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Introduction

Protein kinases (PKs), as the most important and 
promising target classes for drug discovery nowadays, 
are in particular of pharmaceutical interest1. Many PKs 
inhibitors are currently under preclinical research or in 
clinical trials, especially those cancer-relevant kinases 
inhibitors2. The vascular endothelial growth factor 
receptors (VEGF-Rs), a kind of tyrosine kinases, have 
been shown to play direct role in tumour angiogenesis 
by promoting endothelial cell proliferation and vas-
cular permeability, key processes in angiogenesis3,4. 
Angiogenesis, the generation and growth of new blood 
vessels from the endothelium, is an essential event in a 
variety of physiological and pathological processes5. In 
the angiogenesis process, new capillaries are generated 
from the established vasculature6, this is necessary for 
a solid tumour to grow beyond a certain volume for its 
growing depends on the supply of the cancer cells with 
oxygen, nutrients, and growth factors and removal of 
the waste products of metabolism6,7.

The VEGF-Rs family, which is consist of VEGF-R1 
(Flt-1), VEGF-R2 (kinase insert domain receptor), and 
VEGF-R3 (Flt-4), have different binding specificities for 
corresponding VEGF members (VEGF-A to VEGF-E)5,7. 
Within the VEGF-Rs family, VEGF-R1 is mainly involved 
in physiological and developmental angiogenesis; 
VEGF-R3 is restricted mainly to lymphatic endothelial 
cells; while VEGF-R2 is responsible for almost all tumour 
angiogenesis7. Antiangiogenesis therapies directed 
against VEGF-R kinases have been under active evalu-
ation in clinical trials4,8. Several inhibitors of VEGF-R 
kinases with excellent potency are currently undergoing 
clinical evaluation, including PTK787 (phase III), ZD6474 
(phase II), CP-547,632 (phase I/II), and SU-11248 (phase 
I/II)3.

VEGF-R2 is one of the crucial target structures of the 
mentioned cancer-relevant kinases. Since VEGF-R2 and 
other PKs of the kinome use adenosine triphosphate 
(ATP) as cofactor for the phosphorylation of proteins, 
they share a conserved ATP-binding pocket which is 
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used to be binding site of most inhibitors9. Recently, 
many investigations on small molecule inhibitors with 
diverse pharmacophores as antiangiogenic agents tar-
geting at VEGF-R2 have been carried out. A series of 
chemotypes comprising the d-annulated 1,3-dihydro- 
2H-1-benzazepin-2-one scaffold present in the paullone 
kinase inhibitor structure with high potency were 
reported by the literature7. The paullones (Figure 1)  
represent a group of inhibitors of cyclin-dependent 
kinases and glycogen synthase kinase-37. It was reported 
that the d-annulated benzazepinones (Figure 1), as 
analogues of paullones showed excellent inhibitory 
activities towards VEGF-R2 and plol-like kinase 1. In 
this paper, the 39 compounds from literature7 were used 
as database for performing docking studies and three-
dimensional quantitative structure-activity relationship 
(3D-QSAR).

The use of 3D-QSAR methods including compara-
tive molecular field analysis (CoMFA) and compara-
tive molecular similarity indices analysis (CoMSIA) 
together provide excellent ability of visualization and 
interpretation of the correlations between the inhibi-
tory activity and the 3D structures of these compounds. 
Docking was applied to investigate the binding mode 
and protein-ligand interactions between these inhibi-
tors with the VEGF-R2. CoMFA and CoMSIA contour 
maps were generated to explain different structural 
requirements for the inhibitory activity. The con-
structed models not only can be used in rapidly and 
accurately predicting the activities of newly designed 
inhibitors, but also may provide some beneficial infor-
mation in structural modification of these derivatives 
for better activities.

Methodology

Data sets
All the compounds and associated biological activi-
ties were obtained from literature7, 10 compounds 
exhibited extreme IC

50
 values and one derivative was 

an outlier, therefore, they were not included in our 
database. CoMFA and CoMSIA techniques were used 
in order to derive 3D-QSAR models for 32 d-annulated 
benzazepinones VEGF-R2 inhibitors7 as a training set. 
The in vitro inhibitory concentrations (IC

50
) values on 

VEGF-R2 in a radiometric PK assay of the molecules 

were converted into corresponding pIC
50

 by taking Log 
(1/IC

50
). The pIC

50
 values were used as the dependent 

variables in all the models subsequently developed. 
The derived QSAR models were further validated 
by performing a test set prediction using seven new 
molecules from the same literature7. The selection of 
training set and test set molecules were completed 
randomly. (Structures and associated inhibitory activi-
ties were shown in Table 1 and 2.)

Molecular modelling and alignment
Structures of entire sets of d-annulated benzazepinones 
were built using SYBYL 8.1 program package of Tripos, 
Inc.10 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 
charge11. The selected atoms of the template and com-
mon in all studied compounds for the superimposi-
tion during the alignment were C5, N-7, C-8, C-9 of the 
benzazepinone scaffold. The most active compound 29 
was selected as a template. The aligned molecules were 
shown in Figure 2.

CoMFA and CoMSIA setup
The CoMFA and CoMSIA descriptor fields were 
obtained by a 3D cubic lattice with grid spacing of 1 
Å and extending to 4 Å units beyond the aligned mol-
ecules in all directions11. The van der Waals potentials 
and Coulombic terms were calculated by using Tripos 
force field. In 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 their 
energy values were truncated at 30 kcal/mol12,13. The 
CoMSIA method with the same lattice box that was 
used in CoMFA, incorporating steric, electrostatic, 
hydrophobic, hydrogen bond donor acceptor fields, 
were carried out 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 0.313–15.

Regression analysis and models validation
The initial partial least squares (PLS) analysis was per-
formed using the leave one out cross-validation method 
for all 3D-QSAR analyses16–18. PLS was conjunct with 
the cross-validation option to determine the optimum 
number of components (ONC) which were then used in 
deriving the final CoMFA and CoMSIA model without 
cross-validation. The ONC was the number of compo-
nents resulted in highest cross-validated correlated cor-
relation coefficient (r2

cv
), which was defined as fellows:

rcv
2 obs pre

2

obs mean
2

1
(Y Y )

(Y Y )
= −

−
−

∑
∑

The Y
pre

, Y
obs

 and Y
mean

 are predicted, observed, and mean 
values of the target property (pIC

50
)18–20. Column filtering 

X
Y

H
N

HN

R

O

X
Y

H
N

O

N
N

R
X,Y = C or N

Paullones d-Annulated benzazepinones

Figure 1. Basic structure of paullones and d-annulated 
benzazepinones.
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was used at the default value of 2.0 kcal/mol. The final 
models were developed with ONC by using non-cross-
validated analysis equal yielded the highest correlation 
coefficient (r2).

Predictive correlation coefficient (r2
pred

)
The predictive abilities were determined from a test 
set of seven compounds that were not included in 
the training set. These molecules were aligned to 

Table 1. The structures of the training and test set molecules.

X
Y

H
N

N
NN

O

R2

R1

A

1

2
3
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5
6

7 8
9

1011 X
Y

H
N

N
N

O
R1

B

1

2
3

4

5
6

7 8
9

1011

NH

R2
R3

R4

Compound No. Basic structure X Y R1 R2 R3 R4

1 A CH CH H H — —
2 A CH CH H -Ph — —
3 A CH CH -OCH

3
H — —

4 A CH CH -OCH
3

-Ph — —
5 A N CH H -Ph — —
6 A CH N H H — —
7 A CH N H -Ph — —
8 B CH CH H H H H
9 B CH CH H -I H H
10 B CH CH H -OCH

3
H H

11 B CH CH H -Cl H H
12 B CH CH H -NO

2
H H

13 B CH CH H -CH
3

H H
14 B CH CH H -OH H H
15 B CH CH H -Br H H
16 B CH CH H -OC

2
H

5
H H

17 B CH CH H H -OH H
18 B CH CH H H H -Cl
19 B CH CH H H H -Br
20 B CH CH H H H -OH
21 B CH CH H -OCH

3
-OH H

22 B CH CH H -OH -Cl H
23 B CH CH H -OH H -CH

3

24 B CH CH -OCH
3

-OH H H
25 B CH CH -OCH

3
-OCH

3
H H

26 B CH CH -OCH
3

-OC
2
H

5
H H

27 B CH CH -OCH
3

H -OH H
28 B CH CH -OCH

3
-OCH

3
-OH H

29 B CH CH -OCH
3

-OH -Cl H
30 B N CH H -OH H H
31 B N CH H -OCH

3
H H

32 B N CH H -OC
2
H

5
H H

33 B N CH H H -OH H
34 B N CH H -OH -Cl H
35 B CH N H -OH H H
36 B CH N H -OCH

3
H H

37 B CH N H -OC
2
H

5
H H

38 B CH N H H -OH H
39 B CH N H -OH -Cl H
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the template and their pIC
50

 values were predicted. 
The predictive correlation coefficient (r2

pred
), based 

on the molecules of test set, was defined as follows: 
r2

pred
 = (SD-PRESS)/SD

SD is the sum of the squared deviations between the 
inhibitory activities of the test set and mean activities 
of the training molecules; PRESS is the sum of squared 
deviations between predicted and actual activity values 
for each molecule in the test set17,21–23.

External validation
It was revealed in the previous researches that a high 
cross-validated correlation coefficient (r2

cv
) is the Figure 2. Alignment of the compounds used in the training set. 

Table 2. The actual pIC50s, predicted pIC50s (Pred.) and their residuals (Res.) of the training and test set molecules.

Compound No.
pIC50 CoMFA CoMSIA

Actual Pred. Res. Pred. Res.

1* 4.921 4.695 0.226 4.869 0.052

2 6.201 5.630 0.571 5.792 0.409
3 5.066 5.108 −0.042 5.193 −0.128
4 5.745 6.016 −0.271 6.124 −0.379

5* 5.699 5.904 −0.205 5.739 −0.040

6 4.061 4.119 −0.058 3.951 0.110
7 4.796 4.922 −0.126 4.900 −0.104
8 6.854 6.772 0.082 6.333 0.521
9 6.398 6.522 −0.124 6.768 −0.370
10 7.022 6.884 0.138 6.891 0.131
11 6.721 6.736 −0.015 6.606 0.115
12 6.482 6.351 0.131 6.525 −0.044
13 6.721 6.573 0.148 6.617 0.104

14* 7.097 7.022 0.075 6.992 0.105

15 6.538 6.635 −0.097 6.666 −0.128
16 6.886 6.945 −0.059 7.038 −0.152
17 7.292 7.491 −0.199 7.410 −0.118
18 5.215 5.060 0.155 4.945 0.270
19 4.244 4.730 −0.486 4.364 −0.120
20 6.276 6.103 0.173 6.561 −0.285
21 7.137 7.373 −0.236 7.464 −0.327
22 7.456 7.686 −0.230 7.301 0.155
23 5.921 5.546 0.375 6.199 −0.278
24 7.553 7.554 −0.001 7.312 0.241
25 7.301 7.266 0.035 7.222 0.079

26* 7.284 7.444 −0.160 7.359 −0.075

27 7.824 7.685 0.139 7.606 0.218
28 7.745 7.687 0.058 7.789 −0.044
29 7.959 7.961 −0.002 7.820 0.139

30* 6.886 6.701 0.185 6.552 0.334

31* 6.721 6.825 −0.104 6.710 0.011

32 7.004 6.865 0.139 6.837 0.167
33 6.854 6.809 0.045 6.786 0.068
34 7.061 7.138 −0.077 7.152 −0.091
35 5.569 5.548 0.021 5.605 −0.036

36* 5.824 5.795 0.029 5.511 0.313

37 5.699 5.826 −0.127 5.555 0.144
38 5.585 5.747 −0.162 5.823 −0.238
39 6.174 6.069 0.105 6.202 −0.028
CoMFA, comparative molecular field analysis; CoMSIA, comparative molecular similarity indices analysis.
*Test set molecules.
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necessary condition for a 3D-QSAR model to have a high 
predictive power. Nevertheless, it is not a sufficient con-
dition. The only way to estimate the true predictive power 
of a model is to test it on an external validation. To evalu-
ate the true predictive abilities of the established models, 
both the CoMFA and CoMSIA models were subjected to 
rigorous external validation process. Several statistics 
were employed according to literature24, such as r2

m
, r2

0
, 

R, and k. The r2
m

 was defined as follows:

r r r rm
2 2 2 2= − −1 0( )

Where, the r2 was the non-cross-validated correlation 
coefficient obtained from the PLS process, and the r2

0
 was 

calculated as follows:

r
y y

y y

i i
r

i p

0
2

2

21

0

= −
−

−

∼

∼ ∼













∑

∑

Where, the yi

∼
were the predicted pIC

50
s and the yp

∼
 

was the average value of the predicted pIC
50

s, the yi
r0 was 

obtained by this formula:

y k yi
r

i
0 =

∼

Where, the slope of regression lines through the origin (k) 
was defined as follows:

k
y y

y

i i

i
2

=

∼

∼
∑
∑

Where, the y
i
 were the observed pIC

50
s.

The correlation coefficient (R) was calculated as 
follows:

R
y y y y

y y y y

i 0 i p

i 0 i p

=
− −

− −

− ∼ −

− ∼ −

























∑

∑∑
2

Where, the y0

−
was the average value of the observed 

pIC
50

s.
For the ideal model, the correlation coefficient (R) 

is equal to 1. A real 3D-QSAR model may have a high 
predictive ability, if it is close to the ideal one. 3D-QSAR 
models were considered acceptable if they satisfy all of 
the following conditions: r2

cv
 > 0.5, r2 > 0.6, [(r2 − r

0
2)/r2]  

< 0.1, 0.85 ≤ k ≤ 1.15 and r2
m

 > 0.524–27.

Molecular docking
To investigate the protein-ligand interactions, some 
compounds were docked into the ATP-binding site of 
VEGF-R2. The Surflex-Dock uses an empirical scor-
ing function and a patented search engine to dock 
ligands into a protein’s binding site was applied to study 

molecular docking16. Crystal structure of VEGF-R2 was 
retrieved from Research Collaboratory for Structural 
Bioinformatics Protein Data Bank (PDB; PDB entry code: 
1Y6A). The VEGF-R2 structure was utilized in subsequent 
docking experiments without energy minimization. The 
ligands were docked into corresponding protein’s bind-
ing site by an empirical scoring function and a patented 
search engine in Surflex-Dock10. All ligands and water 
molecules have been removed and the polar hydrogen 
atoms were added. Protomol, an idealized representa-
tion of a ligand that makes every potential interaction 
with the binding site was used to guide molecular dock-
ing. Establishment of protomol supplies three manners: 
(a) automatic: Surflex-Dock finds the largest cavity in the 
receptor protein; (b) ligand: A ligand in the same coordi-
nate space as the receptor; (c) residues: specified residues 
in the receptor10. In this paper, the automatic docking was 
applied. To visualize the binding mode between the pro-
tein and ligand, the Molecular Computer Aided Design 
(MOLCAD) program was employed. MOLCAD calculates 
and displays the surfaces of channels and cavities, as well 
as the separating surface between protein subunits10. 
MOLCAD program provides several types to create a 
molecular surface. In this paper, the Robbin surfaces 
which illustrated the secondary structure elements of the 
binding structure was applied, meanwhile the MOLCAD 
Robbin and Multi-Channel surfaces program displayed 
with cavity depth potential were established. Other 
parameters were established by default in software.

Results and discussion

Docking analysis
The most active compound 29 was selected as the tem-
plate molecule and studied. The MOLCAD Robbin sur-
faces structure of the ATP pocket of the VEGF-R2 within 
the compound 29 was shown in Figure 3, the key resi-
dues and hydrogen bonds were labelled. The α-helices 
were shown as helices or cylinders, while β-sheets were 
shown as arrows and the loop regions as tubes. As shown 
in Figure 3, the carbonyl group at the benzazepinone 
scaffold acted as a hydrogen bond acceptor and formed 
H-bond with -NH group of the CYS917 residue, while the 
-OH group at the R

2
 position acted as a hydrogen bond 

donor by forming H-bond with the carbonyl group of the 
PHE1045 residue.

The MOLCAD Robbin and Multi-Channel surfaces 
structure of ATP-binding site of the VEGF-R2 were also 
developed and displayed with cavity depth potential 
to explore the ligand-receptor interactions. Figure 4 
depicted the MOLCAD cavity depth potential surface of 
the ATP pocket within compound 29, the cavity depth 
colour ramp ranges from blue (low depth values = outside 
of the pocket) to light red (high depth values = cavities 
deep inside the pocket). As shown in Figure 4, the phe-
nyl group of R

2
 position was in the relative lower depth, 

while the rest parts of the compound 9 were anchored to 
the deep inside the ATP pocket. The performed docking 
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studies highlighted the binding conformations between 
protein and ligand, which could used to help the analy-
sis of 3D-QSAR model subsequently established.

CoMFA model analysis
The results obtained from the PLS analysis were 
summarized in Table 3. The CoMFA model of a 
series of d-annulated benzazepinones gave a good  
cross-validated correlation coefficient (r2

cv
) of 0.811  

(> 0.6) with an optimized component of 6, which sug-
gested that the model should be a useful tool for pre-
dicting the IC

50
 values. A high non-cross-validated 

correlation coefficient (r2) of 0.962 with a standard error 
estimate (SEE) of 0.219, F-value of 105.080 and predic-
tive correlation coefficient (r2

pred
) of 0.968 was obtained. 

Contributions of steric and electrostatic fields were 
0.616 and 0.384, respectively. The actual and predicted 
pIC

50
 values of the training set and test set by the model 

were given in Table 2, and the graph of actual activity 
versus predicted pIC

50
 of the training set and test set was 

illustrated in Figure 5.

CoMSIA model analysis
The CoMSIA model using steric, electrostatic, hydro-
phobic, hydrogen bond donor, and acceptor fields gave 
a good cross-validated correlation coefficient (r2

cv
) of 

0.769 (> 0.6) with an optimized component of 6. A high 
non-cross-validated correlation coefficient (r2) of 0.953 
with a SEE of 0.244, F-value of 83.926 and predictive 
correlation coefficient (r2

pred
) of 0.954 was obtained. 

Contributions of steric, electrostatic hydrophobic, 
hydrogen bond donor, and acceptor fields were 0.119, 
0.236, 0.328, 0.144, and 0.173, respectively. The actual 
and predicted pIC

50
 values and residual values for train-

ing set and test set compounds were given in Table 2. 
The relationship between actual and predicted pIC

50
 of 

PHE1045

CYS917

Figure 3. Molecular Computer Aided Design (MOLCAD) 
Robbin surface of the adenosine triphosphate-binding site of 
VEGF-R2 (PDB code: 1Y6A) within compound 29. Key residues 
and hydrogen bonds were labelled. The α-helices were shown as 
helices or cylinders, while β-sheets were shown as arrows and the 
loop regions as tubes.

PHE1045

CYS917

CD

Figure 4. The Molecular Computer Aided Design (MOLCAD) 
Robbin and multi-channel surfaces structure displayed with 
cavity depth (CD) potential of the adenosine triphosphate pocket 
of VEGF-R2 (PDB code: 1Y6A) within compound 29. The cavity 
depth colour ramp ranges from blue (low depth values = outside 
of the pocket) to light red (high depth values = cavities deep inside 
the pocket).

Table 3. Results of CoMFA and CoMSIA models.
PLS statistics CoMFA CoMSIA
r2

cv
a 0.811 0.769

r2b 0.962 0.953
ONCc 6 6
SEEd 0.219 0.244
F-valuee 105.080 83.926
r2

pred
f 0.968 0.954

r2
m

0.826 0.792
kg 0.982 0.983
Rh 0.985 0.982
[(r2 − r

0
2)/r2] −0.021 −0.030

Field contribution
 Steric 0.616 0.119
 Electrostatic 0.384 0.236
 Hydrophobic — 0.328
 H-bond donor — 0.144
 H-bond acceptor — 0.173
CoMFA, comparative molecular field analysis; CoMSIA, 
comparative molecular similarity indices analysis; PLS, partial 
least squares.
across-validated correlation coefficient; bnon-cros-validated 
coefficient; coptimal number of components; dstandard error of 
estimate; evalue F-test value; fpredictive correlation coefficient; 
gslope of regression lines through the origin; hcorrelation 
coefficient.
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the training set and test set compounds was illustrated 
in Figure 6.

External validation of the CoMFA and CoMSIA models
The results of the external validation were shown in 
Table 3. The CoMFA and CoMSIA models using seven 
derivatives in the test set, gave excellent r2

m
 values of 

0.826 and 0.792 (> 0.5) respectively. The high slope of 
regression lines through the origin (k) values of 0.982 
and 0.983 (0.85 ≤ k ≤ 1.15), and correlation coefficient 
(R) values of 0.962 and 0.954 (close to 1), the calculated 
[(r2 − r

0
2)/r2] values of −0.021 and −0.030 (< 0.1) were 

also obtained. The results of the external validation 
demonstrated that the CoMFA and CoMSIA models 
established by present study possessed a high accom-
modating capacity, and indicated that they will be 
reliable for being used to predict the activities of new 
derivatives.

CoMFA contour maps
Figure 7A and 7B depicted the steric and electrostatic 
contour plots for compound 29 possessing the highest 
activity. The steric field defined by the green coloured 
contours represent regions of high steric tolerance (80% 
contribution), while yellow coloured contours represent 
regions of unfavourable steric effect (20% contribution). 
In electrostatic contour, the blue coloured contours 
indicate the regions where electron-donating groups 
enhance the activity (80% contribution) and red coloured 
contours where the electron-withdrawing groups benefit 
the potency (20% contribution).

As shown in Figure 7A, the R
2
 and R

3
 position was sur-

rounded by a big green contour, which suggested bulky 
groups at this region would increase the inhibitory activ-
ity. Compared compound 1 with 2, 3 with 4, as well as 
6 with 7, it can be easily find that their activity discrep-
ancies may be explained by this green contour. This also 
may explain why compounds 10, 14, 21, 22, 24–26, 28–
29, 32 which possessed a relative bulkier group (e.g. -OH, 
-OCH

3
, -OC

2
H

5
) at R

2
 showed significant enhanced activi-

ties than those that with a hydrogen atom at R
2
. Besides, 

compounds 8, 17 and 29 had an order for the potency 
of 29 > 17> 8, with the corresponding R

3
 substituent -Cl, 

-OH and –H, respectively. Additionally, compounds 17, 
21–22, 27–29 with -Cl or -OH groups at the R

3
 position 

were the most active compounds. The presence of the 
small yellow contour around the R

4
 position suggested 
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Figure 5. Graph of actual versus predicted pIC
50

 of the training set 
and the test set using CoMFA.
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Figure 6. Graph of actual versus predicted pIC
50

 of the training set 
and the test set using CoMSIA.

A

B

Figure 7. Standard coefficient contour maps of CoMFA analysis 
with 2 Å grid spacing in combination with compound 29.  
(A) Steric fields: green contours (80% contribution) indicate 
regions where bulky groups increase activity, while yellow 
contours (20% contribution) indicate regions where bulky 
groups decrease activity, and (B) electrostatic fields: blue 
contours (80% contribution) indicate regions where electron-
donating groups increase activity, while red contours (20% 
contribution) indicate regions where electron-withdrawing 
groups increase activity.
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a bulky group at this region would be unfavourable. By 
checking all the R

4
 modified compounds, we can dis-

cover that derivatives 8, 18 and 19 have the activity order 
of 8 (R

4
 = H) > 18 (R

4
 = -Cl) > 19 (R

4
 = -Br), compound 19 

was the most inactive compounds in the data set. This is 
satisfactory according to the contour map.

As shown in Figure 7B, a red contour around the R
1
 

position revealed the electron-withdrawing substitu-
ent was favourable for the inhibitory activity. Take the 
compounds 24–29 (R

1
 = -OCH

3
) for example, compared 

to other compounds which possessed a H atom at the 
R

1
 position, the electron-withdrawing -OCH

3
 group 

at the benzene ring resulted in significant enhanced 
activity. The red contour near R

2
 position suggested the 

electron-withdrawing groups on this position benefited 
potency, this may be the reason that compounds 10, 14, 
21–22, 24–26, 28–29, 32, 34 which possessed electron-
withdrawing groups (-OH, -OCH

3
, -OC

2
H

5
) at R

2
 had 

higher potencies than the rest compounds which with a 
H atom. For instance, compounds 15 and 19 both pos-
sessed a -Br substituent, one in R

2
 position (15) and the 

other in R
4
 position (19), however, compound 15 was 

nearly 200-fold more potential than 19, and their activ-
ity discrepancies can be explained by this red contour. 
The red and blue contours near the R

3
 position pointed 

out that the electrostatic effect at this region was not very 
important for the inhibitory activity.

CoMSIA contour maps
Figure 8A–8D) depicted the steric, electrostatic, hydro-
phobic, hydrogen bond donor, and acceptor contours 
plots for compound 29. The steric and electrostatic 

contours were similar to that of CoMFA method. In 
hydrophobic field, white (20% contribution) and yellow 
(80% contribution) contours highlighted areas where 
hydrophilic and hydrophobic properties were favoured. 
In hydrogen bond donor field, the cyan (80% contribu-
tion) and purple (20% contribution) contours indicated 
favourable and unfavourable hydrogen bond donor 
groups. In hydrogen bond acceptor field, the magenta 
(80% contribution) and red (20% contribution) contours 
identified favourable and unfavourable positions for 
hydrogen bond acceptors.

As shown in Figure 8C, the big yellow contour around 
the benzazepinone scaffold indicated the extreme 
importance of the hydrophobic benzazepinone group. 
Replaced the aromatic atom with hydrophilic atom may 
decrease activity. Compounds 5–7 as well as 35–39, 
which replaced the carbon atom of benzazepinone with 
an electron-rich nitrogen atom, were the most inactive 
compounds. Another yellow contour near the phenyl 
group also revealed that a hydrophobic group at this 
position was essential for the inhibitory activity. This 
yellow contour along with the green contour of CoMFA 
steric field may explain compounds 2, 4, and 5 which 
possessed a phenyl group at this position showed sig-
nificant enhanced potency than compounds 1, 3, and 6 
which only had an H atom.

In Figure 8D, the cyan contour near R
2
 position sug-

gested that a hydrogen bond donor group would benefit 
the activity. In fact, the hydroxyl group at this position 
acted as hydrogen bond donor and formed H-bond with 
the carbonyl group of the PHE1045 residue. Compounds 
17, 22, 24, 29, and 35 with a hydroxyl group at R

2
 were 

A B

C D

Figure 8. Standard coefficient contour maps of CoMSIA analysis with 2 Å grid spacing in combination with compound 29. (A) Steric contour 
map. Green and yellow contours refer to sterically favoured and unfavoured regions. (B) Electrostatic contour map. Blue and red contours 
refer to regions where electron-donating and electron-withdrawing groups are favoured. (C) Hydrophobic contour map. White and yellow 
contours refer to regions where hydrophilic and hydrophobic substituents are favoured. (D) Hydrogen bond donor and acceptor contour 
map. The cyan and purple contours indicate favourable and unfavourable hydrogen bond donor groups. The magenta and red contours 
demonstrated favourable and unfavourable hydrogen bond acceptor groups.
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the most active compounds of the dataset. The magenta 
contour near the R

3
 position indicated that a hydrogen 

bond acceptor group would be favourable. Compounds 
22, 29, and 34 which had a -Cl substituent at R

3
 showed 

excellent inhibitory potencies.

Summary of structure-activity relationship
The structure-activity relationship revealed by 3D-QSAR 
and molecular docking studies were illustrated in Figure 
9. In detail, the electron-withdrawing groups at R

1
 would 

be favourable; the bulky, electron-withdrawing and 
hydrogen bond donor groups at R

2
 position are favour-

able; bulky, hydrogen bond acceptor substituent at R
3
 

position would increase the activity; the minor groups at 
R

4
 position may benefit the potency. The phenyl group of 

benzazepinone was essential for the inhibitory activity. 
The carbonyl group at the benzazepinone scaffold and 
the -OH group at the R

2
 position were responsible for 

binding to the residues of the ATP pocket.

Design for newly inhibitors
Based on the structure-activity relationship revealed by 
this study and the synthetic availability of these deriva-
tives, we have designed a series of novel compounds, 
these molecules were aligned to the database and their 
activities were predicted by the CoMFA and CoMSIA 
models previously established. The chemical structures 
and predicted pIC

50
 values of these compounds were 

shown in Table 4. The predicted pIC
50

 values of these 
compounds versus that of the most active compound 
29 were illustrated in Figure 10. Most of the designed 
molecules showed better pIC

50
 values than compound 

29, which validated the structure-activity relationship 
obtained by this study.

Conclusion

In the present study, molecular docking and 3D-QSAR 
have been successfully applied to a set of recently 

X
Y

H
N

N
N

O
R1

NH

R2
R3

R4

Electron-with drawing
groups favored region

Hydrogen bond
binding region

Bulky, electron-with drawing,
and hydrogen bond donor
groups favored region

Bulky, hydrogen bond acceptor
substituent favored region

Minor groups
favored region

Hydrophobic substituent
favored region

Figure 9. Structure-activity relationship revealed by 3D-QSAR and docking studies.

Table 4. Chemical structures of newly designed inhibitors and their predicted pIC50 values.

H
N

N
N

O
R1

NH

R2
R3

R4

No.
Substituent Predicted pIC50

R1 R2 R3 R4 CoMFA CoMSIA
D1 -OCH

3
-OH Br H 8.000 7.907

D2 -NO
2

-OH Cl H 7.508 8.052
D3 -CF

3
-OH Cl H 8.073 7.428

D4 -OCH(CH
3
)

2
-CONH

2
-NO

2
H 7.696 8.170

D5 -CF
3

-OH Cl H 8.072 7.423
D6 -CF

3
-OH Br H 8.108 7.511

D7 -CF
3

-OH I H 8.119 7.669
D8 -OC(CH

3
)

3
-OH I H 7.570 8.025

D9 -OC(CH
3
)

3
-OH Cl H 7.974 7.601

D10 -OCH
3

-OH I H 7.505 7.929
CoMFA, comparative molecular field analysis; CoMSIA, comparative molecular similarity indices analysis.
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synthesized VEGF-R2 inhibitors. To summarize, molecu-
lar docking study was firstly performed to obtain a satis-
factory position of the ligand in the ATP-binding site of 
VEGF-R2. Then, the 3D-QSAR models were computed 
with the CoMFA and CoMSIA methods. Both the molec-
ular docking and 3D-QSAR models have been generated 
and give reliable correlative and predictive abilities. 
Furthermore, the CoMFA and CoMSIA contour maps 
along with the docking results offered enough informa-
tion to understand the structure-activity relationship 
and identified structural features influencing the inhibi-
tory activity. Both the 3D-QSAR and docking models 
provided useful information in understanding the struc-
tural features of the target and chemical features of the 
ligands. The structure-activity relationships revealed by 
3D-QSAR and docking were validated by newly designed 
derivatives. The information can also be used to design 
novel molecules with desired activity.
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