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Abstract Protein kinase B (PKB; also known as Akt
kinase) is located downstream in the PI-3 kinase pathway.
Overexpression and constitutive activation of PKB/Akt
leads to human prostate, breast and ovarian carcinomas. A
series of 69 PKB/Akt inhibitors were examined to explore
their binding modes using FlexX, and three-dimensional
quantitative structure–activity relationship (3D-QSAR)
studies based on comparative molecular field analysis
(CoMFA) and comparative molecular similarity indices
analysis (CoMSIA) were performed to provide structural
insights into these compounds. CoMFA produced statisti-
cally significant results, with cross-validated q2 and non-
cross validated correlation r2 coefficients of 0.53 and 0.95,

respectively. For CoMSIA, steric, hydrophobic and hydrogen
bond acceptor fields jointly yielded ‘leave one out’ q2=0.51
and r2=0.84. The predictive power of CoMFA and CoMSIA
was determined using a test set of 13 molecules, which gave
correlation coefficients, r2predictive of 0.58 and 0.62, respec-
tively. Molecular docking revealed that the binding modes of
these molecules in the ATP binding sites of the Akt kinase
domain were very similar to those of the co-crystallized
ligand. The information obtained from 3D contour maps will
allow the design of more potent and selective Akt kinase
inhibitors.
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Introduction

Protein kinase B (PKB; also known as Akt kinase) plays a
pivotal role in the signal transduction pathways that are
important for cellular transformation and tumor progression
[1]. Akt1 is a serine/threonine protein kinase that was first
discovered as the human homologue of the transforming
gene in the AKT-v oncogenic virus isolated from a
spontaneous thymoma in the AKR mouse [2]. Since the
discovery of human Akt1, two additional mammalian Akt
isoforms, designated Akt2 and Akt3, have been identified
[3]. Phosphorylation at Ser and Thr is accompanied by the
activation of Akt kinases [4]. Akt is located downstream of
phosphoinositide 3-kinase (PI3K), therefore PI3K generates
phosphorylated phosphatidylinositides in the cell mem-
brane. The phosphorylated molecules binds to the amino
terminal pleckstrin homology (PH) domain of Akt, which
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activates phosphoinositide-dependent kinase (PDK). This
activation leads to phosphorylation of the Thr residue of the
membrane-bound Akt [5], whereas Ser is phosphorylated by
integrin link kinase [6]. Mutation, deletion or overexpression
of PKB isoforms is associated with the development of
ovarian, prostate, and cervical tumours [7, 8].

RNA interference and Akt antibodies have been
employed to study akt signaling pathways, cell survival,
and tumor progression [9, 10]. In addition, chemically
synthesized molecules have gained much attention for their
ability to impede tumor progression when used as mono-
therapy or in combination with paclitaxel or rapamycin [11,
12]. To date, different PKB inhibitors have been developed
that bind at different binding sites of the protein (i.e., ATP
competitive or allosteric inhibitors) [12]. Since drug
discovery focuses on the search for novel, more potent
and selective inhibitors, quantitative structure activity
relationships (QSAR) and three-dimensional QSAR (3D-
QSAR) have become central approaches. QSAR techniques
are largely used within framework of quantum QSAR [13],
two dimensional-QSAR [14], hologram-QSAR, as well as
3D-QSAR [15] . In this paper, we investigated the binding
modes of Akt inhibitors using molecular docking, and
developed target-based 3D-QSAR models [16] to provide
further structural insights.

Materials and methods

Data set and molecular modeling

A data set of 69 PKB inhibitors with their biological
activities was obtained from the literature [17, 18]. The data
set was randomly divided into a training set of 56
compounds to generate 3D QSAR models and a test set
of 13 compounds to determine the predictive powers of
these models. The IC50 (nM) values of the compounds were
converted into the corresponding pIC50 values (pIC50=−
log IC50) (Table 1). All molecular modeling studies and
structures of these inhibitors were drawn with SYBYL 7.3
running on Linux cluster. These were initially minimized
by Tripos force field [19], and Gasteiger-Hückel charges
were assigned using the conjugate gradient method. The
criterion of convergence was 0.05 kcal mol−1.

Molecular docking

For molecular docking studies, the coordinates of the
recently reported receptor protein (PDB=2UZW) with the
inhibitor was retrieved from the RCSB protein data bank
(www.rcsb.org). All water molecules were removed and the
protein structure was repaired for missing residues without
any modification to the C and N termini. Hydrogen atoms

were added to the protein atoms to satisfy their valences,
and Gasteiger Hückel charges were assigned to the whole
protein. Template-based molecular docking was performed
with a radius of 6.5 Å. All the molecules were docked using
the FlexX program [20] without FlexX-pharm and spatial
constraints in the protein. In docking simulations of each
molecule, 100 conformations of every molecule were
obtained by changing the default settings of the FlexX
program. The best conformer of each molecule was
identified and used for analysis.

Molecular alignment for 3D-QSAR models

In the development of 3D-QSAR models, molecular
alignment is a key step. Usually the molecules are aligned
with a suitable conformational template that is thought to be
the most bioactive, so that the inhibitors have comparable
confirmation and similar orientation in space [21]. In this
study, the co-crystal structure was used as a template. The
best conformer of each molecule was aligned using the
common substructure based alignment method in SYBYL
(Fig. 1).

CoMFA and CoMSIA

Lennard-Jones and Coulomb potentials based comparative
molecular field analysis (CoMFA) were determined, and the
steric as well as electrostatic energies were calculated using
an sp3 carbon probe atom with a van der waals radius of
1.52 Å and a +1 charge. The energies were truncated
to ±30 kcal mol−1 and the electrostatic contributions were
ignored at lattice interactions with maximum steric inter-
actions. The CoMFA were generated by a standard method
within SYBYL. The comparative molecular similarity
indices analysis (CoMSIA) models were also derived with
the same lattice box used for CoMFA calculations. All five
similarity indices (steric, electrostatic, hydrophobic, hydro-
gen bond donor, and hydrogen bond acceptor) were
evaluated using the probe atom [22]. The CoMSIA models
from hydrophobic and hydrogen bonds were calculated
between the grid point and each atom of the molecule by a
Gaussian function. The attenuation factor default value of
0.30 was used, which is the standard distance dependence
of molecular similarity. The effect of using the standard
attenuation factor is shown in contour maps with prominent
molecular features.

Partial least square analyses and validation of QSAR
models

To derive 3D-QSAR models, CoMFA and CoMSIA
descriptors were used as independent variables and pIC50

as the dependent variable. The partial least square (PLS)
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method [23] was used to linearly correlate these descriptors
to the inhibitory activity values. The CoMFA cutoff values
were set to 30 kcal mol−1 for both steric and electrostatic
fields, and all fields were scaled by the default options in
SYBYL. The cross validation analysis was performed using
the leave-one-out (LOO) method [24], in which one
compound is removed from the data set and its activity is
predicted using the model derived from the rest of the
dataset. The cross-validated correlation coefficient (q2) that
resulted in optimum number of components and lowest

standard error of prediction were considered for further
analysis and calculated using Eqs. 1 and 2:

q2 ¼ 1�

P
y

ypred � yobserved
� �2

P
y

yobserved � ymeanð Þ2 ð1Þ

PRESS ¼
X
y

ypredicted � yobserved
� �2 ð2Þ

Table 1 Structures and biological activities of protein kinase B (PKB)/Akt inhibitors used for three-dimensional quantitative structure–activity
relationship (3D-QSAR) analysis

N
H

N

R2

R3

N

O

NH2
R
1

X
N
H

N

R2
N

O

NH2

R3

R1
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No.  Str.  R1          R2    R3 X    IC50  

No. Str.     R1 R2 R3 X IC50  

1 A H CH3 H - 14

2* A 3-F CH3 H - 8.4

3 A 2,3-di-F CH3 H - 8.5

4 A 2,4- di-F CH3 H - 21

5* A 2,6- di-F CH3 H - 65.5

6 A 2,3,4-tri-F CH3 H - 12

7 A 2,4,6-tri-F CH3 H - 31

8 A 2-Cl CH3 H - 29

9 A 3-Cl CH3 H - 5.9

10* A 4-Cl CH3 H - 11

11 A 2-Br CH3 H - 23

12 A 3-Br CH3 H - 2.1

13 A 4-Br CH3 H - 5

14 A 3-I CH3 H - 0.9

15* A 3-Cl-4-F CH3 H - 3.1

16 A 4-Cl-3-F CH3 H - 3.6

17 A 2,3-(Cl)2 CH3 H - 5.6

18 A 3,4-(Cl)2 CH3 H - 1.8

19 A 3,5-(Cl)2 CH3 H - 20.7

20* A 4-Br-2-F CH3 H - 10

21 A 4-Br-3-F CH3 H - 1.3

22 A 2-Br-4,6-F2 CH3 H - 49

23 A 5-F-2-Me CH3 H - 3.9

24 A 4-Br-3-Me CH3 H - 2.5

25* A 4-F-3-Me CH3 H - 1

26 A 4-F-2-Me CH3 H - 6

27 A 3-F-4-Me CH3 H - 2.4

28* A 2,4,6-(Me)3 CH3 H - 39

29 A 5-F-2-OMe CH3 H - 7.7

30* A 3-CF3 CH3 H - 1.2

31 A 4-CF3 CH3 H - 18

32 A 3,5-(CF3)2 CH3 H - 57

33 A 3-CF3, 4-F CH3 H - 1.8

34 A 3-CF3, 5-F CH3 H - 13.3

35* A 3-CF3, 6-F CH3 H - 1.2

36 A 4-CF3, 3-F CH3 H - 3.1

37 A 4-CF3, 2-F CH3 H - 12.1
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Where ypred, yactual, and ymean are the predicted, actual,
and mean values of the target property (pIC50), respectively,
and PRESS is the sum of squares residuals of actual and
predicted activities of test set compounds. The non-cross-
validated PLS analyses were performed with a column filter
value of 2.0 to reduce analysis time with little effect on the
q2 values. To further assess the robustness and statistical
confidence of the derived models, bootstrapping analysis
for 100 runs was performed. To assess the predictive power
of the 3D-QSAR models derived using the training set,
biological activities of an external test set of 13 molecules
were predicted. The predictive ability of the models was
expressed by the predictive r 2 value, which is analogous to
cross-validated r 2 (q 2), using Eq. 3:

r2pred ¼
SD� PRESS

SD
ð3Þ

No. Str.    R1 R2 R3 X IC50

38 A 2-OCF3 CH3 H - 15.3

39 A 3-OCF3 CH3 H - 3.3

40* A 4-OCF3 CH3 H - 20.3

41 A 3-Ph CH3 H - 126

42 A 3,4-OCH2O- CH3 H - 42

43 A 2,3-OCF2O- CH3 H - 14

44 A 3,4-OCF2CF2O- CH3 H - 13

45* A
N

O

O

CH3 H - 751

46 A NH

O

CH3 H - 290

47 A
NH

O CH3 H - 6.8

48 A O         CH3   H    -   1360

49 A
N

O CH3 H - 78

50 A NH2

O

CH3 H - 47

No. Str.    R1        R2 R3 X IC50

51 B 3-Indole H H C 1.5

52 B 3-Indole Cl H C 1

53 B 3-Indole CF3 H C 1.8

54 B 3-Indole H NO2 C 953

55 B 3-Indole H NH2 C 51

56 B 3-Indole Cl NH2 C 7.1

57 B 3-Indole H - N 0.6

58 B 3-indole CH3 - N 0.34

59 B Ph H - N 223

60 B Ph CH3 - N 25

61 B Ph Cl - N 59

62 B Ph CH3 - N 104

63 B Ph -H - N 223

64* B Ph 0 - N 25

65 B Ph -Cl - N 59

66 B Ph vinyl - N 13

67 B Ph 2-Furyl - N 6.1

68 B Ph
N

- N 228

69* B Ph -Ph - N 8.3

* Test set Compounds

Fig. 1 Alignment of molecules within the active site of the protein for
three-dimensional quantitative structure–activity relationship (3D-
QSAR) analyses
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Where SD is the sum of the squared deviations between
the biological activities of the test set and mean activities of
the training molecules, and PRESS is the sum of squared
deviation between predicted and actual activities of the test
set molecules.

Results and discussion

Elucidation of binding mode

The overall fold and structure of PKB is very similar to that
of PKA [25, 26] although there are some differences at the
N-terminus of PKA, which contains an additional 18 α-
helical amino acid residues. These two homologous kinase
structures possess nearly identical ATP-binding sites, with a
difference of just three residues within the active site
(substitutions of Val123 by Ala232, Val104 by Thr213, and
Leu173 by Met282 in PKB [25]). Another study reported
that residues Glu-121 and Val-123 at the hinge region of
Akt are crucial to activity and establish important hydrogen
bonds with pyridine-pyarazolopyridine-based inhibitors
[27]. PKB/Akt inhibitors typically bind to the two binding
sites, namely the ATP binding site and the allosteric pocket,
to block activity. We first docked 2UZW, the co-crystal
ligand and most active ligand in the protein, to validate
the efficiency of the FlexX docking program for these
inhibitors. The conformational comparison of these two
ligands having similar binding modes at the ATP binding
site is depicted in Fig. 2. In molecular docking simulation
studies, 100 conformers for each inhibitor were generated.
The primary criterion for the selection of the best conformer
was the visual resemblance to the co-crystallized ligand as

well as the distance to key residues of the active site, while
the total score was used as a secondary criterion. Previous
molecular docking studies of these inhibitors demonstrated
that all the compounds have similar binding mode and
hydrogen bonding behavior [19].

3D-QSAR model

Initially, the CoMFA and CoMSIA models were developed
using the 56 molecules of the training set. Models based on
these compounds yielded low q2 values of 0.29 and 0.31,
respectively. Therefore, to generate reasonable models,
compounds with a residual value between experimental
and predicted pIC50 >1 logarithmic unit in the CoMFA or

Fig. 2 Conformational comparison of co-crystal (orange), docked co-
crystal (green) and docked most active compound-58 (red) using
fFlexX

Table 2 Statistical summary of comparative molecular field analysis
(CoMFA)-based models. q2 Cross validated correlation coefficient
after leave-one-out (LOO)procedure, n optimal number of compo-
nents, r2 correlation coefficient, SEE standard error of estimate, F
Fischer’s F value for test of significance, r2bs coefficient of determi-
nation after 100 bootstrapping runs, r2pred predicted correlation
coefficient for test set of compounds, GS grid size

GS=2.0 Å GS=0.5 Å GS=1 Å GS=1.5 Å

q2 0.53 0.49 0.49 0.47
n 8 10 8 6
r2 0.95 0.97 0.94 0.90
SEE 0.18 0.13` 0.19 0.24
F-value 98 159.43 90.88 71.53
r2bs 0.96 0.98 0.96
r2pred 0.58 0.59 0.56 0.40
Contributions
Steric 0.47 0.55 0.49 0.56
Electrostatic 0.53 0.45 0.51 0.44

Fig. 3 Comparative molecular field analysis (CoMFA) steric contour
maps around the most active molecule superimposed on the active site
of the protein
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CoMSIA model were considered outliers. Accordingly,
compounds 47, 48, 55, and 68 were considered to be out-
liers [28]. Outliers may arise as a consequence of incorrectly
measured inhibitory concentrations, different binding con-
firmations, or significant differences in physicochemical
properties [29]. Discarding the outliers and re-derivation of
the 3D-QSAR model using the remaining compounds

yielded much higher cross-validated q2 values of 0.53 and
0.51 for the CoMFA and CoMSIA models, respectively.
Thus, subsequent analyses were based on the 52 non-outlier
compounds, and these models were also used to predict the
activity of test set of compounds.

CoMFA

In CoMFA models, the steric and electrostatic fields are
correlated individually and in combination with biological
activities. The grid size was varied to obtain more
pronounced models. When the 0.5 Å grid size was used
initially, the steric and electrostatic fields jointly gave q2=
0.49 and r2=0.97 with n=10. To improve the result and
reveal relationships more prominently, grid sizes of 1.0 Å,
1.5 Å, and 2.0 Å were used. A grid size of 2.0 Å produced
significant results (q2=0.53, r2=0.95, r2bs ¼ 0:96) (Table 2),
because larger molecules warrant larger spacing, while for
smaller molecules (<20 heavy atoms) a finer grid spacing
(e.g., 1.5 Å) may be appropriate [30], and the charge
transfer and electrostatic interaction may be local or
fragment-based. In the former case, the small grid size
yields good statistics, as there will be a sharp interaction
due to a single atom. If more than one atom is involved in

Table 3 Statistical summary of comparative molecular similarity
indices analysis (CoMSIA)-based models. q2 Cross-validated correla-
tion coefficient after LOO procedure, r2 correlation coefficient, n
optimal number of components, SEE standard error of estimate, F

Fischer’s F value for test of significance, r2pred predicted correlation
coefficient for test set of compounds. Field contributions: S steric
field, E electrostatic field, H hydrophobic field, D H-bond donor field,
A H-bond acceptor field

Fields q2 n r2 SEE F-value r2pred S E H D A

S 0.24 4 0.56 0.51 14.85 – 1 – – – –
E −0.23 2 0.47 0.55 22.30 – – 1 – – –
H 0.44 4 0.75 0.39 34.68 0.55 – – 1 – –
D −0.02 5 0.56 0.52 11.56 – – – – 1 –
SE 0.25 10 0.94 0.20 64.07 – 0.50 0.50 – – –
SD 0.41 10 0.84 0.32 22.40 0.35 0.37 – – 0.63 –
SA 0.42 8 0.80 0.36 21.65 0.40 0.35 – – – 0.65
SH 0.49 5 0.80 0.35 36.50 0.40 0.30 – 0.70 – –
EH 0.25 3 0.70 0.41 37.35 – – 0.39 0.61 – –
EDA 0.09 2 0.35 0.66 13.38 – – 0.20 – 0.41 0.39
EHD 0.18 3 0.72 0.40 41.70 – – 0.20 0.51 0.29 –
EHA 0.28 3 0.67 0.44 33.03 – – 0.30 0.45 .– 0.25
SHE 0.40 10 0.96 0.16 106 0.41 0.23 0.41 0.36 – –
SED 0.34 8 0.92 0.22 64 – 0.21 0.28 – 0.34 –
SEA 0.18 2 0.46 0.55 21 – 0.21 0.28 – – 0.51
SHD 0.43 5 0.84 0.31 47 0.67 0.17 – 0.48 0.35 –
SHA 0.51 6 0.84 0.31 40 0.62 0.22 – 0.50 – 0.28
SDA 0.37 10 0.83 0.34 19.86 – 0.39 – – 0.45 0.26
SEHD 0.30 6 0.91 0.24 73 – 0.16 0.25 0.30 0.19 –
SEHA 0.42 10 0.96 0.15 114.64 0.45 0.18 0.33 0.30 – 0.19
SHDA 0.40 6 0.86 0.30 45.10 0.67 0.16 – 0.38 0.31 0.15
SEDA 0.30 10 0.93 0.22 53 – 0.23 0.35 – 0.25 0.16
EHDA 0.21 2 0.51 0.53 25.34 – – 0.14 0.33 0.28 0.25
SEHDA 0.31 10 0.96 0.16 101.7 – 0.16 0.24 0.25 0.22 0.13

Fig. 4 CoMFA electrostatic contour maps around the most active
molecule superimposed on the active site of the protein
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such an interaction and a zone of ligand participation in
electrostatic interaction exists, then a large grid size would
be more meaningful. Thus, the selection of grid spacing is
an end-user decision. Furthermore, the predictive power
r2predictive ¼ 0:58

� �
of this model was determined by the test

set of 13 compounds. The comparison of predicted and
experimental activities is presented in Tables 4 and 5.

CoMFA contour maps

CoMFA contour maps were generated to visualize the best
fitted 3D-QSAR model for steric and electrostatic fields
effects on the 58 most active molecules of the series
(Figs. 3, 4). The CoMFA green contours indicate the steric
bulk area favoring better activity while the yellow contours
denote the smaller groups. In Fig. 3, the green contour that
appeared around the methyl group of the pyrazolo-pyridine
ring indicates that a bulky group around this position might
beneficially affect activity. As this polyhedron is directed
towards a small residue (Leu-49), sufficient space is
provided to accommodate the bulky group at this position.
Similarly, a green contour was evident near the indole ring
and was directed towards Gly-55, which was indicative of a
demand for steric bulk to improve the activity of further
compounds. A yellow contour near positions 5 and 6 of the
indole ring illustrated that the steric bulk group was not
favorable for higher activity at these sites. Figure 4
illustrates the CoMFA electrostatic map with a highly
active compound within the active site. In this figure, the
blue contour depicts areas that are favorable for positive
groups and the red contour denotes the area favorable for
negative groups. A red contour appeared near to the
nitrogen moiety of the pyrazolo pyridine ring, directed
towards Ala-70, which is evidence that a positive group
may facilitate binding with the protein.

CoMSIA

In a similar manner, CoMSIA was also performed, and the
five fields (steric, electrostatic, hydrophobic, hydrogen
bond donor, and acceptor) descriptors were related with
the variation of activities using PLS analyses. Since
CoMFA gave the best result with a grid size of 2.0 Å, the
same box size was used in CoMSIA, and the different fields
were related individually and in different combinations.
Table 3 summarizes the regression analyses. Individual
fields displayed low q2 values as compared to combined
fields, and the best fitted model was obtained with steric,
hydrophobic, and hydrogen bond acceptor field effects
(q2=0.51, n=6, r2=0.84 and r2predictive ¼ 0:62). The steric,
hydrophobic and hydrogen bond acceptor field effect based
model was used to predict the activities of training and test
sets reported in Tables 4 and 5.

Table 4 Observed and predicted biological activities with their
residuals by CoMFA and CoMSIA models of training set compounds.
PA Predicted activity

Compound pIC50 PA CoMFA Residual PACoMSIA Residual

1 −1.15 −0.85 −0.30 −1.15 0.00
3 −0.93 −1.07 0.14 −1.10 0.17
4 −1.32 −1.24 −0.08 −1.36 0.04
6 −1.08 −0.90 −0.18 −0.96 −0.12
7 −1.50 −1.70 0.20 −1.59 0.09
8 −1.46 −1.27 −0.19 −1.52 0.06
9 −0.77 −0.47 −0.30 −0.58 −0.19
11 −1.36 −1.14 −0.22 −1.61 0.25
12 −0.32 −0.47 0.15 −0.43 0.11
13 −0.70 −0.65 −0.05 −0.67 −0.03
14 0.04 −0.27 0.31 −0.07 0.11
16 −0.56 −0.40 −0.16 −0.43 −0.13
17 −0.75 −0.82 0.07 −0.84 0.09
18 −0.25 −0.27 0.02 −0.23 −0.02
19 −1.32 −1.33 0.01 −1.16 −0.16
21 −0.11 −0.36 0.25 −0.31 0.20
22 −1.69 −1.56 −0.13 −1.46 −0.24
23 −0.59 −0.87 0.28 −0.79 0.20
24 −0.40 −0.62 0.22 −0.56 0.16
26 −0.78 −0.71 −0.07 −0.61 −0.17
27 −0.38 −0.46 0.08 −0.27 −0.11
29 −0.89 −1.16 0.27 −1.13 0.24
31 −1.25 −0.72 −0.53 −0.93 −0.32
32 −1.76 −1.79 0.03 −1.49 −0.27
33 −0.25 −0.26 0.01 −0.43 0.18
34 −1.12 −1.01 −0.11 −1.03 −0.10
36 −0.49 −0.49 0 −0.51 0.02
37 −1.08 −1.26 0.18 −1.34 0.26
38 −1.18 −1.26 0.08 −1.00 −0.18
39 −0.52 −0.50 −0.02 −0.53 0.01
41 −2.10 −1.96 −0.14 −2.14 0.04
42 −1.62 −1.52 −0.1 −1.56 −0.06
43 −1.15 −1.21 0.06 −1.28 0.13
44 −1.14 −1.21 0.07 −1.04 −0.10
46 −2.46 −2.36 −0.10 −2.37 −0.09
47a −0.83 −1.80 0.97 −1.86 1.03
48a −3.13 −1.86 −1.27 −1.84 −1.29
49 −1.89 −1.87 −0.02 −1.87 −0.02
50 −1.67 −1.81 0.14 −1.66 −0.01
51 −0.18 −0.31 0.13 −0.34 0.16
52 0 −0.05 0.05 −0.14 0.14
53 −0.25 −0.16 −0.09 −0.21 −0.04
54 −2.98 −3.01 0.03 −3.04 0.06
55a −1.71 −0.90 −0.81 −0.68 −1.03
56 −0.85 −0.60 −0.25 −0.49 −0.36
57 0.22 0.36 −0.14 −0.12 0.34
58 0.47 0.26 0.21 0.67 −0.20
59 −2.35 −2.27 −0.08 −2.11 −0.25
60 −1.40 −1.35 −0.05 −1.33 −0.07
61 −1.77 −1.99 0.22 −1.93 0.16
62 −2.01 −2.00 −0.01 −1.94 −0.07
63 −2.35 −2.31 −0.04 −2.25 −0.10
65 −1.77 −1.89 0.12 −2.08 0.31
66 −1.11 −0.98 −0.13 −1.07 −0.04
67 −0.78 −0.75 −0.03 −0.68 −0.10
68a −2.36 −0.73 −1.63 −0.49 −1.87

a Outliers
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CoMSIA contour maps

CoMSIA contour maps developed with the best model are
displayed in Figs. 5, 6 and 7. In general, the steric and
electrostatic field distributions of CoMSIA and CoMFA
maps were positioned at the same place in space. In
Figs. 3, 4 and 5, contour maps appear approximately at the
same place, providing a strong indication for further
modification of these compounds to improve their activity.
In the CoMSIA model, green contours favored the steric
bulk group and yellow favored the small group. In the
hydrophobic map depicted in Fig. 6, the white contour
represents hydrophobic groups and the yellow contour
indicates areas favorable for hydrophilic groups. The green
and white contour maps were coincident in the vicinity of
C-1 of the pyrazolo-pyridine ring in Figs. 5 and 6, which
indicated a favorable region for steric bulk groups; a white
contour appearing at same sites indicated that a hydropho-
bic group might be helpful for higher activity of the newly
synthesized compounds. Similarly, the nitrogen moiety of

pyridine of the pyrazolo-pyridine ring and carbon-6 of the
indole ring yielded a yellow contour, indicating that a
hydrophilic group would enhance activity. The role of
hydrophobic and steric field effects can be explained by
analyzing molecules 54, 55, and 56 in Table 1. Molecule 56
has hydrophobic groups in the space of white contour and
hydrophilic groups at the yellow contour of the ring,
making it the most active among the three compounds.
Similarly, the bulky group (–Cl) at C-1 of pyrazolo-pyridine
of molecule 54 rendered it the more active than other two
molecules of the same scaffold. Figure 7 displays the
hydrogen bond acceptor map; a magenta contour indicates
areas favorable for hydrogen bond acceptor groups, while
the orange contour depicts the areas favorable for hydrogen
bond donor groups. A magenta contour near to pyrazolo-
pyridine ring was directed towards the hinge region (Met-
120 to Val-124); a hydrogen bond acceptor group would
increase binding in this region. Similarly, the hydrogen
bond accepting group at the nitrogen moiety of the pyridine
ring might increase biological activity, and would exhibit
strong hydrogen bonding with Lys-72. These findings agree
with the docking studies shown in Fig. 1.

Fig. 7 CoMSIA hydrogen bond acceptor contour maps around the
most active molecule superimposed on the active site of the protein

Fig. 6 CoMSIA hydrophobic contour maps around the most active
molecule, superimposed on the active site of the protein

Fig. 5 CoMSIA steric contour maps around the most active molecule,
superimposed on the active site of the protein

Table 5 Observed and predicted biological activities with their
residuals by CoMFA and CoMSIA models of test set compounds

Compound pIC50 PACoMFA Residual PACoMSIA Residual

2 −0.92 −0.56 −0.36 −0.77 −0.15
5 −1.82 −1.56 −0.26 −1.67 −0.15
10 −1.04 −0.78 −0.26 −0.81 −0.23
15 −0.49 −0.29 −0.20 −0.43 −0.07
20 −1.00 −1.23 0.23 −1.05 0.05
25 −1.04 −0.75 −0.29 −0.91 −0.13
28 −1.51 −0.64 −0.87 −0.08 −1.43
30 −0.08 −0.60 0.52 −0.53 0.45
35 −0.08 −0.64 0.56 −0.76 0.68
40 −1.31 −1.55 0.24 −1.01 −0.30
45 −2.88 −2.12 −0.76 −2.40 −0.48
64 −1.40 −1.60 0.20 −1.38 −0.02
69 −0.92 −0.60 −0.32 −0.39 −0.53
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Conclusion

Molecular docking was performed without applying any
constraint to the protein for all compounds. Our docking
results prove that all molecules possess the same binding
mode and have same hydrogen bonding contacts within the
PKB protein as reported in the literature. The molecular
fields were calculated using CoMFA and CoMSIA, and
these values were correlated with biological activity. The
CoMFA and CoMSIA models exhibited good statistical
results. The contour maps of CoMFA and CoMSIA models
demonstrated that electrostatic, steric, and hydrophobic
interactions are dominant for the binding of inhibitors with
the enzyme. The present study provides valuable informa-
tion about the enhancement of activity and selectivity of
these inhibitors. For example, substitution of hydrophobic
and steric bulk groups at the pyrazolo-pyridine ring and
substitution of hydrophilic groups at the nitrogen moiety of
the pyrazolo-pyridine ring pyridine residue will enhance the
biological activity of these compounds. Similarly, hydrogen
bond acceptor groups located at the hinge contact region of
the molecules will increase the activity of the newly
synthesized compounds.
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