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Abstract Aurora B kinase is essential in the process of
mitosis, and its overexpression has been reported to be
associated with a number of solid tumors. We therefore
carried out molecular docking, molecular dynamics, and
molecular mechanics Poisson—Boltzmann/surface area
(MM-PBSA) calculations on several structurally diverse
inhibitors (pentacyclic, pyrimidine, quinazoline, and pyrro-
lopyridine derivatives) and Aurora B kinase to explore the
structural and chemical features responsible for the binding
recognition mechanism. Molecular simulations reveal that
the binding site mainly consists of six binding regions (sites
A-F). We have identified that sites B and C are required for
optimum binding in Aurora B—inhibitor complexes, sites A
and F are needed to improve pharmacokinetic properties,
while sites D and E lead to enhanced stability. We verified
that hydrogen bonding to the hinge region and hydrophobic
contact with the conserved hydrophobic pocket are of crit-
ical importance in the systems studied. Specifically, the
amino acids Glul71, Phel72, and Alal73 in the hinge
region and Leu99, Vall07, and Leu223 in the conserved
hydrophobic pocket probably account for the high binding
affinities of these systems, as shown by hydrogen-bonding
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analysis and energy decomposition analysis. Hydrophobic
contact with Phel72 is also in agreement with experimental
data. In addition, the MM-PBSA calculations reveal that the
binding of these inhibitors to Aurora B kinase is mainly
driven by van der Waals/nonpolar interactions. The findings
of this study should help to elucidate the binding pattern of
Aurora B inhibitors and aid in the design of novel active
ligands.
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Introduction

The Aurora kinases, a family of serine/threonine kinases,
play a critical role in multiple aspects of mitosis in eukary-
otic cells [1]. Humans express three Aurora kinases: Aurora
A, B, and C, which exhibit 67—76 % amino acid sequence
identity in their catalytic domains, but differ in amino acid
length and sequence at the N-terminal domain [2]. Aurora
A, the “polar kinase,” localizes on centrosomes, and plays a
crucial role in each step during mitosis. Aurora B, the
“equatorial kinase,” is a chromosomal passenger protein that
moves from centromeres to the spindle midzone during
mitosis. Although little is known about the importance of
Aurora C, it is specifically expressed in the testis, and plays
a role in spermatogenesis [3].

Deregulation of Aurora kinases due to genetic amplifica-
tion and protein overexpression results in aneuploidy, and
may contribute to tumorigenesis. A large amount of evi-
dence indicates that Aurora kinases are overexpressed in a
variety of solid tumors, including colon, breast, pancreas,
prostate, pancreas, and thyroid cancers [1, 4]. As a result,
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Aurora kinases have attracted considerable attention as po-
tential targets for cancer chemotherapy.

In recent years, a number of small-molecule inhibitors
targeting Aurora kinases have been developed, which can be
subdivided into three general classes [5]: selective Aurora A
inhibitors such as MLN8054 [6], selective Aurora B inhib-
itors such as hesperadin [7] and AZD1152 [8], and dual
Aurora A/B inhibitors such as VX-680 [9] and ZM447439
[10]. The great majority of these synthetic Aurora kinase
inhibitors are ATP-competitive, and have a planar heterocy-
clic ring system that is able to occupy the adenino-binding
region and mimic adenine—kinase interactions. These inhib-
itors can be grouped according to the nature of their central
heterocyclic moiety: indole derivatives, bis-indole deriva-
tives, pyrimidine derivatives, pyrrolopyrazole derivatives,
quinazoline derivatives, thiazoloquinazoline derivatives,
pyrazoloquinazoline derivatives, fused tricyclic derivatives,
and some other structures [11].

A thorough understanding of ligand-binding sites may
aid the rational design of novel antitumor drugs and accel-
erate important therapeutic breakthroughs. In the last de-
cade, the interaction between Aurora kinases and their
inhibitors have been explored by X-ray crystallography
and molecular modeling studies [12—16], especially for Au-
rora A kinase. Ligand-binding sites can be divided into two
broad classes according to the conformation of the activa-
tion loop and region of the ATP site occupied by the inhib-
itor: those that bind at the ATP-binding site and those that
bind at the activation loop [17].

However, only a few X-ray crystal structures of inhibitors
complexed with Aurora B have been reported up to now.
Previous studies have covered different chemical classes of
inhibitors, such as indoles (hesperadin, PDB ID: 2BFY [14]),
quinazolines (ZM447439, PDB ID: 2VRX [13]), and purine
derivatives (PDB ID: 2VGO [18]). The binding modes of
Aurora B with other kinds of inhibitors remain unknown. To
obtain new insights into these inhibitor—Aurora B kinase
interactions, we have carried out a theoretical study employ-
ing molecular docking and molecular dynamics approaches.
The study aimed to elucidate the binding mechanism of inhib-
itors toward Aurora B kinase based on their molecular dy-
namics, and the results from this study are reported below.

Materials and methods

Structure preparation

The X-ray crystal structure of Aurora B kinase in complex
with ZM447439 (1, PDB ID: 2VRX) was obtained from the
RCSB Protein Data Bank. Aurora B inhibitor ZM447439

was removed from the complex structure in order to model
the protein structure in this study.
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We collected a series of structurally diverse Aurora B
inhibitors (2-5) with representative biological activities [5,
19, 20], including pentacyclic derivatives, pyrimidine deriv-
atives, quinazoline derivatives, and pyrrolopyridine deriva-
tives. Their chemical structures are listed in Fig. 1. All of the
Aurora B kinase inhibitors were built using a 2D/3D editor
sketcher and energy minimized to a local energy minimum
using the CHARMm-like force field implemented within
the Catalyst 4.11 software package.

Automated flexible-ligand docking

To explore the probable active site of the Aurora B kinase,
flexible-ligand docking was initially performed in the Auto-
Dock 4.0 software package, and then energy-optimized
ligands were docked into the potential binding sites of
Aurora B kinase.

Polar hydrogen atoms were added, nonpolar hydrogen
atoms were merged, and Gasteiger charges were assigned by
default. All docking calculations were performed with the
Lamarckian genetic algorithm (LGA) [21]. A population
size of 300 and 25,000,000 energy evaluations were used
for 100 search runs. The grid dimensions were 50 x 50 x 50
points along the x-, y-, and z-axes, and a grid spacing of
0.375 A was used. The conformations with the lowest
docked energies and reasonable orientations in light of the
nature of the ATP-binding pocket were chosen for subse-
quent analysis.

Molecular dynamics (MD)

Based on the docking results, four Aurora B—inhibitor sys-
tems (Aurora B complexed to compounds 2-5) were sub-
jected to molecular dynamics simulations using the
SANDER module of the Amber 10 package. The
amber99SB force field was used for the protein and the
general AMBER force field (GAFF) [22] for the inhibitors.
All of the complexes were solvated in TIP3PBOX water
[23], ensuring that the box surfaces were at least 10 A away
from any protein and ligand atoms. Counterions (Na") were
added to neutralize the charge of the system. All covalent
bonds containing the hydrogen atoms were constrained us-
ing the SHAKE algorithm [24]. The particle mesh Ewald
method [25] was used to treat the long-range electrostatic
interaction, with a cutoff distance of 8 A. Energy minimi-
zation was achieved in three steps. First, movement was
only allowed for the water molecules and ions. Next, the
ligand and the receptor residues were allowed to move in
addition to the water molecules and ions. Finally, all atoms
were permitted to move freely. Energy minimization was
performed to release the bad contacts in the crystallographic
structure, and the convergence criterion for the energy gra-
dient was 1.0 x 107 cal mol™' A™'. Subsequently, the
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complexes of the minimized structure were subjected to
3000 ps MD simulations at 300 K and a pressure of 1 bar.
An integration step of 2 fs was used.

Free-energy analysis by the MM-PBSA method

The free-energy calculations of inhibitors binding to Aurora
B kinase were performed by the molecular mechanics Pois-
son—Boltzmann surface area (MM-PBSA) method in Amber
10 [26, 27]. The binding free energy was calculated as the
average binding free energy of the last 2 ns, collected at 2 ps
intervals during the trajectories. The full thermodynamic
process is given below:

AGhinding .
Recqq + LigaunRec /Ligaqu

| —AGH | ~AG L —AG
A .
Recgas + Liggas Ggas REC/ L 18gas-

The total free energy of binding consisted of the follow-
ing terms:

AGy, = AEym + AGgo) — TAS (1)
AEyw = AESS + AEYSY (2)
AGe = AE + AE™ (3)
AE™™ — 4 4 b, (4)

where AG, is the binding free energy in solution; AEyp, is
the molecular mechanical energy, comprising the electrostatic
and van der Waals interaction energies (AEf[}f + AE;;‘:W)
between the ligand and the protein; and AGy is the solvation
energy, which contains the electrostatic contribution and the
h(rdrophobic contribution to the solvation free energy

AGS + AG“O“pOI) . The electrostatic solvation energy is
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determined using the finite difference Poisson—Boltzmann
(PB) or generalized Born (GB) method, and the nonpolar
contribution is estimated by the solvent-accessible surface
area (SASA) method. In this work, the energy contribution
from entropy changes upon the binding of the ligand was not
included. This was justified by the fact that it is likely that the
entropy makes only a minor contribution to the relative bind-
ing free energies of the ligands to the same protein, and the
good agreement between the calculated and experimental
relative binding energies obtained upon applying the same
approximation in several earlier studies [28]. The calculated
error bars are standard errors of the mean (SE):

_ standard deviation(STD)

VN ’
where N is the number of trajectory snapshots used in the
calculations.

SE

(5)

Inhibitor—residue interaction decomposition

The interactions between the inhibitors and each resi-
due in Aurora B kinase were analyzed using the MM-
GBSA module in Amber 10. The energy decomposition
calculation analyzed the same snapshots as those used
in the free-energy calculation [29, 30]. The binding
interaction of each inhibitor—residue pair includes four
terms:

AGinhibitor—residue = AGvaw + AGele + AGpol

(6)
+ AGnonpol'

where the van der Waals contribution (AG,q,) and the
electrostatic contribution (AG.) can be calculated using the
Sander program in Amber 10.0. The polar solvation contri-
bution (AG,.) was computed using the generalized Born
module. The nonpolar solvation contribution (AGpenpor) is
the nonpolar contribution to the solvation free energy.
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Results and discussion
Stability of the Aurora B—inhibitor complexes

Molecular docking calculations were first performed for a
series of inhibitors (compounds 2—5) without explicit active-
site water molecules. The ligand structures with the most
favorable binding free energies and reasonable orientations
were selected as the optimal docked conformations. To
acquire the binding mode of the ligand—Aurora B kinase
complex, we took the flexibility of the protein into consid-
eration, and selected the optimal docked conformations of
four representative compounds (compounds 2—5) on which
to perform MD simulation.

3 ns MD simulations were successfully performed on
four Aurora B—inhibitor complexes. To gauge whether the
MD simulations were stable and whether they converged,
energetic and structural properties were monitored during
the course of MD simulation. The small root-mean-square
deviation (RMSD) fluctuations and the convergence in the
energies, temperatures, and pressures of the systems ob-
served indicate well-behaved systems. The RMSDs between
the C«x, C, and N atoms of the structures obtained during the
trajectories and the initial structures are shown in Fig. 2 for
the four systems. The averaged RMSD during the last 2 ns
for Aurora B/compound 2, Aurora B/compound 3,Aurora B/
compound 4 and Aurora B/compound 5 complexes are 1.54,
1.60, 1.56 and 1.36 A, respectively, suggesting the overall
stable structures after approximately 2 ns simulation, which
is also validated by the unchanged distances of four com-
pounds with key residues measured in hydrogen analysis
part.

Architecture of the Aurora B kinase binding site

During the analysis, the molecular superposition of bound
conformations of compounds from different classes (Fig. 3)
indicated that these inhibitors have different binding orien-
tations in the binding pocket of Aurora B kinase. The active
site of Aurora B kinase lies at the interface between the N-
terminal lobe (residues 86—174) and the C-terminal lobe
(residues 175-347), which is similar to the ATP-binding
pocket. The N-terminal lobe is implicated in nucleotide
binding, and interacts with kinase regulators. The C-
terminal lobe serves as a docking site for substrates, and
contains residues that direct phosphate transfer [14]. Figure 3
shows that the amino acids of the binding site in the four
complexes overlap to a large extent, but that the side chain
of Lys122 in the Aurora B—compound 2 complex shifts
noticeably to the left.

Figure 4 illustrates the six main sites A—F on the surface
binding groove of Aurora B kinase. Site A is the solvent-
exposed front pocket created by residues Arg97, Leu99,
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Gly100, Argl75, Glyl176, and Glul77, which is reported
to be a major contributor to the enhanced affinity of a series
of 7-substitued indirubins [31]. Site B is mainly associated
with the H-bonding network in the hinge region (formed by
171-174), where the inhibitors bind to the active site of
Aurora B kinase by forming direct hydrogen bonds with
the main chain amides of Glul71 and Alal73, which are
also observed in the binding mode of the ATP—Aurora A
complex (Glu211 and Ala213 in Aurora A kinase) [12, 32].
This part of the hinge region is structurally conserved in
many other kinases too, such as SRC kinase, cyclin-
dependent kinase 2, and glycogen synthase kinase-33
[33]. Site C is referred to as a conserved hydrophobic back
pocket, as formed by Leu99, Vall07, Alal20, Leul54,
Leul70, and Leu223. Site D is a selective binding pocket
formed by Leu223, Ala233, and Asp234. Site E is another
selective hydrophobic pocket formed by the residues
Leul38, Ile142, and Leul68. Site F is a highly solvent-
exposed phosphate binding region that is mainly formed
by Lys122 and Glul4l1, and is larger than the solvent-
exposed front pocket. Our proposals for the binding mode
are basically in accord with the ATP-binding pocket
reported by Garuti’s group [11], which consists of subsites
including the adenine pocket (corresponding to site B), the
ribose region (corresponding to site C), the buried groove
region (corresponding to site F), and the solvent-accessible
region (corresponding to site A).

Essentially, sites A, B, and F tend to form hydrogen
bonds, while the other sites stabilize the kinase—inhibitor
complex through hydrophobic interactions. It is expected
that the selective hydrophobic pocket sites D and E can be
exploited to enhance the stability of the Aurora B—inhibitor
complex, while the highly solvent-exposed sites A and F
may improve the pharmacokinetic properties of the lead
compounds.

Binding mode analysis
Binding mode of the pentacyclic inhibitor (compound 2)

Figure 3 shows the model of the pentacyclic inhibitor
(compound 2) binding at the active site of Aurora B
kinase. Compound 2 binds in a deep, catalytic active site
formed by the hinge region through five hydrogen bonds
(shown in Fig. 5a). The oxygen atom of carbonyl group
forms two hydrogen bonds with Arg97 (NH1) and Arg97
(NH2) in the solvent-exposed front pocket. The amino
function of the pyrrole ring forms a hydrogen bond with
the backbone Alal73. The N atoms of the pyrazole ring
are hydrogen bonded to the backbone of Alal73 and
Glul71, respectively. The tail segment faces toward the
solvent-accessible region (site A) and is surrounded by
Arg97, Leu99, Argl75, and Glyl76. The phenyl ring
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Fig. 2 Time dependences of the root-mean-square deviations (RMSDs) of the Cx, C, and N atoms of the four systems from the starting structure

Fig. 3 Superposition of
binding conformations of
inhibitors extracted from the
last snapshot taken during the
MD simulation. Active-site
amino acid residues are repre-
sented as wires and inhibitors
are shown as sticks. The com-
plexes are color-coded as fol-
lows: white compound 1,
magenta compound 2, cyan
compound 3, yellow compound
4, red compound 5

LYS122

GLU141
GLN145

NAZD  Tasposy

Glul77 LEU223
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Fig. 4 The six active binding regions, color-coded as follows: yellow
site A, cyan site B, green site C, orange site D, magenta site E, blue
site F

moiety of compound 2 is sandwiched by the side chains
of Leu99, Phel72, and Glyl176. The cycloheptane ring
undergoes favorable hydrophobic interactions with
Leu99, Vall07, and Leu223. The binding is stabilized
by the hydrophobic contact of the pyrazole segment with
Lys122, Leul54, and Leul70.

The crystal structure of the Aurora A—compound 2 com-
plex has already been solved and was gained from the
Protein Data Bank (PDB code 3COH). To throw light on
the differences between two Aurora kinases, we performed a
comparative study of the structures of the Aurora A—com-
pound 2 and Aurora B—compound 2 complexes. The bind-
ing domain shows a slight difference in sequence identity
between these two Aurora kinases. One amino acid differs
in the binding domain: it is Y212 in Aurora A and F172 in
Aurora B. A shift in the positions of residues is observed in

ALA 173

PRO 174

ALA 173 LYS 122

Fig. 5 The hydrogen-bonding interactions (cyan lines) between the
inhibitors and Aurora B kinase. a compound 2, ¢ compound 3, ¢
compound 4, d compound 5
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the binding domain of Aurora A when compared with that of
Aurora B (Fig. S1 of the “Electronic supplementary materi-
al,” ESM). Nonetheless, superimposing the two complex
structures illustrates that compound 2 maintains a similar
binding mode in the two Aurora kinases. Similar hydrogen
bonds between compound 2 and Glu211/Ala213 are seen for
Aurora A. The hydrophobic interactions are conserved for
the two Aurora kinases. These observations are in agree-
ment with Cochran’s research [19]. Interestingly, the side
chain of Argl37 in Aurora A adopts a different relative
orientation (it is rotated by about 90°), resulting in a lack
of H-bonding between Argl137 and compound 2, in contrast
with Aurora B (Fig. S1 of the ESM). This difference may
facilitate the design of an Aurora subtype-selective anti-
tumor drug.

Binding mode of the 2,4,6-trisubstituted pyrimidine
inhibitor (compound 3)

The model of compound 3 bound to Aurora B kinase at the
active site is shown Figs. 3 and 5b. The NH and N of the
pyrazole group are hydrogen bonded to the backbone O
atom of Glul71 and the backbone NH of Alal73. The NH
group linking the pyrimidine ring and the pyrazole ring
forms a hydrogen bond with the backbone O of Alal73.
The oxygen atom of the carbonyl group forms a hydrogen
bond with Lys122NZ. The pyrazole moiety undergoes a
hydrophobic interaction with the lipophilic cage made up
of Vall07, Alal20, Leul70, Phel172, and Leu223. The phe-
nyl ring participates in favorable hydrophobic interactions
with Vall07 and Leu223. The piperazine ring is positioned
in the solvent-exposed front pocket and is surrounded by
Arg97, Leu99, and Glyl176. The cyclopropyl ring protrudes
out toward the solvent, similar to the solubilizing morpho-
line of compound 1.

Binding mode of the 2-phenylthioquinazoline inhibitor
(compound 4)

Figures 3 and 5c show a close-up view of the binding
interaction of Aurora B kinase with compound 4. The pyr-
azole ring undergoes hydrophobic interactions with the side
chains of the residues Leul54, Phel72, Alal73, and
Leu223. The NH and N in the pyrazole ring are stabilized
by hydrogen-bonding interactions with the main chains of
Glul71 and Alal73, respectively. The phenyl ring of the
central quinazoline group is anchored by hydrophobic inter-
actions with Gly100, Val107, and Leu223. The benzenethiol
group binds the neighboring residues Ala233 and Asp234.
The acetamide moiety of compound 4 extends into the
active site E, formed by Leul38, Ile142, and Leul68. The
oxygen atom of the carbonyl group forms a hydrogen bond
with the side chain of Lys122 (NZ).
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Binding mode of the pyrrolopyridine derivative inhibitor
(compound 5)

Figure 3 illustrates the binding mode of compound 5 with the
active site of Aurora B kinase. The central 1H-pyrrolo[2,3-b]
pyridine ring is located in the vicinity of the hinge region and
forms two hydrogen bonds with the backbones of Glul71 and
Alal73 (Fig. 5d), respectively. The pyridine ring also shows a
T-shaped 7—7t stacking interaction with Phel72. The 1,1-
dimethyl-3-phenylurea moiety is positioned in the solvent-
exposed front pocket, and makes contact with Argl75 and
Gly176. Also, the NH group of the moiety forms a hydrogen
bond with the backbone of Prol74. Our result is in good
agreement with the structure—activity relationship reported
by WeiMin Chen et al., which revealed that hydrogen-bond-
based binding regions at the 1H-pyrrolo[2,3-b]pyridine ring
and the urea group increase activity [34]. However, their
docking results suggested that the ethylcarbamylamino group
formed three H-bonds with Ala223, GIn145, and Lys122. The
1-ethyl-1H-pyrazole moiety is sandwiched by the side chains
of Leu99, Gly100, and Glul77. The phenyl ring of the N,N-
dimethyl-1-phenylmethanamine moiety undergoes a hydro-
phobic interaction with the hydrophobic pocket created by
Vall07, Leul54, Leul70, and Leu223, and the substituent of
the phenylmethanamine moiety faces toward site D, consist-
ing of Ala233 and Asp234.

Hydrogen bonds between Aurora B and inhibitors

Hydrogen bonds play an essential role in stabilizing protein—
ligand complexes. We investigated the geometry and stability
of the hydrogen-bond network formed by the inhibitor in the
ATP-binding pocket. The hydrogen bonds (shown in Fig. 5)

were examined on the basis of the trajectories of the MD
simulations (1000 snapshots). In Table 1, the Aurora B—inhib-
itor H-bond contacts are characterized in terms of the distan-
ces between heavy atoms and their percentages of occurrence.
To identify hydrogen bonds, a distance cutoff of about 2.5 A
and an angle (D-H-A) of >120° were used.

For compound 2, two significant hydrogen bonds are
formed through the pyrazole ring N and the pyrrole ring
NH to Alal73NH (97.8 % bond occupancyduring the MD
simulation) and Alal730 (94.0 % occupancy), respectively.
For compound 3, two hydrogen bonds with Alal73 are
preserved, with occurrence frequencies of 99.0 % and
95.5 %, respectively. Compounds 4 and 5 are both hydrogen
bonded to the main chain of Alal73 (96.2 % and 99.0 %
occupancy, respectively). These results suggest that the hy-
drogen bond with Alal73 is sturdy and can stabilize the
binding of the ligands to Aurora B kinase. In addition,
compounds 2—5 form hydrogen bonds with Glul71, which
are present in 99.8 %, 98.6 %, 92.1 %, and 24.4 % of the
computed snapshots during the MD simulation, respective-
ly. In compound 5, the hydrogen bond with Glul71 is
weaker than those with other inhibitors, but the hydrogen
bond with Pro 174 (61.9 % occupancy) enhances the stabil-
ity of the H-bonding network in the hinge region.

Two hydrogen bonds between the carboxyl group of
compound 2 and the NH groups of Arg97 (CO...NHI
Arg97 and CO...NH2 Arg97) are present in only 5.7 %
and 7.4 % of the computed snapshots, respectively. Their
percentages of occurrence suggest that these two hydrogen
bonds can be considered transient due to the high flexibility
of Arg97 in the solvent-exposed front pocket. Additionally,
the hydrogen bond between compound 3/4 and Lys122 was
found to be transient, with an occurrence frequency of only

Table 1 Hydrogen bond

analysis Inhibitor Donor* Acceptor H Acceptor Distance (A) (% occupied®) Angle (°)
Compound 2 171Glu:0 Com2:H22 Com2:N1 2.90(99.8) 17.08
Com2:N2  173Ala:H 17:N 3.05(97.8) 24.61
“The combination of a donor at- 173Ala:0  Com2:H23 Com2:N3 2.97(94.0) 39.76
om D, a hydrogen atom H, and Com20  97ArgHH22  97ArgNH2  3.12(7.40) 573
an acceptor atom A in a D-H...
A configuration was regarded as Com2:0 97Arg:HH12 ~ 97Arg:NH1 3.13(5.70) 46.12
a hydrogen bond when the dis- Compound 3 Com3:N4 173Ala:H 173Ala:N 2.93(99.0) 25.77
tance between the donor D and 171Glu:0  Com3:H6 Com3:N3 3.00(98.6) 2247
the acceptor A was shorter than 173A12:0 Com3:H4 Com3:N2 3.09(95.5 21.92
Riax (3.5 A ) and the angle H— a om>: om>: 09(33.5) :
D-A was smaller than @ ( Com3:0 122Lys:HZ2  122LyssNZ  2.94(12.6) 33.71
=60.0°). Symbols for the resi- Compound 4~ Com4:N4  173Ala:H 173Ala:N 3.09(96.2) 28.30
dues arc explained in the text 171Gli:0  Com4:HI2  Com4N5  3.06(92.1) 31.04
The percentage of the MD sim- Com4:0  122LysHZI  122LysNZ  2.85(23.0) 25.61
ulation during which the hydro-
gen bond existed, which was Compound 5 Com5:N2 173Ala:H 173Ala:N 3.05(99.0) 16.42
used to evaluate the stability 174Pro:O Com5:H27 Com5:N5 3.09(61.9) 34.27
and the strength of the hydrogen 171Glu:0  Coms:HI1 Com5:N3 3.30(24.4) 19.44

bond during the MD simulation
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12.6/23.0 %, which may also reflect the flexibility of the
Lys122 in the highly solvent-exposed phosphate-binding
region.

In conclusion, Glul71 and Alal73 are observed to be
firmly and solidly hydrogen bonded to ligands, and they are
also observed in the complexes of the inhibitors with Aurora
A (corresponding to Glu21l and Ala213) [11, 13, 19].
However, the hydrogen bonds between ligands and
Lys122/Arg97 located within the solvent-accessible region
were found to be transient or moderate, reflecting the high
conformational flexibility of the amino acids near the sur-
face compared to those buried in the hinge region.

MM/PBSA free-energy analysis

Further insights into the forces involved in substrate
binding can be obtained by analyzing the MM/PBSA
free-energy contributions. Table 2 lists the individual
energy components of the calculated binding free ener-
gies for the four inhibitor complexes. For compounds 2—
5, the calculated binding free energies (AG,) of their
complexes with Aurora B kinase are —36.42, —28.43,
—27.20, and —27.66 kcal mol ', respectively. Considering
the fact that there are minor differences between the
activity data provided by different scientific groups (as
shown in Fig. 1), we did not analyze the relationship
between the calculated binding free energies and exper-
imental biological activities.

In all four kinase—inhibitor complexes, the intermo-
lecular van der Waals interactions (AEy,'*™) make the
most significant contribution by far to the binding free
energies, whereas the overall electrostatic interaction
energies (AG,) are positive and unfavorable for the
binding free energies (showed in Table 2). Nonpolar
solvation terms, which correspond to the burial of
SASA upon binding, contribute slightly favorably. How-
ever, the total affinity arises from a more complex
interplay between all of these components.

Free-energy decomposition analysis

To characterize the different contributions to the binding
free energies of compounds 2—5 with Aurora B kinase,
absolute binding free energies were calculated for the four
complexes by the MM/GBSA method. The binding free
energy was decomposed into inhibitor—residue pairs in order
to generate an inhibitor-residue interaction spectrum. Fig-
ure 6 shows the decomposition of AGy values on a per
residue basis for residues with [AGy| >1.0 kcal mol ' in
the four complexes. Tables S1—4 illustrate the energy con-
tributions of certain structurally important residues for the
Aurora B—inhibitor interactions. The decomposition ap-
proach was helpful for locating residues that contribute to
the Aurora B—inhibitor interaction.

For compounds 25, the major binding attractions come
from the residues Glul71, Phel72, and Alal73 of site B and
Leu99, Val107, and Leu223 of site C, suggesting that they
play an important role in the binding. For Glul71 and
Alal73, the favorable forces are electrostatic energies. This
phenomenon can be explained by the fact that Alal73 is
observed to hydrogen bonded to four systems and Glul71 is
observed to hydrogen bond to three systems. Phel72 and
Leu223 are the important amino acids that make the greatest
contributions to the binding affinities. The importance of
Phel72 is also supported by the results of a single-mutation
experiment in Girdler’s work, which indicate that F172H
mutation can weaken biological activity by reducing the van
der Waals interactions with the inhibitors and steric hin-
drance [13]. The main force for amino acid Leu223 is the
van der Waals energy. In addition, the van der Waals ener-
gies are the dominant forces that drive the binding of the
inhibitors (specifically compounds 2, 3, and 5) to Leu99 and
Val107. The above results obviously indicate that site C is
the most important binding region for hydrophobic recog-
nition among the six sites.

Gly176 plays an important role in site A, except with
compound 4, which hardly interacts with active site A. The

Table 2 Individual energy components for the calculated binding free energies AG (kcal mol ')

Contribution Compound 2 Compound 3 Compound 4 Compound 5
AESk —25.48(0.13) 81.50(0.40) —44.52(0.20) 27.44(0.55)
AR —41.61(0.08) —42.53(0.09) —42.99(0.10) —46.31(0.10)
AGR! -5.51(0.01) -6.35(0.01) —6.58(0.01) ~7.25(0.01)
AGE 36.17(0.13) —61.05(0.37) 66.89(0.21) -1.55 (0.79)
AGy* 30.67(0.13) —67.40(0.37) 60.31(0.21) —8.79(0.78)
AGye’ 10.70(0.10) 20.45(0.13) 22.37(0.15) 25.89(0.53)
AG, —36.42(0.11) —28.43(0.12) —27.20(0.14) —27.66(0.53)

sol sol

®The electrostatic (AEﬁff + AGYe

sol

®The polar/nonpolar (AG“” + AGP ”l) contributions

) contributions. All energies are averaged over 1000 snapshots and are given in kcal mol " .

AGy, does not explicitly consider entropy contributions. The values in parentheses represent the standard error of the mean
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main determinant for amino acid Glyl76 is the van der
Waals energy, for which decomposed AGy values are
—1.45 kcal mol ™! for compound 2, —1.50 kcal mol ' for
compound 3, and —0.87 kcal mol ' for compound 5, respec-
tively. For the Aurora B—compound 4 system, Leul54 and
Leul70 are the most important amino acids for the binding
affinity. The decomposed AG, value for Lys122 varies
widely, mainly due to its flexibility.

As shown in Fig. 6, the residues with the most favorable
contributions in all four Aurora B—inhibitor systems are
Leu99, Vall07, Glul71, Phel72, Alal73, and Leu223.
Based on the binding modes, a protein-based pharmaco-
phore model hypothesis was derived. This hypothesis con-
sists of six slightly different pharmacophore hypotheses
(shown in Fig. 7): one hydrogen-bond acceptor feature
(corresponding to Alal73NH), two hydrogen-bond donor
features (corresponding to Alal730 and Glul710), and
three hydrophobic features (corresponding to the hydropho-
bic regions formed by Vall07, Phel72/Leu223, and Leu99/
Phel72/Gly176, respectively).

Based on our studies, we were able to suggest fragments
that should increase the binding affinity at sites D, E, and F.
For example, we designed a new compound with an N-(4-
mercaptophenyl)acetamide substituent at the cycloheptane
ring of compound 2. This compound showed a greatly
enhanced binding energy, and the N-(4-mercaptophenyl)
acetamide substituent was located in sites E and F and

Residue Sequence

anchored by hydrogen bonds with LysI22NZ and
Asp2340D2 (see Fig. S1 in the ESM).

Conclusions

We have performed molecular docking, molecular dynamics
simulation, and MM-PBSA calculations, and developed bind-
ing modes for various types of Aurora B kinase inhibitors

(pentacyclic, pyrimidine, quinazoline, and pyrrolopyridine
inhibitors). Molecular binding-mode analysis indicated the

@ GLU 171
® @

/55 ALA 173
@ALA 173

LEU223
PHE 172

LEU 99
PHE 172

GLY 176 VAL 107

Fig. 7 Pharmacophore model. The features of the pharmacophore are
color-coded: green represents a hydrogen-bond acceptor; magenta
represents a hydrogen-bond donor; /ight blue represents a hydrophobic
feature
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existence of six binding sites (A: solvent-exposed front pock-
et, B: hinge region, C: conserved hydrophobic pocket, D and
E: selective hydrophobic pockets, F: solvent-exposed
phosphate-binding region). Among all of these sites, site C
was observed to be the critical region for binding recognition,
as it showed favorable hydrophobic interactions with all inhib-
itors. Hydrogen bonding to the hinge region was found to be
more stable than that to the solvent-accessible region through
hydrogen-bond analysis. Subsequent analysis of the separate
energy terms contributing to the MM-PBSA free energy sug-
gested that the association between Aurora B kinase and each
inhibitor is mainly driven by favorable van der Waals and
nonpolar interactions, whereas the electrostatic term opposes
the binding. Specifically, the amino acids Leu99, Vall07,
Glul71, Phel72, Alal73, and Leu223 were found to be
responsible for the high affinity of the interaction, as observed
when dividing the binding free energy into individual
components.

The inhibitors were all bound in the conserved hydro-
phobic pocket (site C), anchored by hydrophobic interac-
tions with Leu99, Vall07, and Leu223, and were stabilized
by hydrogen-bonding interactions with the Glul71 and
Alal73. We suggest that sites B and C are required for the
optimum binding of novel Aurora B kinase inhibitors, sites
A and F play important roles in improving the pharmacoki-
netic properties of lead compounds, while sites D and E
appear to be selective hydrophobic pockets that enhance the
stability of the Aurora B—inhibitor complexes.
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