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Abstract The Aurora kinases have been regarded as
attractive targets for the development of new anticancer
agents. Recently a series of azaindole derivatives with
Aurora B inhibitory activities were reported. To explore the
relationship between the structures of substituted azaindole
derivatives and their inhibition of Aurora B, 3D-QSAR and
molecular docking studies were performed on a dataset of
41 compounds. 3D-QSAR, including CoMFA and CoM-
SIA, were applied to identify the key structures impacting
their inhibitory potencies. The CoMSIA model showed
better results than CoMFA, with r2cv value of 0.575 and r2

value of 0.987. 3D contour maps generated from CoMFA
and CoMSIA along with the docking binding structures
provided enough information about the structural require-
ments for better activity. Based on the structure-activity
relationship revealed by the present study, we have
designed a set of novel Aurora B inhibitors that showed
excellent potencies in the developed models. Thus, our
results allowed us to design new derivatives with desired
activities.

Keywords 3D-QSAR . CoMFA . CoMSIA .Molecular
docking . Aurora kinase B

Introduction

The Aurora proteins are a small family of serine/threonine
kinases that play critical roles in regulation of the cell cycle,

especially in the later stages from the G2/M checkpoint
through the mitotic checkpoint and late mitosis [1–3].
Humans express three Aurora kinase paralogues, Aurora A,
B and C; Aurora A and B have distinct roles in mitosis,
while the biological role of Aurora C is currently poorly
understood [4]. Along with its cellular binding partner
TPX2 (target protein of Xenopus kinesin-like protein 2),
Aurora A plays an essential role in mitotic spindle
formation, centrosome maturation, and segregation, while
Aurora B is involved in chromosomal condensation,
alignment and separation as well as kinetochore-
microtubule attachment and cytokinesis with its binding
partners INCENP (inner centromere protein) [5–7]. Aurora
C is required for spermatogenesis; it may complement the
functions of Aurora B, but its function in cell cycle
progression is still unknown [8, 9].

Aurora kinases are strongly associated with human
cancer, having been reported to be frequently over-
expressed in many human cancers, including colorectal,
prostate, colon, breast, thyroid cancer and other cancers
[10, 11]. Moreover, their elevated expression has been
correlated with chromosomal instability and clinically
aggressive disease in prostate cancer, and head and neck
squamous cell carcinoma [12]. Aurora A over-expression
leads to increased degradation of the natural tumor
suppressor p53; inhibition of Aurora A causes defects in
centrosome separation, with the formation of characteristic
monopolar spindles. Over-expression of Aurora B is
suggested to induce tumor metastasis; inhibition of Aurora
B leads to failure in cytokinesis and abnormal exit from
mitosis, ultimately resulting in apoptosis [13–15]. For this
reason, Aurora kinases have been indicated as appealing
targets for cancer treatment, and a great number of specific
inhibitors have been described to date, some of which are
under clinical evaluation [16].
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It is not clear whether inhibition of all three isoforms
(Aurora A, B and C) is necessary for optimal anti-tumor
efficacy. Previous research has indicated that Aurora B
inhibition alone may be sufficient for anti-tumor activity
[4, 7]. GSK1070916 (Fig. 1) and a series of its analogues
were discovered to function as potent and selective ATP-
competitive inhibitors of Aurora B and C [7]. These newly
synthesized compounds are reversible ATP-competitive
inhibitors and target the Aurora B/INCENP by formation
of a rapidly reversible, short-lived enzyme-inhibitor
complex [7]. It was presumed by previous research that
the azaindole group of these inhibitors interacted with the
hinge region of Aurora B/INCENP, and that the pyrazole
ring occupied the ATP sugar pocket, while the phenylurea
at the C-2 position of pyrazole was essential for the
inhibitory selectivity over Aurora A/TPX2; compared to
Aurora B/INCENP, the Aurora A/TPX2 has a less
accessible hydrophobic pocket at this region [7]. In this
paper, 3D-QSAR and molecular docking analysis were
performed on a set of GSK1070916 analogues. Partial
least square (PLS)-based statistical analysis was carried
out on 41 molecules to identify any correlation [17]. The
3D contour maps along with the docking binding
structures generated enabled us to explore the structure-
activity relationship of these molecules, and guided us to
design a series of novel inhibitors with excellent predicted
activities.

Materials and methods

Data sets

A set of 41 molecules with reported IC50 values for
inhibition of Aurora B was available [7]. These values
were converted to corresponding pIC50 by taking Log (1/
IC50). The pIC50 values were used as the dependent
variables in all the models subsequently developed. The
data were divided randomly into a training set of 34
compounds and a test set of 7 compounds. Structures and
associated inhibitory activities are shown in Tables 1
and 2.

Molecular modeling and alignment

All computational studies were performed using SYBYL
8.1 molecular modeling software from Tripos, Inc. [18]. 3D
structures of all compounds were constructed using the
Sketch Molecule module. Structural energy minimization
was performed using the standard Tripos molecular
mechanics force field and Gasteiger-Hückel charge [19,
20]. Pyrrolo[2,3-b]pyridine was selected as the common
structure using compound 7—one of the most active
compounds in the dataset—as a template. The aligned
molecules are shown in Fig. 2.

CoMFA and CoMSIA

The steric and electrostatic CoMFA potential fields were
calculated at each lattice intersection of a regularly spaced grid
of 2.0 Å [21]. In the CoMFA method, a sp3 hybridized
carbon atom with a charge of 1e served as the probe atom to
calculate steric and electrostatic fields, in which energy
values were truncated at 30 kcal mol−1 [22]. As an extension
to the CoMFA approach, which has two fields, the CoMSIA
method incorporates five different similarity fields, namely
steric, electrostatic, hydrophobic, hydrogen bond donor and
hydrogen bond acceptor. These were applied using a probe
atom with radius 1.0 Å, +1.0 charge, and hydrophobic and
hydrogen bond properties of +1. The attenuation factor was
set to the default value of 0.3 [23].

Partial least square analysis

The partial least square (PLS) method was used for all 3D-
QSAR analysis. The performance of both the CoMFA and
CoMSIA models were evaluated using the leave-one-out
(LOO) method, in which one compound is removed from the
dataset and its activity is predicted using the model derived
from the rest of the dataset [24]. PLS was used in conjunction
with the cross-validation option to determine the optimum
number of components (ONC), which was then used in
deriving the final CoMFA and CoMSIA model without
cross-validation. The ONC was the number of components
resulting in the highest cross-validated correlated correlation
coefficient (r2cv), which was defined as fellows:

r2cv ¼ 1�
P

Yobs � Ypre

� �2

P
Yobs � Ymeanð Þ2

whereYpre, Yobs and Ymean are predicted, observed, and mean
values of the target property (pIC50) [25, 26]. After
obtaining the optimum number of components, a PLS
analysis was performed with no validation and column
filtering 2.0 to generate the highest correlation coefficient
(r 2) [27].Fig. 1 Chemical structure of GSK1070916
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Table 1 Structural features and inhibitory activity values of 41 azaindole derivatives
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Table 1 (continued)
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Table 1 (continued)
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Predictive ability of CoMFA and CoMSIA models

The predictive abilities were determined from a test set of 7
compounds that were not included in the training set. These
molecules were aligned to the template and their pIC50

values were predicted. The predictive correlation coefficient
(r2pred), based on the molecules of test set, was defined as
follows: r2pred = (SD−PRESS)/SD.

Where SD is the sum of the squared deviations between
the inhibitory activities of the test set and mean activities of
the training molecules, and PRESS is the sum of squared
deviations between predicted and actual activity values for
each molecule in the test set [28, 29].

Molecular docking

The crystal structure of Aurora B was retrieved from the
RCSB Protein Data Bank (PDB entry code: 2VGO). The
Aurora B structure was utilized in subsequent docking
experiments without energy minimization. All ligands and
water molecules were removed and polar hydrogen atoms
were added. The Surflex-Dock using an empirical scoring
function and a patented search engine to dock ligands into a
protein’s binding site was applied to study molecular docking
[18]. To visualize the binding mode between the inhibitor
and ATP pocket, the MOLCAD (molecular computer aided
design) program was employed. MOLCAD calculates and
displays the surfaces of channels and cavities, as well as the
separating the surface between protein subunits [18].
MOLCAD provides several molecular surfaces to investigate
the size and volume of proteins. These surfaces can also be
used as screens for the color coded display of many
molecular properties; in the present work, the electrostatic
potential (EP) and lipophilicity (LP) were generated. Other
parameters were established by default software settings.

Results and discussion

CoMFA and CoMSIA results

CoMFA and CoMSIA models were derived from a
training set of 34 molecules with pIC50 values ranging

from 6.56 to 9.00. The statistical parameters associated in
CoMFA and CoMSIA models are listed in Table 3. The
CoMFA model using both steric and electrostatic fields
gave a cross-validated correlation coefficient (r2cv) of
0.549 (> 0.5) with an optimized component of 6. A high
non-cross-validated correlation coefficient (r2) of 0.983
with a low standard error estimate (SEE) of 0.093, F value
of 257.043 and predictive correlation coefficient (r2pred) of
0.759 was obtained. The contributions of steric and
electrostatic fields were 0.596 and 0.404, respectively. In
comparison to CoMFA, CoMSIA methodology has the
advantage of exploring more fields. The best CoMSIA
model included steric, electrostatic hydrophobic, hydrogen
bond donor and hydrogen bond acceptor fields and gave a
r2cv of 0.575 (> 0.5) with an optimized component of 6. A
high non-cross-validated r2 of 0.987 with a low SEE of
0.081, F value of 342.803 and r2pred of 0.791 was
obtained. Contributions of steric, electrostatic hydropho-
bic, hydrogen bond donor and hydrogen bond acceptor
fields were 0.159, 0.208, 0.218, 0.100 and 0.315,
respectively. The correlations between the predicted and
experimental pIC50 values of all compounds in the
CoMFA and CoMSIA models are shown in Fig. 3a,b.
The PLS statistics of both CoMFA and CoMSIA models
indicated that CoMSIA produced better results than
CoMFA.

CoMFA contour map analysis

To visualize the information content of the derived 3D-
QSAR model, CoMFA contour maps were generated to
rationalize the regions in 3D space around the molecules
where changes in the steric and electrostatic fields were
predicted to increase or decrease activity. CoMFA steric
and electrostatic contour maps are shown in Fig. 4 using
compound 34 as a reference structure. In Fig. 4a, the green
contours (80% contribution) indicate a steric contribution
to potency, while the yellow contours (20% contribution)
indicate regions of steric hindrance to activity. In Fig. 4b,
the electrostatic field is indicated by blue and red
contours, indicating regions where electron-donating
group and electron-withdrawing group would be favor-
able, respectively.

Table 1 (continued)
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As shown in Fig. 4a, the R1 position was oriented
toward a large green contour indicating that a bulky group
would be favored. This may explain why compounds 6–8,
21–23 and 30–41 which have relatively bulkier groups
(e.g., ethyl, hydroxyethyl, dihydroxyethyl, hydroxy-
propyl) at R1 showed significantly increased activities
compared to compound 1, which has a hydrogen atom at
R1. The presence of the green contour around the R2

position suggested that a bulky group at this region would

Table 2 The experimental pIC50 values, predicted pIC50 values
(Pred.) and their residuals (Res.) of the training and test set molecules

Compound no. CoMFA CoMSIA

Experimental Pred. Res. Pred. Res.

1 7.495 7.470 0.025 7.610 -0.115

2 7.602 7.750 -0.148 7.531 0.071

3 7.398 7.350 0.048 7.442 -0.044

4 7.301 7.411 -0.110 7.371 -0.070

5a 7.796 7.851 -0.055 7.616 0.180

6 8.523 8.420 0.103 8.342 0.181

7 9.000 8.921 0.079 9.123 -0.123

8 8.699 8.752 -0.053 8.672 0.027

9 7.013 6.882 0.131 6.917 0.096

10a 7.194 7.475 -0.281 7.446 -0.252

11 7.194 7.255 -0.061 7.209 -0.015

12 7.357 7.447 -0.091 7.427 -0.071

13 7.357 7.359 -0.003 7.353 0.003

14 7.699 7.667 0.032 7.657 0.042

15 7.222 7.246 -0.024 7.406 -0.184

16 7.638 7.676 -0.038 7.655 -0.017

17 7.585 7.515 0.070 7.544 0.041

18 7.959 7.886 0.073 7.930 0.029

19 7.244 7.209 0.035 7.275 -0.031

20 7.181 7.107 0.074 7.171 0.010

21a 8.301 7.951 0.350 7.849 0.452

22 8.097 8.031 0.066 8.122 -0.025

23 8.301 8.209 0.092 8.324 -0.023

24a 7.237 7.537 -0.300 7.331 -0.094

25 7.337 7.147 0.190 7.162 0.175

26 6.559 6.733 -0.174 6.609 -0.050

27 7.620 7.666 -0.046 7.644 -0.024

28 7.658 7.555 0.103 7.629 0.029

29 7.081 7.198 -0.117 7.075 0.006

30 8.523 8.576 -0.053 8.503 0.020

31a 8.301 8.509 -0.208 8.394 -0.093

32 8.770 8.819 -0.049 8.769 0.001

33a 8.444 8.730 -0.286 8.521 -0.077

34 8.854 8.880 -0.026 8.861 -0.007

35 8.678 8.709 -0.031 8.698 -0.020

36 8.824 8.736 0.088 8.754 0.070

37a 8.347 8.633 -0.286 8.498 -0.151

38 8.301 8.323 -0.022 8.361 -0.060

39 8.328 8.376 -0.048 8.266 0.062

40 8.328 8.403 -0.075 8.341 -0.013

41 8.092 8.129 -0.037 8.063 0.028

a Test set molecules

Fig. 2 Alignment of the compounds used in the training set

Table 3 Partial least squares (PLS) result summary of CoMFA and
CoMSIA models. ONC Optimal number of components, SEE
Standard error of estimate

PLS statistics CoMFA CoMSIA

r2cv
a 0.549 0.575

r2 b 0.983 0.987

ONC 6 6

SEE 0.093 0.081

F value 257.043 342.803

r2pred
c 0.759 0.791

Field contribution

Steric 0.596 0.159

Electrostatic 0.404 0.208

Hydrophobic - 0.218

H-bond donor - 0.100

H-bond acceptor - 0.315

a Leave one out (LOO) cross-validated correlation coefficient
b Non-cros-validated coefficient
c Predictive correlation coefficient for test set compounds
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be favorable. Comparing compounds 21–23 (pIC50=
8.301, 8.097, 8.301) and 30–41 (pIC50= 8.525, 8.424,
8.624, 8.563, 8.800, 8.682, 8.329, 8.287, 8.312, 8.394,
8.379, 8.183), which possess bulky groups [e.g., N-(2-
morpholinoethyl)formamide, N-(2-(4-methylpiperazin-1-
yl)ethyl)formamide, pyrrolylmethyl phenyl] at R2 with
compounds 3, 4, 9–11, and 24–26 (pIC50= 7.833, 7.365,
6.817, 7.347, 7.197, 7.255, 7.139, 6.779), which have
relatively minor substituents (e.g., H, dimethylamino-
methyl), it was found that their activity discrepancies can
be explained easily by this green contour. A huge green
contour near the middle of the R3 side chain (carbamido
group) demonstrated that a relatively bulkier substituent at
the carbamylamino position would increase activity, while

a yellow contour at the terminal of the R3 side chain
indicated that bulky groups would be unfavorable. In
general, compounds 30, 32, 34, 36, 38, 40 (R3= ethyl-
carbamylamino) showed better activities than the
corresponding compounds 31, 33, 35, 37, 39, 41 (R3=
dimethylcarbamylamino). Meanwhile, compounds 14, 16,
18–20 with a bulky phenyl group at the terminus of the R3

side chain (phenylurea) showed significantly decreased
potency compared to the analogous compounds 30–41.
Furthermore, the most inactive compounds 9–11, 24–26
and 29 all possessed a phenylurea at R3; the reason for
their poor potency will be discussed further below.

The CoMFA electrostatic field contour map is shown in
Fig. 4b. A red contour and a blue contour near the R1

position revealed that the electrostatic field was not
important for the R1 position. Most of the active derivatives

Fig. 3 Graph of actual versus predicted pIC50 of the training set and
the test set using CoMFA (a) and CoMSIA (b)

Fig. 4 CoMFA Std* coeff contour maps illustrating steric, electro-
static features in combination with compound 34. a Steric fields:
green contours regions where bulky groups increase activity, yellow
contours regions where bulky groups decrease activity. b Electrostatic
fields: blue contours regions where electron-donating groups increase
activity, red contours regions where electron-withdrawing groups
increase activity
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had an electron-donating group (e.g., ethyl, t-Bu), but some
compounds with an electron-withdrawing group (e.g.,
hydroxyl, trifluoromethyl) also showed excellent activity.
The red contour near the R2 position indicated that an
electron-withdrawing group would be favored. Comparing
derivatives 21–23 (pIC50= 8.301, 8.097, 8.301), which had
an electron-withdrawing amide group at R2, with 24–29
(pIC50= 7.255, 7.139, 6.779, 7.712, 7.615, 7.239) with
electron-donating alkylamine groups, revealed that their

activity discrepancies can be explained by this red contour.
The blue contour around the terminal of R3 position
suggested that an electron-donating substituent at the
carbamylamino position would increase activity. This may
explain why compounds 30–41, with an ethyl or methyl
group at the carbamylamino position, showed excellent
activities, while replacing the ethyl or methyl group with an
electron-withdrawing phenyl group (14, 16, 18–20) showed
decreased potencies.

Fig. 5 Std* coeff CoMSIA contour maps illustrating steric, electro-
static, hydrophobic, hydrogen bond donor and acceptor features in
combination with compounds 34 and 7. a Steric contour map. Green
contours Sterically favored regions, yellow contours sterically dis-
favored regions. b Electrostatic contour map. Blue contours Regions
where electron-donating groups are favored, red contours regions
where electron-withdrawing groups are favored. c Hydrophobic

contour map. White contours Regions where hydrophilic substituents
are favored, yellow contours regions where hydrophobic substituents
are favored. d Hydrogen bond donor contour map. Cyan and purple
contours indicate favorable and unfavorable hydrogen bond donor
groups, respectively. e Hydrogen bond acceptor contour map.
Magenta contours Hydrogen bond acceptor groups increase activity,
red contours disfavored region
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CoMSIA contour map analysis

CoMSIA steric, electrostatic, hydrophobic, hydrogen bond
donor and acceptor field contour maps are shown in Fig. 5.
The CoMSIA steric and electrostatic field contour maps
closely resembled the corresponding CoMFA contour
maps.

The hydrophobic field contour map shown in Fig. 5c
using compound 34 was used as a reference structure; white
(20% contribution) and yellow (80% contribution) contours
highlighted areas where hydrophilic and hydrophobic
properties were favored. A white contour and a yellow
contour near the R1 position revealed that a hydrophobic
field for the R1 position was not important. Four sections of
yellow contour around the R2 position strongly indicated

that a hydrophobic group at this position would be
essential. Most of the derivatives possessed a hydrophobic
phenyl group at R2; compounds 25–29 with hydrophilic
amine substituent at R2 showed decreased activities. The
white contour near the R3 position revealed the extreme
importance of the carbamylamino group in R3; when
removed it resulted in decreased activity.

The hydrogen bond donor field contour map shown in
Fig. 5d using compound 34 was used as a reference
structure. The cyan (80% contribution) and purple (20%
contribution) contours indicate favorable and unfavorable
hydrogen bond donor groups. The cyan contour near the
carbamylamino group of the R3 position demonstrated the
extreme importance of the two –NH groups. In fact, they
acted as hydrogen bond donors and formed H-bonds with
the residues of Aurora B. Compounds 30, 32, 34, 36, 38,
and 40 (R3= ethylcarbamylamino) with two –NH groups
that can act as hydrogen bond donors showed relatively
increased activities compared to 31, 33, 35, 37, 39, and 41
(R3= dimethylcarbamylamino) with only one –NH group.
A purple contour around the N atom of the pyrrolyl group
suggested that a hydrogen bond donor at this position
would be unfavorable. Derivatives 30–41, with a tertiary
amine at this position, were the most active compounds.

The hydrogen bond acceptor field contour map shown in
Fig. 5e using compound 7 was used as a reference structure.
The magenta (80% contribution) and red (20% contribu-
tion) contours identified favorable and unfavorable posi-
tions for hydrogen bond acceptors. A magenta and two red
contours near the two hydroxyl groups in the R1 position of
compound 7 revealed that these may act as hydrogen bond
acceptor and donor. The huge magenta contour around the
N-2 atom of azaindole indicated that the N-2 atom may act
as a hydrogen bond acceptor. In fact, the 2′-OH acted as
both hydrogen bond donor and acceptor, and formed an H-
bond with residue PHE235 and GLU141; the 3′-OH acted
as a hydrogen bond donor and formed H-bonds with
GLU141. The N-2 atom was a hydrogen bond acceptor
and formed an H-bond with LYS122. The CoMSIA
hydrogen bond acceptor field contour map was in agree-
ment with the observations subsequently obtained from
docking analysis.

Docking analysis

To elucidate the mechanisms of interaction between these
inhibitors and the receptor, compounds 7 and 36 were
selected for more detailed analysis. These two compounds
represented different binding modes of these derivatives.
Fig. 6 shows the hydrogen bond binding of compounds 7
and 36 with the ATP pocket of Aurora B. As shown in
Fig. 6a, the N atom on pyridyl and the N–H on pyrrolyl
groups acted as hydrogen bond acceptor and donor,

Fig. 6 Binding mode between compound 36 (a) and 7 (b) and the ATP
pocket of Aurora B (PDB code 2VGO). Key residues and hydrogen
bonds are labeled
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respectively, by forming H-bonds with the –NH and
carbonyl groups of ALA173. The two –NH of ethyl-
carbamylamino formed H-bonds with the carbonyl groups
of ALA223 and GLN145, while the carbonyl group of
ethylcarbamylamino formed two H-bonds with the –NH2 of
LYS122. In Fig. 6b, the situation is different: only the two
hydroxyl groups at the R1 position, the N-2 atom of
azaindole and the N–H of pyrrolyl group formed H-bonds
with PHE235, GLU141, LYS122 and GLU220, respective-
ly. It can be inferred that the bulky phenyl group at the
terminus of the R3 position can affect the binding between
the carbamylamino group and the residues of the ATP
pocket, resulting in different binding modes. This may also
explain why compounds with a phenylurea group at R3

position showed relatively decreased potencies compared to
those with an ethylcarbamylamino or dimethylcarbamyla-
mino group.

To visualize the secondary structure elements of the
binding structure, the MOLCAD Robbin surfaces program
was applied. Figure 7 shows the secondary structures of
compound 36 in complex with the ATP pocket of Aurora B.

The MOLCAD surface of ATP-binding site was
developed and displayed with electrostatic potential to
examine the CoMFA electrostatic contour map. Figure 8a
shows docking of compound 36 into the ATP-binding site;
the red color shows the electron-withdrawing zone and
purple color shows the electron-donating zone. The
observations taken from Fig. 8a satisfactorily matched
those of the CoMFA electrostatic contour map. In detail,
the R2 regions were in the red zone, which suggested that
an electron-donating substituent would be favorable; the
R3 position was in a blue zone, which indicated that
electron-withdrawing groups may benefit potency.

Fig. 7 MOLCAD Robbin sur-
faces structure of selected com-
pound 36 in complex with the
ATP-binding site. Alpha helices
are shown as helices or cylin-
ders, while beta sheets are
shown as arrows and the loop
regions as tubes. Key residues
and hydrogen bonds are labeled

Fig. 8 The MOLCAD electrostatic (a) and lipophilic potential (b)
surfaces of the ATP-binding site of Aurora (PDB code 2VGO) within
compound 36. The color ramp for electrostatic potential (EP) ranges
from red (most positive) to purple (most negative). The color ramp for
lipophilicity (LP) ranges from brown (highest lipophilic area of the
molecule) to blue (highest hydrophilic area)

J Mol Model (2011) 17:1191–1205 1201



The MOLCAD surface of the ATP-binding site was
also developed and displayed with LP to examine the
CoMSIA hydrophobic contour map. The color ramp for
LP ranges from brown (highest lipophilic area of the
molecule) to blue (highest hydrophilic area). The R2 side
chain was in the green and brown area, which suggested
that hydrophobic groups would increase potency; the
phenyl group of the C-2 position of azaindole was in a
hydrophobically favored brown area, while the urea
group of R3 position was found to be in a hydro-
philically favored white area, which demonstrated the
extreme importance of the phenylurea group at the C-2
postion of azaindole. The observations gained from
Fig. 8b were in agreement with those of the CoMSIA
hydrophobic contour map, and the predictions of previ-
ous research.

Design of novel inhibitors

3D-QSAR and docking studies provided enough informa-
tion about the structural requirements for better activity. In

detail, bulky and hydrogen bond donor and acceptor
groups at the R1 position increase activity; bulky,
electron-withdrawing and hydrophobic substituent are
favored at R2; and minor, electron-donating substituents
at R3 benefit potency. Pyrrolo[2,3-b]pyridine and carba-
mylamino groups were essential for binding to the ATP
pocket. The structure-activity relationship revealed by this
study is summarized in Fig. 9. Based on this structure-
activity relationship, we designed a series of new
inhibitors. These designed molecules were aligned in the
database, and their pIC50 values were predicted by the
previously established CoMFA and CoMSIA models.
The structures of newly designed derivatives and their
predicted pIC50 values are shown in Table 4 and Fig. 10.
As shown in Table 4, most of the designed derivatives
showed better potencies than compounds 7, 34 and 36,
which were the most active derivatives in the database.
Compounds D1, D3, D4 and D5 were almost 10-fold more
active than compound 7 in the CoMSIA model. These
results validate the structure-activity relationship obtained
from 3D-QSAR and docking studies.

Conclusions

The present study successfully applied 3D-QSAR and
molecular docking analysis to characterize a set of
recently synthesized Aurora B inhibitors. The CoMFA
and CoMSIA models generated both exhibited reliable
correlative and predictive abilities. Furthermore, the
CoMFA and CoMSIA contour maps, along with the
docking binding structures, provided enough information
to understand the structure-activity relationship and to
identify structural features influencing inhibitory activity.
Based on the structure-activity relationship revealed by
this study, we successfully designed a set of new inhibitors
with excellent predicted activities in CoMFA and CoM-
SIA models. These results will serve as a useful guideline
for designing novel GSK 1070916 analogues with desired
activities.

Fig. 9 Structure-activity rela-
tionship revealed by 3D-QSAR
and docking

Fig. 10 Predicted pIC50 values of designed inhibitors using CoMFA
and CoMSIA
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Table 4 Structure and predicted pIC50 values of newly designed inhibitors

N N
H

R2

NN

N
H

R1

N
H

R3

O

No.
Substituent Predicted pIC50

R1 R2 R3 CoMFA CoMSIA

D1

OH

HO
N Et 9.735 10.153

D2

OH

HO
NH2 i-Pr 9.351 9.798

D3

OH

HO
HN

N N

O

t-Bu 9.212 9.997

D4

OH

HO
N Et 9.785 10.178

D5

OH

HO
HN

N

O

i-Pr 9.251 9.946

D6

OH

HO
N Et 8.486 8.638

D7 Et NO2 Et 8.867 7.834

D8 Et O Et 8.929 8.531

D9 Et OH Et 8.959 8.460

D10 Et
N

N Et 8.947 8.585

D11 Et
N

N Et 8.804 8.625

D12
HN

O

i-Pr 8i-Pr .768 8.520
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