GSK-1070916 binding with Aurora A and B from the
starting structures were analyzed to explore the dynamic stability of complexes and ensure the
rationality of the sampling method during the 50ns MD simulation for each complex (Fig. 3.2).

The figures shows the proteins and ligands in two systems were stable after equilibrium.
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Fig. 3.2 The root mean square deviation (RMSD) of Aurora kinase A and B binding with GSK-

1070916.

According to the average structure and ligand interactions of GSK-1070916 binding with Aurora
A and B, GSK-1070916 was stabilized in the binding pocket formed by residues Leul39, Lys143,
Phel44, Vall147, Leul64, Arg220, Glu260, Leu263, Ala273 and Asp274 for Aurora A; Arg8l,
Leu83, Lys85, Gly86, Lys87, Phe88, Valol, Alal04, Tyr156, Alal57, Argl59, Glul6l1, Leu207,
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Ala217, Asp218 and Trp221 for Aurora B (Fig. 3.3).

PHE144

Aurora A/ GSK-1070916

VAL91

Aurora B/ GSK-1070916

Fig. 3.3 Average structures and ligand interactions of Aurora kinase A and B binding with GSK-

1070916.
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Binding free energy calculations

In Table 14, the binding free energies of the Aurora A/GSK-1070916 model and the Aurora B/GSK-
1070916 model were calculated using the MM/PBSA method. It can be observed that the energy
ranking predicted by the MM/PBSA method is reasonable compared to the data of 1Cso. GSK-
1070916 exhibits a more favorable binding with Aurora B, indicating its potential as an Aurora B

selective inhibitor.

Table 14. The binding free energy of Aurora A and B with GSK-1070916 calculated from

MM/PBSA method and ICsy.
System AGpg (kcal/mol) ICs0 mM)
Aurora A/GSK-1070916 -23.07 >100
Aurora B/GSK-1070916 -36.37 0.38

Mechanisms of selectivity for GSK-1070916 over Aurora kinase A and B

Residues with binding free energy lower than —1 kcal/mol are generally considered as key
contributors responsible for ligand binding. As shown in Fig. 3.4, in GSK-1070916/ Aurora A
model, the key residues for the binding with GSK-1070916 are mainly Leul39, Gly142, Lys143,

Phel44, Val147 and Leu263 with the binding free energy lower than —1 kcal/mol. Leul39 forms
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the strongest interaction (-2.80 kcal/mol) through hydrogen bonding interaction with the methyl
group on tertiary amine side chain of the ligand, and Pi-Alkyl interaction with the ligand (Fig. 3.5
and Table 15). The residues Glul81, Arg220 and Glu260 contribute unfavorably to the binding of
GSK-1070916 in Aurora A, as indicated by their positive binding free energies. The most
unfavorable interaction is generated by Glu260, with the binding free energy of 2.48 kcal/mol.

In GSK-1070916/ Aurora B model, the key residues for the binding with GSK-1070916 are Gly86,
Lys87, Phe88, Val9l, Glul25, Argl159, Gly160, Leu207, Asp218 and Trp221 with the binding free
energy lower than —1 kcal/mol. Asp218 forms the strongest interaction (-2.18 kcal/mol) through
hydrogen bonding interaction with the methyl group on tertiary amine side chain of the ligand. The
residues Arg81, Lys106, Glul21, Alal57 and Lys168 contribute unfavorably to the binding of
GSK-1070916 in Aurora B, as indicated by their positive binding free energies, with the binding
free energy of 2.31 kcal/mol, 1.34 kcal/mol, 1.17 kcal/mol, 1.55 kcal/mol and 1.11 kcal/mol,

respectively (Fig. 3.6 and Table 16).
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Fig. 3.4 Ligand-residue interaction energies from the MM/PBSA energy decomposition for
GSK-1070916 with Aurora A and B. The residues with energy contributions over 1.0 kcal/mol or

under -1.0 kcal/mol are labeled.
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Fig. 3.5 Ligand-residue interactions of GSK-1070916 with Aurora A. Only the residues with

energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.
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Table 15. Ligand-residue interaction types of GSK-1070916 with Aurora A. Only the residues with

energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.

Energy
Residue Number Interaction type contribution Location
(kcal/mol)
Hydrogen Bond Glycine rich
LEU 139 -2.80
Pi-Alkyl loop
Glycine rich
GLY 142 Hydrogen Bond -1.60
loop
Glycine rich
LYS 143 Hydrogen Bond -2.18
loop
Hydrogen Bond Glycine rich
PHE 144 -1.12
Alkyl loop
Pi-Sigma Glycine rich
VAL 147 -1.81
Pi-Alkyl loop
Unfavorable Hinge region
ARG 220 1.84 .
Positive-Positive (active site)
Activation
GLU 260 Hydrogen Bond 2.48
loop
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Fig. 3.6 Ligand-residue interactions of GSK-1070916 with Aurora B. Only the residues with

energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.
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Table 16. Ligand-residue interaction types of GSK-1070916 with Aurora B. Only the residues with

energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.

Energy
Residue Number Interaction type contribution Location
(kcal/mol)
Unfavorable Positive- Glycine rich
ARG 81 2.31
Positive loop
Glycine rich
GLY 86 Hydrogen Bond -1.61
loop
Hydrogen Bond Glycine rich
LYS 87 -1.61
Alkyl loop
Glycine rich
PHE 88 Alkyl -1.08
loop
Glycine rich
VAL 91 Pi-Alkyl -1.97
loop
GLN 121 Hydrogen Bond 1.17 aC helix
Hinge region
ALA 157 Pi-Alkyl 1.55
(active site)
Hinge region
ARG 159 Hydrogen Bond -1.23 o
(active site)
LEU 207 Pi-Alkyl -1.29 Activation loop
ASP 218 Hydrogen Bond -2.18 Activation loop
TRP 221 Alkyl -1.04 Activation loop
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3.2 Contrasting Selectivity Mechanisms in Aurora B and Aurora A Ligands

As mentioned previously, there are only four residues around the binding site that differ between
Aurora A and B, located near the ATP-binding pocket in the solvent-exposed region. These residues
are Leu215, Thr217, Val218, and Arg220 in Aurora A, while the corresponding residues in Aurora
B are Argl159, Glul61, Leul62, and Lys164. Numerous studies suggest that targeting these residues
in the active site can modulate the selectivity of inhibitors towards either Aurora A or Aurora B. As
shown in Table 15 and Table 16, the energy contributions from the residues are Leu215 (0.06
kcal/mol), Thr217 (-0.97 kcal/mol), Val218 (-0.05 kcal/mol), Arg220 (1.84 kcal/mol) in the Aurora
A active model and Arg159 (-1.23 kcal/mol), Glul61 (-1.59 kcal/mol), Leul62 (-0.21 kcal/mol),
Lys164 (0.14 kcal/mol) correspondingly in the Aurora B active model. The differences are -1.30
kcal/mol, -0.62 kcal/mol, -0.17 kcal/mol and 1.70kcal/mol, respectively. The most significant
binding free energy difference between the Aurora A residue Leu215 (0.06 kcal/mol) and the
Aurora B residue Arg159 (-1.23 kcal/mol) suggests that the key residue contributing to the ligand
selectivity is Argl59 in Aurora B, which anchors the ligand to the ATP-binding pocket. As shown
in Fig. 3.6, Arg159 forms the interaction through a weak hydrogen bond with the methyl group on
tertiary amine side chain at the end of the ligand. Moreover, according to the energy decomposition
of Argl59, it shows the strong polar solvation interaction of Argl59 make it favorable to the
binding. Additionally, Asp218 forms the strongest interaction (-2.18 kcal/mol) through hydrogen
bonding interaction with the methyl group on tertiary amine side chain at other end of the ligand.

It can be predicted that the tertiary amine with a methyl group is the key functional group of the
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Aurora B selective inhibitor when binding to Aurora B.

According to the results of LY3295668, MK-5108 and Alisertib, Thr217 and Arg220/137 are the
most significant key residues with an evident difference in the binding free energy contribution
when binding with Aurora A and B, which leads to the high selectivity for Aurora A over B. The
results of Aurora B selective inhibitor GSK-1070916 shows that the binding free energy of Thr217,
Arg220 and Argl37 in the Aurora A model are insignificant, which agrees with the previous

conclusion about selectivity in this research.
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CHAPTER FOUR

EVALUATION OF AURORA PAN-INHIBITORS BINDING WITH AURORA KINASE A

AND B BY MOLECULAR DYNAMICS SIMULATION.

4.1 Danusertib

Build the systems

The Danusertib/Aurora A model and Danusertib/Aurora B model were constructed by structurally
superimposing the crystal Aurora A (3E5A) and the AlphaFold structure of Aurora B (AF-
AO0A3D4H337-F1) to the crystal complex of Aurora A/Danusertib (PDB ID: 2J50) as shown in Fig.
4.1. Significantly, the net charge of Danusertib was set to 2 when preparing the systems due to its

protonation state at the pH of 7.4.

Aurora A/Danusertib Aurora B/ Danusertib

Fig. 4.1 Starting structures of Aurora kinase A and B binding with Danusertib.
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Stability of complex models and ligand interactions

The RMSDs of Danusertib binding with Aurora A and B were analyzed to explore the dynamic
stability of complexes and ensure the rationality of the sampling method during the 50ns MD
simulation for each complex (Fig. 4.2). The figures show that the proteins and ligands in both

systems were stable after equilibrium.
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Aurora B/ Danusertib

Fig. 4.2 The root mean square deviation (RMSD) of Aurora kinase A and B binding with

Danusertib.
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The average structures and ligand interactions shown in Fig. 4.3 claims that GSK-1070916 was
stabilized in the binding pocket formed by residues Leul39, Lys143, Phel144, Alal60, Lys162,
Glu211, Ala213, Pro214, Leu215, Gly216, Leu263 and Asp274 for Aurora A; Arg81, Leu83, Val9l,
Alal04, Lys106, Leul38, Glul55, Alal57, Pro158, Argl59, Glul61, Glul65, Leu207 and Ala217

for Aurora B.

LY5143

Aurora A/ Danusertib

Aurora B/ Danusertib
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Fig. 4.3 Average structures and ligand interactions of Aurora kinase A and B binding with

Danusertib.

Binding free energy calculations
In Table 17, the binding free energies of the Aurora A/Danusertib model and the Aurora
B/Danusertib model were calculated using the MM/PBSA method. It can be observed that the

binding free energies predicted by the MM/PBSA method are consistent with the reported IC s data.

Table 17. The binding free energy of Aurora A and B with Danusertib calculated from MM/PBSA

method and ICso.
System AGpg (kcal/mol) ICso mM)
Aurora A/Danusertib -32.75 13
Aurora B/Danusertib -34.01 79
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Mechanisms of selectivity for Danusertib over Aurora kinase A and B

In the Danusertib/Aurora A model, the key residues involved in binding with Danusertib include
Leul39, Phel44, Val147, Lys162, Glu211, Tyr212, Ala213, Thr217, and Leu263, with binding free
energies lower than —1 kcal/mol. Among these, Glu211 forms the strongest interaction with the
ligand (-4.17 kcal/mol) through a hydrogen bond (Fig. 4.4). Additionally, residues Lys 143, Lys224,
and Asp274 contribute unfavorably to the binding of Danusertib in Aurora A, as indicated by their
positive binding free energies. Notably, the most unfavorable interaction is generated by Lys143,
with a binding free energy of 1.28 kcal/mol. The types of ligand-residue interactions, energies, and
locations for the Danusertib/Aurora Amodel are listed in Table 17.In the Alisertib/Aurora B model,
the key residues involved in binding with Alisertib include Leu83, Val91, Glul55, Tyr156, Alal57,
Prol158, and Leu207, with binding free energies lower than —1 kcal/mol. Among these, Glul55
forms the strongest interaction with the ligand (-5.08 kcal/mol). Additionally, residues Arg81,
Glul61, and Asp218 contribute unfavorably to the binding of Alisertib in Aurora B, as indicated
by their positive binding free energies, which are 1.30 kcal/mol, 2.95 kcal/mol, and 2.78 kcal/mol,

respectively.
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Fig. 4.4 Ligand-residue interaction energies from the MM/PBSA energy decomposition for

Danusertib with Aurora A and B. The residues with energy contributions over 1.0 kcal/mol or under

-1.0 kcal/mol are labeled.
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Fig. 4.5 Ligand-residue interactions of Danusertib with Aurora A. Only the residues with energy

contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.
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Table 17. Ligand-residue interaction types of Danusertib with Aurora A. Only the residues with

energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.

Energy
Residue Number Interaction type contribution Location
(kcal/mol)
Alkyl
LEU 139 -2.13 Glycine rich loop
Pi-Alkyl
LYS 143 Pi-Alkyl 1.28 Glycine rich loop
PHE 144 Pi-Pi T-Shaped -1.21 Glycine rich loop
LYS 162 Hydrogen Bond -1.40 N-lobe
Hinge region
GLU 211 Hydrogen Bond -4.17
(active site)
Hydrogen Bond Hinge region
ALA 213 -2.21 o
Alkyl (active site)
LEU 263 Alkyl -0.82 Activation loop
ASP 274 Pi-Anion 1.24 Activation loop
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Fig. 4.6 Ligand-residue interactions of Danusertib with Aurora B. Only the residues with energy

contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.
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Table 18. Ligand-residue interaction types of Danusertib with Aurora B. Only the residues with

energy contributions over 1.0 kcal/mol or under -1.0 kcal/mol are shown.

Energy
Residue Number Interaction type contribution Location
(kcal/mol)
Unfavorable Positive- Glycine rich
ARG 81 o 1.30
Positive loop
Glycine rich
LEU 83 Hydrogen Bond -1.41
loop
Hydrogen Bond Glycine rich
VAL 91 -1.33
Alkyl loop
Hinge region
GLU 155 Alkyl -5.08
(active site)
Hinge region
ALA 157 Pi-Alkyl -2.81
(active site)
Hinge region
PRO 158 Hydrogen Bond -1.00 o
(active site)
Hinge region
GLU 161 Pi-Alkyl 2.95
(active site)
LEU 207 Hydrogen Bond -2.79 Activation loop
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4.2 Contrasting Selectivity Mechanisms in Pan-inhibitor with Aurora A and B Ligands
According to the results obtained for LY3295668, MK-5108, and Alisertib, Thr217 and Arg220/137
emerge as the most significant key residues, displaying a notable difference in binding free energy
contribution when interacting with Aurora A and B. This discrepancy contributes to the high
selectivity of these inhibitors for Aurora A over Aurora B.

In contrast, Arg220 and Arg137 both show unfavourable contributions to the binding with Aurora
A obviously. The findings concerning the Aurora B selective inhibitor Danusertib indicate that the
binding free energy of Thr217 (-1.033 kcal/mol) in the Aurora A model is not sufficiently influential,
and Danusertib does not exhibit direct interactions with Thr217. Furthermore, it's notable that
Danusertib lacks a carboxylate group, which has been established as a key functional group for
Aurora A selective inhibitors binding to Aurora A. Consequently, Danusertib demonstrates only a
slightly favorable trend in binding with Aurora A as an Aurora pan-inhibitor.

Based on the results obtained for GSK-1070916, it's evident that the key residues contributing to
the ligand selectivity on Aurora B are Arg159 and Asp218. In the Danusertib/Aurora B model, there
is no direct interaction between these tertiary amines and Argl159 and Asp218. More significantly,
Argl59 and Asp218 instead exhibit an extremely unfavorable interaction with Danusertib.
Therefore, as an Aurora pan-inhibitor, Danusertib provides validation of the Aurora A selectivity

mechanism and the Aurora B selectivity mechanism discussed previously.
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CHAPTER FIVE

5.1 Conclusion

Aurora kinases, which are potent targets in cancer therapy, exhibit highly conserved homology.
They possess only four different residues in the active site: Leu215, Thr217, Val218, and Arg220
in Aurora A, and Arg159, Glul61, Leul62, and Lys164 in Aurora B. This sequence and structural
similarity can result in a lack of selectivity and off-target toxicity of kinase inhibitors. Therefore,
understanding the selectivity of Aurora kinase inhibitors remains a top priority for designing kinase
inhibitors and evaluating clinical safety. Due to the high efficiency and low cost of molecular
dynamics simulations, they were employed to study the subtype selectivity mechanism of the
inhibitors LY3295668, MK-5108, Alisertib, GSK-1070916, and Danusertib to Aurora A and B.

According to the results of these five inhibitors, the binding free energies obtained from the
simulations are consistent with the experimentally measured bioactivity data (ICso) that has
previously been reported. The key residue responsible for the selectivity of LY3295668, MK-5108
and Alisertib to Aurora A are Thr217 and Arg220/137, while the key functional group in these three
Aurora A selective inhibitors is carboxylate group which is confirmed contributes the most
significant binding free energy in all Aurora A selective inhibitor with Aurora A models in this
study. The key residues responsible for the selectivity of GSK-1070916 to Aurora B are Argl59
and Asp218, while the key functional group in GSK-1070916 is the tertiary amine with methyl
group. The results of the Aurora pan-inhibitor Danusertib accord with the selectivity mechanism

of Aurora A from LY3295668, MK-5108 and Alisertib and the selectivity mechanism of Aurora B
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from GSK-1070916.

Overall, the inhibitor with a carboxylate group is more likely to be an Aurora A selective inhibitor,
while the inhibitor with a tertiary amine with methyl group is more likely to be an Aurora B
selective inhibitor. The structural information obtained from these studies offers valuable insights
into the mechanism of subtype selectivity for Aurora kinase inhibitors, thereby facilitating the
further development of highly selective and potent inhibitors as potential drug candidates for cancer

therapy.

5.2 Future Work

5.2.1 Selectivity on Aurora B over Aurora C

Although Aurora C primarily acts on germ cells and has minimal involvement with cancer,
numerous experiments have indicated that the selectivity profiles of Aurora B and C are highly
similar. Therefore, it is imperative to distinguish between Aurora B and Aurora C when Aurora B
selective inhibitors bind to Aurora kinases. Obtaining a deeper understanding of the mechanism
underlying the high selectivity of Aurora B over C is necessary.

5.2.2 ICsg data from biological experiments

Since there is a lack of ICs data in the inhibitor library, it is also necessary to improve the inhibitor
library through biological experiments in the future. And we can first perform molecular dynamics
simulations on these inhibitors and then use the ICso data obtained from biological experiments to

confirm the correctness of the conclusions.
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