
ORIGINAL PAPER

Molecular-docking-guided 3D-QSAR studies of substituted
isoquinoline-1,3-(2H,4H)-diones as cyclin-dependent kinase 4
(CDK4) inhibitors

Xiao-Yun Lu & Ya-Dong Chen & Ni-yue Sun &

Yong-Jun Jiang & Qi-Dong You

Received: 15 February 2009 /Accepted: 3 May 2009 /Published online: 20 June 2009
# Springer-Verlag 2009

Abstract The cyclin-dependent kinases (CDKs) are critical
regulators of cell cycle progression, and are involved in
uncontrolled cell proliferation—a hallmark of cancer. This
suggests that small molecular inhibitors of CDKs might be
attractive as prospective antitumor agents. To explore the
relationship between the structures of substituted
isoquinoline-1,3-(2H,4H)-diones and their inhibition of
CDK4, 3D-QSAR studies were performed on a dataset of
48 compounds. The bioactive conformation of template
compound 34 was obtained by performing molecular
docking into the ATP binding site of the homology model
of CDK4 and ranking by highest consensus score, which
was then used to build and align the rest of the molecules in
the series. The constructed comparative molecular similar-
ity indices analysis (CoMSIA) produces significantly better
results than comparative molecular field analysis (CoMFA),
with r2cv = 0.707 and r2 = 0.988. The contours analysis
provides useful information about the structural require-
ments for substituted isoquinoline-1,3-(2H,4H)-diones for
CDK4 inhibitory activity.
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Introduction

The cell cycle is a frequent target of genetic alterations in
cancer because of its central role in the control of cell
growth and proliferation. Cyclin-dependent kinases (CDKs)
are a family of serine-threonine kinases that play key roles
as regulators of cell progression through forming com-
plexes with cyclins [1, 2]. The basic cell cycle is divided
into four phases, namely G1, S, G2, and M. Specific CDKs
operate in distinct phases of the cell cycle. CDK2 is
required to complete G1 and to trigger the S phase. CDK4
is required to integrate extracellular signals, and directs the
cell cycle engine according the cell’s environment. Abnor-
mal CDK control of the cell cycle has been linked strongly
to the molecular pathology of cancer. Thus, inhibitors of
CDK-cyclin complexes might have a broad range of
therapeutic applications in cancer as well as other diseases
[3]. Furthermore, CDK4/6-cyclinD complexes, have very
recently been demonstrated as effective breast cancer
targets [4].

A huge variety of small molecules have been reported as
CDK inhibitors (CDKIs). These include various scaffolds,
e.g., R-roscovitine (CYC202, Selicilib) [5], flavopiridol [6],
7-hydroxystaurosporine (UCN-01) [7], pyridopyrimidine
(PD-0332991) [8] and the aminothiazole compound
(BMS-387032) [9], etc., but so far none of them have
progressed to being a clinically useful drug. One of the
main bottlenecks hampering the development of a kinase
inhibitor drug is the difficulty in attaining selectivity. This
appears to stem from the diverse nature of the kinase
substrates and the common mechanism these enzymes
share among themselves. Nowadays, the synthesis of novel
highly selective CDKIs as candidates for CDK-target
therapy in cancer treatment is in high demand [10].
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To the best of our knowledge, there have been only a few
reports so far on three-dimensional quantitative structure
activity relationships (3D-QSAR) and binding site analysis for
CDKIs, especially for CDK4 inhibitors. Singh et al. devel-
oped comparative molecular field analysis (CoMFA) models
for indenopyrazole derivatives as CDK2 and CDK4 inhib-
itors, with the intention of designing ligands with enhanced
inhibitory potencies, and predicting the potencies of analogues
to guide synthesis [11]. Dessalew et al. carried out a 3D-
QSAR study on benzodipyrazoles as CDK2 inhibitors [12].
The same authors developed CoMFA models on a bisar-
ylmaleimide series as GSK3, CDK2 and CDK4 inhibitors
with the intention of optimizing and enhancing selectivity
toward GSK3 [13]. More recently, Mascarenhas et al. carried
out a QSAR study focusing on the essential physicochemical
characteristics of CDK4 inhibitors based on combining
ligand and structural approaches with a homology model of
CDK4 [14]. Caballero et al. reported 2D autocorrelation and
a 3D-QSAR analysis of pyrido[2,3-d]pyrimidin-7-ones as
CDK4 inhibitors [15].

Recently, a series of new isoquinoline-1,3-(2H,4H)-
diones derivatives has been designed and synthesized that
can clearly inhibit CDK4 in a selective manner [16]. Thus,
it would be very useful to investigate the QSAR as well as
the mechanism of CDK4 inhibitory activity for this new
series. In this study, 3D-QSAR studies guided by molecular
docking with the ATP binding site of the homology model
of CDK4 were performed using 48 substituted
isoquinoline-1,3-(2H,4H)-diones derivatives. We believe
this study provides useful information about the structural
requirements of CDK4 selective inhibitors, and expect the
results will aid in the design of new synthetic drugs.

Materials and methods

Data sets

To obtain a reliable and robust QSAR model, it is desirable
to consider a dataset that covers reasonable chemical
diversity and biological activity. Hence, a set of 48
compound biological data taken from one laboratory as
reported by Tsou et al. [16] was chosen. The biological data
were considered comparable and were divided into a
training set and a test set as shown in Table 1. The training
set was selected randomly and consists of 41 compounds;
the test set is comprised of 7 compounds. The test set
includes compounds representing all categories of activity
of the training set, i.e., inactive, active, and more active
compounds comprising all the structural features that are
important for activity. The IC50 values were converted into
pIC50 (−logIC50), which were then used for subsequent
QSAR analysis as dependent variables.

Molecular modeling

The 3D structures of the compounds were constructed using
the molecular modeling package Sybyl6.9 [17]. Partial
atomic charges of all molecules were calculated by the
Gasteiger-Hückel method in Sybyl6.9. As the crystal
structure of CDK4 is not available, we performed docking
analysis of the most potent compound 34 at the ATP
binding site of the homology model of CDK4 using the
docking program GOLD 3.1 [18]. The conformation of
compound 34 with the highest consensus score was taken
for further 3D-QSAR study, used as the template to
construct and align the structures of the remaining
compounds in the data set.

Molecular alignment

Molecular alignment is the most sensitive parameter in 3D-
QSAR analysis. The quality and the predictive ability of the
model are directly dependent on the alignment rule. In the
present study, the docking-guided conformation of compound
34 was used as the basic skeleton to build the remaining
compounds by modifying the required substitutions. Partial
atomic charges were assigned to each atom, and energy
minimization of each molecule was then performed using the
Tripos standard force field while maintaining the conforma-
tion of the common structure of isoquinoline-1,3-(2H,4H)-
diones. Compound 34 was used as a template to align the
other 47 compounds from the series by common substructure
alignment, using the ALIGN DATABSE command in Sybyl,
ver. 6.9. The common substructure used for alignment, and
the superimposed structure after alignment are presented in
Fig. 1.

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. Energy cutoff values of 30 kcal mol−1 were
selected for both the electrostatic and steric fields. The
optimal number of components was designated such that
cross-validated r2cv was maximal and the standard error of
prediction was minimal.

Taking the same aligned molecules that were used for
CoMFA, we performed a statistical evaluation of the
comparative molecular similarity indices analysis (CoM-
SIA) analysis, using some of the same parameters as for
CoMFA. Five similarity fields, namely, steric, electrostatic,
hydrophobic, hydrogen bond donor and acceptor fields
were evaluated at each lattice intersection of a regularly
spaced grid of 2.0 Å. In optimizing CoMSIA performance,
the most important parameter is how to combine the five
fields in the CoMSIA model. In order to choose the optimal
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Table 1 Structures, pIC50 values (experimental and predicted) and residuals of substituted isoquinoline-1,3-(2H,4H)-dione derivatives

NH

O

O

R1

H
N R2

1

2

345
6

7
8

compd R1 R2

IC50

(µM)

pIC50

CoMFA CoMSIA

PAa) ∆b) PAa) ∆b)

1 H N N CH3 4.1 5.39 5.45 -0.06 5.48 -0.09

2 H N OCH2 10 5.00 5.24 -0.24 5.00 0

3* H NCH2 3.3 5.48 5.48 0 5.80 -0.32

4 7-Br N N CH3 12.1 4.92 4.96 -0.04 4.91 0.01

5 6-Br N N CH3 1.40 5.85 5.67 0.18 5.94 -0.09

6 6-NO2 N N CH3 11 4.96 5.64 -0.68 5.00 -0.04

7 6-I N N CH3 0.48 6.32 5.84 0.48 6.11 0.21

8 6-C(O)N(CH3)2 N N CH3 41 4.39 4.52 -0.13 4.52 -0.13

9 6-pyrrolyl N N CH3 0.14 6.85 6.84 0.01 6.86 -0.01

10 6-NHAc N N CH3 11.0 4.96 5.12 -0.16 4.88 0.08

11 6-piperidinyl N N CH3 1.62 5.79 6.48 -0.69 5.80 -0.01

12 6-phenyl N N CH3 0.39 6.41 6.57 -0.16 6.44 -0.03

13* 6-(2-furyl) N N CH3 0.33 6.48 6.10 0.38 6.48 0

14 6-(3-furyl) N N CH3 0.22 6.66 6.47 0.19 6.65 0.01

15 6-(3-thienyl) N N CH3 0.10 7.00 6.73 0.27 6.97 0.03

16 6-(4-CHO-phenyl) N N CH3 0.13 6.89 6.82 0.07 6.91 -0.02
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Table 1 (continued)

17 6-(C≡-phenyl) N N CH3 2.30 5.64 6.32 -0.68 5.70 -0.06

18 6-Br NCH2 1.1 5.96 5.68 0.28 5.85 0.11

19 6-Cl NCH2 2.5 5.60 5.56 0.04 5.80 -0.2

20 6-OCH3 NCH2 2 5.70 5.32 0.38 5.68 0.02

21 6-NO2 NCH2 15.1 4.82 5.54 -0.72 4.91 -0.09

22* 6-I NCH2 0.3 6.52 5.64 0.88 6.01 0.51

23 6-C(O)N(CH3)2 NCH2 21.2 4.67 4.52 0.15 4.48 0.19

24 6-Pyrrolyl NCH2 0.14 6.85 6.48 0.37 6.75 0.1

25 6-NHAc NCH2 3.5 5.45 5.26 0.19 5.39 0.06

26* 6-piperidinyl NCH2 1.0 6.00 6.40 -0.4 6.42 -0.42

27 6-morpholinyl NCH2 0.92 6.04 6.49 -0.45 5.96 0.08

28 6-NH-Ph NCH2 1.8 5.75 6.12 -0.37 5.82 -0.07

29 6-Phenyl NCH2 0.32 6.50 6.33 0.17 6.65 -0.15

30* 6-(3-furyl) NCH2 0.037 7.43 7.64 -0.21 7.07 0.36

31 6-(3-pyridyl) NCH2 0.05 7.30 7.24 0.06 7.23 0.07

32 6-(3-thienyl) NCH2 0.13 6.89 6.75 0.14 7.06 -0.17

33 6-(4-F-phenyl) NCH2 0.31 6.51 6.87 -0.36 6.46 0.05

34 6-(3-OH-phenyl) NCH2 0.027 7.57 7.49 0.08 7.61 -0.04

35 6-(4-OH-phenyl) NCH2 0.041 7.39 7.15 0.24 7.39 0

36 6-(4-OCH3-phenyl) NCH2 0.13 6.89 7.04 -0.15 6.78 0.11

37* 6-CN NCH2 15.8 4.80 5.55 -0.75 5.53 -0.73
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result, we systemically altered the combination of fields and
chose values that gave ideal non-cross-validation, standard
errors of estimate and F values.

Partial least squares analysis

Partial least squares (PLS) [19, 20] methodology was used
for all 3D-QSAR analysis. The cross-validation [21, 22]
analysis was performed using the leave one out (LOO)
method, in which one compound is removed from the
dataset, and its activity is then predicted using the model
derived from the rest of the dataset. The cross validated r2

that resulted in the optimum number of components and the
lowest standard error of prediction were considered for
further analysis. To speed up the analysis and reduce noise,
a minimum filter value, σ, of 2.00 kcal mol−1 was used. A

final analysis was performed to calculate conventional r2

using the optimum number of components obtained from
the cross-validation analysis.

The predictive power of each of the 3D-QSAR models
was determined from a set of seven molecules that were
excluded during model development. The optimization,
alignment and all other steps of these test set molecules
were the same as that of the training set molecules
described above, and their activities were predicted using
the model produced by the training set. The predictive
correlation r2pred

� �
based on the test set molecules, is

computed using

r2pred ¼ SD� PRESSð Þ=SD

Where SD is defined as the sum of the squared deviations
between the biological activities of the test set and the mean

Table 1 (continued)

38 6-I
N

N
CH3

0.32 6.49 6.12 0.37 6.44 0.05

39 6-I N NH 1.0 6.00 5.61 0.39 5.95 0.05

40 6-I N N CH3 2.8 5.55 5.58 -0.03 5.61 -0.06

41 6-I N N CH3
2.7 5.57 5.73 -0.16 5.67 -0.1

42 6-I N N CH3 3.0 5.52 5.57 -0.05 5.53 -0.01

43 6-(3-furyl)
N

N N CH3 0.13 6.89 6.72 0.17 6.93 -0.04

44* 6-(3-furyl)
N

N N CH3 0.11 6.96 6.54 0.42 6.34 0.62

45 6-(3-furyl)
NN

N N CH3 0.82 6.09 5.43 0.66 6.01 0.08

46 6-(3-furyl)
N N CH3

F
0.08 7.10 6.52 0.58 7.05 0.05

47 6-(3-furyl)
N

N
N N CH3 0.25 6.60 6.52 0.08 6.62 -0.02

48 6-(3-furyl)
N

N
N N CH3 1.25 5.90 6.27 -0.37 5.79 0.11

*Test set molecules
a Predicted activity;
b Residual of experimental and predicted activities.
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activity of the training set compounds, and PRESS is the
sum of the squared deviation between the predicted and
actual activity values for each molecule in the test set.

Homology modeling

Since the 3D structure of CDK4 has not been determined,
structural information was obtained by homology model-
ing. According to one published study [23], despite the very
high sequence identity between CDK4 and CDK6 (68%),
we did not use the 3D structure of CDK6 as the homology
template. Instead, the known crystal structure of CDK2
(PDB code: 1PKD) [24], with a sequence identity of 46%,
was used as a template. The sequence of CDK4 was
obtained from the SWISS-PROT protein sequence data-
base, and the crystal structure of CDK2 was taken from the
Protein Data Bank [24]. For modeling the 3D structure of
CDK4, the Modeler program implemented in Insight II [25]
was used. The model was finally minimized with CVFF
force fields and the final structure was further checked
using the programs PROCHECK and PROFILE-3D.

Molecular docking

The most potent compound, 34, was docked into the ATP
binding site of the homology model of CDK4, using GOLD
3.1, a powerful genetic algorithm (GA) method for
conformational searches that is widely regarded as one of

the best docking programs [26]. The genetic operators
were: 100 for the population size, 1.1 for the selection, 5 for
the number of subpopulations, 100,000 for the maximum
number of genetic applications, and 2 for the size of the
niche used to increase population diversity. The weights
were chosen so that crossover mutations were applied with
equal probability (95/95 for the values) and migration was
applied 5% of the time. The ChemScore function encoded
in GOLD was applied to rank different binding poses. To
identify the bioactive conformation of compound 34, ten
docked poses obtained from the GOLD program were
transferred to Discovery studio (v 1.7) to apply other
scores, namely LigScores, PLP scores, PMF, Jain, Ludi
scores [27]. The conformation of compound 34 with
highest consensus score was then further used for the 3D-
QSAR study.

Results and discussion

CoMFA and CoMSIA results

CoMFA and CoMSIA 3D-QSAR models were derived
from a training set of 41 molecules with IC50 values
ranging from 0.027 μM to 41 μM. The stepwise develop-
ment of CoMFA and CoMSIA models using different fields
is presented in Table 2. The CoMFA model describing
CDK4 inhibition used both steric and electrostatic fields
and has a r2cv value of 0.505 using three components, with a
standard deviation (SEE=0.357) and a Fischer ratio
(F=56.62). In comparison to CoMFA, CoMSIA methodol-
ogy has the advantage of exploring more fields. The best
CoMSIA model included steric, electrostatic and hydrogen
bond donor fields (CoMSIA-SED) and has a r2cv value of
0.707 using eight components, with a low standard
deviation (SEE=0.101) and a high Fischer ratio
(F=319.65). The predicted values for the 41 compounds
in the training set and 7 compounds in the test set using
CoMFA and CoMSIA-SED models are shown in Table 1.
The correlations between the predicted and experimental
values of all compounds are shown in Fig. 2. The
predictability of the models is the most important criterion
for assessment of both methods. The predictive power of
the CoMSIA-SED model was evaluated as better than that
of CoMFA, with r2pred values of 0.761 and 0.618,
respectively. The PLS statistics of both CoMFA and
CoMSIA 3D-QSAR models indicate that CoMSIA-SED
produced better results than CoMFA. The steric and
electrostatic plots from the CoMSIA model are in
accordance with the field distributions of CoMFA contour
plots, and thus the contour plots of CoMSIA model only
are displayed for analysis.

a

b

NH

O

O

Fig. 1 a Common substructure used for alignment. b Superimposed
structure after alignment of molecules
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CoMSIA contour plots analysis

Steric, electrostatic and hydrogen bond donor contour plots
obtained using the CoMSIA method are useful to explore
protein–ligand interactions, as shown in Fig. 3. For
simplicity, only interactions between the most active
compound 34 and the contour plots are shown. Contour
plots show the requirements of the basic scaffold of
isoquinoline-1,3-(2H,4H)-diones for increasing CDK4 in-
hibitory activity.

The green contour observed near the m- and p-positions
of the phenyl ring at the C-6 of the isoquinoline-1,3-
(2H,4H)-dione (see Table 1 for atom numbering) indicates
that some bulky substitutions at these positions are
favorable for activity (Fig. 3a), which is known to be
extended into a hydrophobic pocket created by the side
chains of Lys142, Glu144 and Asn145. Compounds 16 and
33–36 show similar activities, as they possess CHO, F, OH
and OCH3 groups in that region. However, compounds 16,
33, and 36, which are substituted at the p-position, are less
potent than compound 34 with OH at the m-position, which
is known to form a hydrogen bond with the backbone
carbonyl of Asn145. This green contour may also indicate
that R1 groups at the 6-position of the scaffold of
isoquinoline-1,3-(2H,4H)-diones with bulky substituents
(6-I and 6-heteroaryl) are more potent than 6-Br and 6-Cl
substituents. This explains why compounds 22, 30–32 are
more potent than compounds 18 and 19. The small yellow
contour near the phenyl ring at the C-6 of the isoquinoline-

Table 2 Summary of three-dimensional quantitative structure activity relationships (3D-QSAR) analysis results obtained using comparative
molecular field analysis (CoMFA) and comparative molecular similarity indices analysis (CoMSIA). r2cv Cross-validated correlation coefficient, N
number of components, r2 conventional correlation coefficient, SEE standard error of estimate, F-value F-test value, S steric field, E electrostatic
field, H hydrophobic field, D hydrogen bond donor field, A hydrogen bond acceptor field, r2pred predicted correlation coefficient for test set of
compounds, SE standard error of test set

Parameter CoMFA CoMSIA

S E S,E S E H D A E,H S,E,D ALL

r2cv 0.382 0.318 0.505 0.095 0.706 0.355 0.034 0.253 0.619 0.707 0.615

N 7 2 3 9 6 3 2 1 4 8 9

r2 0.948 0.682 0.821 0.864 0.966 0.661 0.234 0.389 0.892 0.988 0.993

SEE 0.205 0.470 0.357 0.340 0.162 0.492 0.730 0.644 0.281 0.101 0.075

F-value 85.29 40.74 56.62 21.93 162.78 24.07 5.81 24.81 74.68 319.65 517.07

Contributions

Steric 0. 0.495 0.166 0.131

Electrostatic 0.505 0.542 0.757 0.372

Hydrophobic 0.458 0.239

Donor 0.077 0.093

Acceptor 0.165

r2cv 0.618 0.761

SE 1.486 0.780

Fig. 2 Correlation between experimental pIC50 and predicted pIC50

of the training and test sets. a Comparative molecular field analysis
(CoMFA) model. b Comparative molecular similarity indices analysis
(CoMSIA)-SED model (CoMSIA model included steric, electrostatic
and hydrogen bond donor fields)

Table 2 Summary of three-dimensional quantitative structure activity
relationships (3D-QSAR) analysis results obtained using comparative
molecular field analysis (CoMFA) and comparative molecular similarity
indices analysis (CoMSIA). r2cv Cross-validated correlation coefficient,
N number of components, r2 conventional correlation coefficient, SEE

standard error of estimate, F-value F-test value, S steric field, E
electrostatic field, H hydrophobic field, D hydrogen bond donor field, A
hydrogen bond acceptor field, r2pred predicted correlation coefficient for
test set of compounds, SE standard error of test set
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1,3-(2H,4H)-dione suggests that any bulky substitution at
this position is likely to decrease activity. That is why
addition of a triple bond between the phenyl and the core,
compound 17, shows much reduced activity. Also, the
yellow contours near the piperidine ring indicate that any
bulky substitutions at this position are disfavored in terms

of inhibitory activities. This can explain the fact that the
activity of compound 22 is higher than that of compounds
39–42.

The CoMSIA electrostatic contour is shown in Fig. 3b.
The two blue contours near the 6- and 7-positions of the
scaffold of the isoquinoline-1,3-(2H,4H)-diones indicate
that positive charge in these regions is favored for
inhibitory activity. This can be seen with compounds 6, 8,
10, 21, 23 and 37, which bear electron-withdrawing
substituents such as nitro, N,N-dimethylcarboxamido, acet-

Fig. 3a–c Stereo view of CoMSIA contour plots for CDK4 inhibitors.
a Steric fields: green contours indicate regions where bulky groups
increase activity, while yellow contours indicate regions where bulky
groups decrease activity. b Electrostatic fields: blue contours indicate
regions where electropositive groups increase activity, while red
contours indicate regions where electronegative groups increase
activity. c Hydrogen bond donor fields: cyan contour indicates regions
where hydrogen bond donor groups increase activity. Purple is
disfavored. Compound 34 is shown inside the field

Fig. 4 Ramachandran (Phi–Psi) plot of the modeled CDK4 obtained
using PROCHECK. Residues in generously allowed regions and
disallowed regions are labeled

Fig. 5 Evaluation of the final CDK4 structure by the program
PROFILE-3D
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amido and cyano at the 6- and 7-positions, resulting in
dramatic decreases in CDK4 activity. It also explains the
good inhibitory activities of compounds 20 and 36, both of
which have a positive charge (OCH3) at these two regions.

The CoMSIA hydrogen bond donor contour plot is
displayed in Fig. 3c. The cyan contour near the 3-position
of the phenyl ring indicates that a hydrogen bond donor
group at this position enhances activity. This accounts for
the better activity of the most potent compound 34 and
compound 35 as compared to the other molecules such as
compounds 12, 29, and 36. The magenta contours indicate
that hydrogen bond acceptor groups in these regions are
required for high activity.

Homology model of CDK4

A homology model of CDK4 was built to analyze the
biologically active conformation of the most potent com-
pound 34 at the binding site. In the modeling, ten homology
models were generated in Insight II. The best model, as
determined by the lowest value of the Modeler objective
function, was minimized with CVFF force fields. The
resulting model had 86.9% of the residues in the most
favored region of the Ramachandran plot (Fig. 4), and was
used for the docking study. Checking with profile-3D
showed that the overall self-compatibility score for this
protein was 129.81, which was much higher than the
minimum score of 61.843 and close to the expected score
of 137.429 (Fig. 5)—a compatibility score above zero
indicates the presence of residues in the favorable regions;
residues below zero lie far away from the active site of
CDK4 and have no impact on this study [28].

Docking analysis

Although docking programs perform well in predicting and
generating the correct biologically active conformation of a

ligand, current scoring functions are less successful at
correct identification. Considering this objective, a consen-
sus scoring strategy was adopted. The most potent two-
molecular, 34, was docked into the active site of the
homology model of CDK4 using the GOLD 3.1 docking
program with the ChemScore function. The resulting ten
docked poses were transferred to a consensus scoring
approach with multiple scoring functions. The scaled scores
were then summed to give the final consensus scores shown
in Table 3. The highest consensus score of 7 was selected as
the bioactive conformation. The final binding pose of
compound 34 at the ATP active site of homology model
of CDK4 is shown in Fig. 6.

Table 3 Summary of the consensus scores of ten docked poses

ID ChemScore LigScore1 LigScore2 PLP1 PLP2 Jain PMF Ludi1 Ludi2 Ludi3 Consensus

34(1) 33.53 2.27 1.99 93 91.65 5.84 102.14 823 623 603 6

34(2) 33.22 4.53 4.65 90.07 88.6 5.06 84.45 736 538 622 6

34(3) 32.23 4.31 4.43 86.34 88.37 5.72 101.26 735 569 667 6

34(4) 32.21 5.48 6.1 84.46 82.19 4.19 94.17 697 524 629 3

34(5) 31.09 5.13 5.88 85.87 82.54 4.83 91.74 721 532 635 3

34(6) 31.06 4.96 5.41 88.06 84.24 4.59 85.45 718 528 628 2

34(7) 30.82 4.43 4.75 86.44 82.17 4.75 91.15 688 528 635 2

34(8) 30.80 1.82 0.09 90.66 96.37 6.95 82.16 823 623 603 6

34(9) 30.71 2.56 4.09 100.31 95.33 5.07 103.66 617 530 527 4

34(10) 30.15 4.66 4.68 89.57 86.68 4.34 93.56 739 542 643 7

Fig. 6 The docked conformation of compound 34 in the active site of
homology model of CDK4 with highest consensus score function.
Green arrows Hydrogen bonds (limited within 3.5 Å). There are 13
differences in amino acid sequence between the homology model of
CDK4 and the CDK4 mimic model
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The modeling binding conformation represents the
interaction model of the most potent compound 34 with
CDK4. The basic scaffold of the isoquinoline-1,
3-(2H,4H)-dione of compound 34 makes several strong
hydrogen bonds with Glu94, His95 and Val96 amino acid
residues at the ATP active site of CDK4. It can be seen
clearly from Fig. 6 that the NH of the isoquinoline-1,
3-(2H,4H)-dione core forms an H-bond with the backbone
carbonyl of Glu94. Additionally, a carbonyl oxygen of
isoquinoline-1,3-(2H,4H)-dione forms two interactions
with the backbone NHs of His95 and Val96, while the
amino NH of the enamine headpiece forms an H-bond
with the backbone carbonyl oxygen of Glu94. Moreover,
the 6-phenyl substituent of compound 34 is surrounded by
residues Lys142, Glu144 and Asn145, mainly through
hydrogen bond interactions between the hydroxyl group at
the m- position of the 6-phenyl and Asn145. The modeling
hydrogen bond interactions (limited to within 3.5 Å)
between compound 34 and CDK4 are identical to those
described in a previous study [16]. This docking guided
conformation of compound 34 was then further used for
3D-QSAR analysis.

Conclusions

To explore the structure–activity relationships of substituted
isoquinoline-1,3-(2H,4H)-diones for their CDK4 inhibitory
activity and to build a statistically significant model with
good predictive power, a 3D-QSAR study was performed.
The high degree of sequence identity between the CDK2
and CDK4 kinase domains enabled us to construct a
reasonable good homology model of CDK4. The docked
conformation of compound 34 with highest consensus score
was used as the template to build and align the rest of the
compounds to it. The CoMSIA-SED model demonstrated
better predictive ability than the COMFA with r2cv = 0.707
and r2 = 0.988. Contour plots show that optimum bulky
substituents with hydrogen bond donors at the m- and p-
positions of the phenyl ring at the C-6 of the isoquinoline-
1,3-(2H,4H)-dione are important for high activity. This
suggests that the groups in these positions can form
hydrogen bond interactions with Lys142 and Asn145 of
the homology model of CDK4. Furthermore, substitution of
an electropositive group at the 6- and 7-positions of the
scaffold of the isoquinoline-1,3-(2H,4H)-diones is essential
for activity. In addition, bulky substitution at the piperidine
ring is unfavorable for inhibitory activity. The results
provide useful information on the structural requirements
of isoquinoline-1,3-(2H,4H)-diones derivatives for CDK4
inhibitory activity, which could be utilized in the future
design of more potent CDK4 inhibitors.
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