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In order to investigate the inhibiting mechanism and obtain some helpful information for de-
signing functional inhibitors against Wee1, three-dimensional quantitative structure-activity
relationship (3D-QSAR) and docking studies have been performed on 45 pyrido[2,3-d] pyrim-
idine derivatives acting as Wee1 inhibitors. Two optimal 3D-QSAR models with significant
statistical quality and satisfactory predictive ability were established, including the CoMFA
model (q2=0.707, R2=0.964) and CoMSIA model (q2=0.645, R2=0.972). The external val-
idation indicated that both CoMFA and CoMSIA models were quite robust and had high
predictive power with the predictive correlation coefficient values of 0.707 and 0.794, essen-
tial parameter r2

m values of 0.792 and 0.826, the leave-one-out r2
m(LOO) values of 0.781 and

0.809, r2
m(overall) values of 0.787 and 0.810, respectively. Moreover, the appropriate binding

orientations and conformations of these compounds interacting with Wee1 were revealed by
the docking studies. Based on the CoMFA and CoMSIA contour maps and docking analyses,
several key structural requirements of these compounds responsible for inhibitory activity
were identified as follows: simultaneously introducing high electropositive groups to the sub-
stituents R1 and R5 may increase the activity, the substituent R2 should be smaller bulky
and higher electronegative, moderate-size and strong electron-withdrawing groups for the
substituent R3 is advantageous to the activity, but the substituent X should be medium-size
and hydrophilic. These theoretical results help to understand the action mechanism and
design novel potential Wee1 inhibitors.

Key words: Wee1, Pyrido[2,3-d]pyrimidine derivative, Three-dimensional quantitative
structure-activity relationship, Docking study

I. INTRODUCTION

Many conventional anticancer therapies focus mainly
on killing cells, regardless of whether they are healthy or
cancerous. However, the combination of drugs that ab-
rogate the G2/M checkpoint with a conventional DNA-
damaging cytotoxic agent could be a promising method
for cancer treatments [1−3]. It is well known that many
cancer cells have defective G1 checkpoint mediated by
p53 signaling pathway (which lacks the ability to repair
DNA damage at a functional G1/S checkpoint) result-
ing in a dependence on the G2 checkpoint during cell
replication [4]. However, cell cycle G2 checkpoint ab-
rogation is more likely to affect cancer cells than nor-
mal ones. This checkpoint is mainly controlled by the
two kinases: Wee1 and Chk1 [4]. And the former can
not regulate the entry into mitosis by phosphorylating
p34cdc2 exclusively on Tyr15 [5]. Wee1 inhibitors can
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abrogate the G2/M checkpoint and preferentially boost
the cytotoxic effects of DNA-damaging agents on p53-
negative cells, meaning that the improvement could be
achieved by using co-administration of a Wee1 inhibitor
with a conventional DNA-damaging cytotoxic agent in
the clinic [6−8]. On the basis of these findings, Wee1
has been recognized as an attractive therapeutic tar-
get for the discovery of antitumor drugs [9], and thus
the development of novel Wee1-targeting agents is very
significant.

In the past few years, a number of Wee1 inhibitors
have been identified [10−12]. Parmer and coworkers
synthesized a series of 4-phenylpyrrolocarbazole deriva-
tives and assessed their anticancer activities in two hu-
man tumor cell lines: Wee1 and Chk1 [10]. Recently,
pyrido[2,3-d]pyrimidine derivatives as potent Wee1 and
Src inhibitors have also been reported [13] and some of
them were found to sensitize p53 mutant cells to the
DNA damage induced by radiation [14]. From the pre-
liminary structure-activity relationship, we know that
the peculiar chemical features may influence their ac-
tivity. However, so far, the details on how the structure
features of these compounds affect their anticancer ac-

DOI:10.1088/1674-0068/25/03/297-307 297 c©2012 Chinese Physical Society



298 Chin. J. Chem. Phys., Vol. 25, No. 3 Guo-hua Zeng et al.

tivities as well as the inhibitory mechanism of these
compounds remain unknown. Thus, the investigation
about the quantitative structure-activity relationship
(QSAR) of this kind of compound undoubtedly enables
us to gain an insight into the interaction mechanism
and provides some useful information for designing new
anticancer drugs.

QSAR methodology, which quantitatively describes
the correlations between the variations in biological
activity and the molecular structures or properties,
is one of the most approaches for understanding the
action mechanism of drugs and designing new drugs
[15−17]. Nowadays, 3D-QSAR studies including com-
parative molecular field analysis (CoMFA) and com-
parative molecular similarity indices analysis (CoM-
SIA) have been successfully used in modern drug design
[18−22]. In CoMFA, the biological activity of molecule
is correlated with their steric and electrostatic interac-
tion energies. However, CoMSIA refers to five molec-
ular descriptors named steric, electrostatic, hydropho-
bic, hydrogen bond donor, and acceptor fields [23]. The
3D-QSAR models help to understand the nonbonding
interaction characteristics between the drug molecule
and the target protein, because they are vivid and ro-
bust. In addition, molecular docking is also a helpful
approach which can simulate the interaction between a
ligand and a receptor and thereby provide more insight
into the interaction mechanism.

In this work, a series of Wee1 inhibitors, pyrido[2,3-
d]pyrimidine derivatives, were selected to conduct 3D-
QSAR and docking studies. To evaluate the predictive
power of the constructed 3D-QSAR models, a system-
atic external validation was also employed. We focus
on establishing optimal 3D-QSAR models and deter-
mining the probably binding conformations for these
compounds, and expect the results can offer a theoret-
ical direction for designing this kind of novel inhibitor
with higher activity and some useful references for ex-
perimental work.

II. COMPUTATIONAL METHODS

A. Data set

A set of 45 variously functionalized pyrido[2,3-d]
pyrimidine derivatives Wee1 inhibitors with well-
expressed inhibitory activity [13] were used in this work
(Table I). The common fragment of the studied com-
pounds and the most active compound 35 (the atoms
numbered from 1 to 25) are displayed in Fig.1. The total
set of these compounds was divided into a training set
(33 compounds) and a test set (12 compounds labeled
with an asterisk in Table I). The test compounds were
selected manually only in order to consider the struc-
tural diversity and wide range of activities in the data
set. The IC50 values were converted to pIC50 (−lgIC50)
values and used as dependent variables in the CoMFA

FIG. 1 Molecular structures of (a) pyrido[2,3-d]pyrimidine
derivatives and (b) numbering of compound 35.

and CoMSIA calculations.

B. Molecular docking

In order to identify the probable binding orientations
and conformations of the studied derivatives interacting
with Wee1, DOCK 6.0 program [24] was conducted to
docking research for studied compounds. All parame-
ters employed in docking were default unless otherwise
stated.

The X-ray crystal structure of Wee1 taken from pro-
tein data bank (pdb Id: 1X8B) was employed to dock-
ing studies. At the beginning of docking, all the water
molecules and subunits were removed, and hydrogen
atoms and AMBER7FF99 charges were added to the
protein. The Powell method in SYBYL 6.9 [25] was
only used to minimize the energy of hydrogen atoms of
protein in 1,000 cycles. The 3D structures of all stud-
ied Wee1 inhibitors were constructed in Chem3D soft-
ware, energy minimizations were performed by semi-
empirical quantum-chemical AM1 method. Then, all
Wee1 inhibitors added with Gasteiger-Hückel charges
were flexibly docked into the binding sites. The box
size, grid space, energy cutoff distance, and maximum
orientations were set as 6, 0.3, 12.0 Å, and 104, respec-
tively.

C. Molecular modeling and alignment

CoMFA and CoMSIA models were generated by using
molecular modeling software package SYBYL 6.9 [25]
running on an SGI R2400 workstation. All parameters
used in CoMFA and CoMSIA were default except for
explained.

Selecting the suitable active conformation is a key
step for CoMFA and CoMSIA analyses. The accuracy
and reliability of CoMFA and CoMSIA models are also
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TABLE I Molecular structures of compounds and their Wee1 inhibitory activities.

No. R1 R2 R3 R4 R5 R6 X IC50/(µmol/L)

1∗ Cl H H H Cl H H 2.6

2 F H H H F H H 9.7

3∗ Br H H H Br H H 0.41

4 Me H H H Me H H 0.99

5 CF3 H H H CF3 H H 41

6 OH H H H OH H H 27

7 Cl H H H F H H 2.4

8∗ Cl H H H Me H H 1.9

9∗ Cl H H H OMe H H 3.4

10 Cl H H H OH H H 1.5

11 Me H H H Br H H 4.5

12∗ OMe H H H OH H H 11

13 Cl CH2OH H H H H H 3.5

14 Cl CH2NH2 H H H H H 31

15 Cl CO2H H H H H H 3.2

16 Cl CONH2 H H H H H 8.6

17 Cl OH H H H H H 0.074

18 Cl NH2 H H H H H 2.6

19 Cl H OH H H H H 0.22

20 Me H OH H H H H 0.58

21∗ Cl H NH2 H H H H 3.7

22 Cl H NHAc H H H H 36

23 Cl OH H OH H H H 0.14

24 Me OMe H OMe H H H 33

25 Me OH H OH H H H 1

26 Cl H H H H H CH2CONH2 0.12

27∗ Cl H H H H H (CH2)2CONH2 0.19

28 Cl H H H H H (CH2)4CONH2 0.26

29∗ Cl H H H H H OCH2CONH2 0.25

30 Cl H H H H H O(CH2)2NEt2 0.99

31 Cl H H H H H O(CH2)3CO2H 0.086

32∗ Cl H H H H H (CH2)3CO2(CH2)2Nmorph 0.095

33 Cl H H H H H (CH2)3CO2(CH2)2NMe2 0.124

34∗ Cl H H H H H (CH2)3CO2(CH2)2Npip 0.142

35 Cl H H H H H (CH2)3CO2H 0.032

36 Cl H H H H H CH2CH(NH2)CO2H 0.09

37 Cl H H H H H (CH2)3tetrazole 0.069

38∗ Cl OH H H H H O(CH2)2NEt2 0.15

39 Cl OH H H H H O(CH2)2CO2H 0.04

40 Cl H OH H H H O(CH2)2NEt2 0.08

41 Cl H OH H H H O(CH2)3CO2H 0.04

42∗ Me H H H Me Me H 0.41

43 Me H H H Me Me O(CH2)2NEt2 0.55

44 Cl H H H H Me H 1.2

45 Cl H H H H Me O(CH2)2NEt2 0.54
∗ Compounds in the test set.
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FIG. 2 Superposition of the 33 studied compounds.

directly dependent on the rule of the ligand alignment
[26]. Since the crystal structure of complex of Wee1
with one of these compounds is not available, confor-
mation search was performed using Chem3D software
[27] to find out the global energy-minimum conforma-
tion for the most active compound 35 by rotating rotat-
able bonds. Afterwards, the active conformation with
minimum energy was further optimized by the Gaussian
03 program package [28] using semi-empirical quantum-
chemical AM1 calculations. The rest of molecules were
built by changing the substitutions of compound 35 and
minimized with the same way. The most active com-
pound 35 was used as a template for aligning the rest of
molecules to it. The aligned compounds are displayed
in Fig.2.

D. CoMFA and CoMSIA studies

Models of steric and electrostatic fields for CoMFA
were based on both Lennard-Jones and Coulombic po-
tentials [29]. The steric and electrostatic interactions
were calculated using Tripos force field with a distance
dependent-dielectric constant at all intersections in a
regular spaced (2 Å) grid taking a sp3 carbon atom as
steric probe and a +1 charge as electrostatic probe. The
truncation for both the steric and the electrostatic ener-
gies were set to 125.4 kJ/mol. To improve the signal-to-
noise ratio, the minimum sigma (column filtering) was
set to 8.4 kJ/mol by omitting those lattice points whose
energy variation was below this threshold.

The CoMSIA method defines explicit hydrophobic,
hydrogen bond donor, and acceptor fields in addition
to the steric and electrostatic fields used in CoMFA.
The CoMSIA [30] similarity index descriptors were ob-
tained using the same lattice boxes as those used in
CoMFA calculations. A sp3 carbon probe atom with
a charge of +1.0, a radius of 1.0 Å, hydrophobicity
of +1.0, and H-bond donor and acceptor properties of

+1 were employed to calculate the respective fields. A
Gaussian-type functional form is adopted to evaluate
the mutual distance between the probe atom and each
molecule atom. The attenuation factor α was set to 0.3.

E. Partial least squares analysis and validation of QSAR
models

The 3D-QSAR models were derived using the par-
tial least-square (PLS) statistical method [31, 32] which
was used to construct a linear correlation between the
CoMFA/CoMSIA fields (independent variables) and
the inhibitory activity values (dependent variables). In
order to select the optimal model, the cross-validation
analysis was performed with the leave-one-out (LOO)
method in which one compound was removed from the
data set and its activity was predicted using the model
built from the rest of the data set. It yields the high-
est cross-validated correlation coefficient (q2) and the
optimum number of components N . The non-cross-
validation methods were appraised by the conventional
correlation coefficient R2, standard error of estimates
(SEE), and the Fisher ratio value F . To further vali-
date the derived models, bootstrapping analysis for 100
runs was also performed.

To assess the validity of QSAR models generated from
the training set, the biological activities of 12 com-
pounds in the external test set will be predicted. The
predictive power of the models is judged based on the
predictive correlation coefficient R2

pred calculated by the
following equation [33−37]:

R2
pred = 1−

∑
(Ypred(Test) − YTest)

2

∑
(YTest − Ytraining)2

(1)

In the above equation, Ypred(Test) and YTest indicate pre-
dicted and observed activity values of the test set com-
pounds, respectively. Ytraining indicates mean activity
values of the training set. However, in many cases,
the R2

pred value may not be regarded as the only cri-
terion to indicate the external predictability of a QSAR
model [38]. Hence, further external validation is re-
quired. Globraikh and Tropsha have suggested that for
an ideal model

Ypred(Test) = aYTest + b

= kYTest (2)

slope a should be equal to 1, intercept b should be equal
to 0, and slope k through the origin should be close to
1 [39].

In addition, according to Roy [38], another essential
parameter r2

m is calculated as follow:

r2
m = r2

(
1−

√
|r2 − r2

0|
)

(3)
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FIG. 3 (a) Docking structure of the most potent compound 35 and corresponding surface of Wee1 at the ATP-binding site,
in which red areas represent electrostatic potential, blue areas denote positive potential, yellow areas represent hydrophobic
potential, hydrophilic regions are in white, neutral areas are in light cyan. (b) Interactions between the ATP-binding site
and compound 35. Hydrogen bonds are depicted as red dotted lines. For interpretation of the color in this figure legend,
the reader can refer to the web version of this article.

where r2 and r2
0 are squared correlation coefficient val-

ues between observed and predicted values of the test
set compounds with and without intercept. For a model
with good external predictability, the r2

m value should
be greater than 0.5. In summary, a 3D-QSAR model is
considered to be acceptable if it satisfies all of the fol-
lowing conditions: R2>0.6, q2>0.5, [(r2−r2

0)/r2]<0.1,
0.85≤k≤1.15, and r2

m>0.5. Nonetheless, the parameter
r2
m is only applied to the test set, so we also calculated

another two additional validation parameters: r2
m(LOO)

using for the training set and r2
m(overall) using for the

whole set.

III. RESULTS AND DISCUSSION

A. Validation of docking reliability

Before docking pyrido[2,3-d]pyrimidine derivatives
into the Wee1 binding site, the reliability of the dock-
ing project should be first validated. We adopted the
known X-ray structure of Wee1 in complex with the
molecular ligand 824 to perform the validation. The
ligand 824 was flexibly redocked into the binding site of
Wee1 kinase and the docking conformation correspond-
ing to the lowest energy score was selected as the most
probable binding conformation. The root-mean-square
deviation (RMSD) between the conformation of crystal-
lographic 824 and redocked 824 was 0.29 Å, suggesting
the parameter set for the docking simulation was rea-
sonable to reproduce the X-ray structure. Thus, this
docking method and the used parameters set can be ex-
tended to find the binding conformations of other Wee1
inhibitors.

B. Docking results

All studied inhibitors were docked into the binding
site of Wee1 kinase. The poses of all the studied com-
pounds had similar binding positions and orientations
with each other and with the crystallized inhibitor.
To explore the detailed binding characteristics of these
compounds, the most active compound 35 was selected
to perform the deeper docking study and its binding
model with Wee1 kinase was constructed and showed in
Fig.3. Compound 35 is suitably situated at the ATP-
binding site, resulting in various interactions with the
hinge-binding region of the enzyme.

The ring-C is surrounded by the side chains of
Ile327, Lys328, Glu346, His350, Ile374, Asn431, Gly462,
Asp463, Leu464, and Gly465. It also forms π-cation in-
teractions with the NH3

+ groups of Lys328 and His350.
The substituent X of ring-D at the entrance of the ATP-
binding pocket created by Glu303, Asp380, Gly381,
Gly382, Ser383, and Leu384 is placed in the solvent ac-
cessible region. The N3 and N19 atoms of pyridine ring
simultaneously have H-bonds interactions with back-
bone atoms of Cys379. Another hydrogen bond is
formed between H atom of the hydroxyl of 4′-position on
substituent X and the carbonyl of Ile305. Meanwhile, π-
π stacking between the pyridine ring and Phe433 could
be easily found.

C. CoMFA and CoMSIA analyses

The 3D-QSAR models were generated from CoMFA
and CoMSIA analyses and their statistical parameters
are listed in Table II. For a reliable predictive model,

DOI:10.1088/1674-0068/25/03/297-307 c©2012 Chinese Physical Society



302 Chin. J. Chem. Phys., Vol. 25, No. 3 Guo-hua Zeng et al.

TABLE II CoMFA and CoMSIA PLS results.

R2 N q2 SEE F R2
bs SDbs

CoMFA SE 0.964 6 0.708 0.204 117.580 0.977 0.114

CoMSIA SED 0.954 3 0.584 0.230 90.718 0.977 0.162

EHD 0.969 3 0.620 0.190 136.195 0.983 0.136

SEHD 0.972 3 0.645 0.181 148.955 0.984 0.131

SEHA 0.971 6 0.575 0.185 143.565 0.980 0.148

EHDA 0.968 5 0.603 0.193 131.047 0.980 0.145

SEHDA 0.966 5 0.619 0.198 124.904 0.982 0.144

N is the optimal number of components, q2 is the square of leave-one-out (LOO) cross-validation coefficient, R2 is the
square of non-cross-validation coefficient, SEE is the standard error of estimation, F is the F-test value, R2

bs is the square
of R bootstrapping analysis (100 runs), SDbs is the mean standard deviation by bootstrapping analysis. S, E, H, D, and A
represent the steric, electrostatic, hydrophobic, hydrogen-bond donor, and acceptor fields, respectively.

FIG. 4 Plots of predicted activities vs. actual ones for (a) CoMFA and (b) CoMSIA (SEHD) analyses.

the cross-validated coefficient q2 should be greater than
0.5.

This CoMFA model has high R2 (0.964), F (117.580),
q2 (0.708), as well as small SEE (0.204), indicating
that the established CoMFA model is reliable and ac-
ceptable for these compounds. Moreover, the R2

bs of
0.977 and SDbs of 0.114 obtained from bootstrapping
analysis (100 runs) further verify the statistical validity
and robustness of the derived CoMFA model. The con-
tributions of steric and electrostatic fields were 61.8%
and 38.2%, respectively. Therefore, the steric field has
a greater influence than the electrostatic field, indicat-
ing that the steric interaction of the inhibitor with the
receptor could be a more significant factor for the Wee1
inhibitory activity.

The PLS results of CoMSIA analysis using different
combinations of steric (S), electrostatic (E), hydropho-
bic (H), hydrogen bond donor (D), and acceptor (A)
fields are also summarized in Table II. As shown in Ta-
ble II, these six CoMSIA models all show good correla-
tive and predictive ability, in which steric, electrostatic,
hydrophobic, and hydrogen bond donor fields were ob-
served to be predominant over hydrogen bond acceptor
fields. The CoMSIA (SEHD) model gives R2 of 0.972,
q2 of 0.645, F of 148.955, R2

bs of 0.984, indicating that
this model is reliable and able to predict inhibitory ac-

tivities of new Wee1 inhibitors. The contributions of
steric, electrostatic, hydrophobic, and hydrogen bond
donor fields were 0.101, 0.316, 0.223, and 0.360, respec-
tively.

The predicted pIC50 values of the training and test
sets are listed in Table III. The plots of the predicted
pIC50 values versus the actual ones for the CoMFA and
CoMSIA (SEHD) analyses are depicted in Fig.4, where
most points are evenly distributed along the line Y =X,
implying that these two models are of good quality.

D. External validation for CoMFA and CoMSIA models

A reliable QSAR model should be able to accurately
predict activities of new compounds. The high q2

(0.708) in the above-mentioned training set only shows
good internal validation, but it does not automatically
infer its high predictive ability for an external test
set [40]. To derive a QSAR model with well-accepted
predictive ability, external validation is also necessary.
Thus, the established CoMFA and CoMSIA (SEHD)
models were further exploited to predict the activities
of 12 compounds (Table III) as an external test set and
several statistical parameters like R2

pred, k, r2
m, r2

m(LOO),
and r2

m(overall) were employed. According to the above-
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TABLE III The actual pIC50, predicted pIC50 and their residuals of the studied compounds for CoMFA and CoM-
SIA(SEHD).

CoMFA CoMSIA(SEHD) CoMFA CoMSIA(SEHD)

Compound Actual pIC50 Pred. Res.a Pred. Res. Compound Actual pIC50 Pred. Res.a Pred. Res.

Training set Training set

2 5.013 4.984 0.029 5.241 −0.228 33 6.907 6.890 0.017 6.830 0.077

4 6.004 5.901 0.103 5.759 0.245 35 7.495 7.504 −0.009 7.527 −0.032

5 4.387 4.390 −0.003 4.420 −0.033 36 7.046 7.053 −0.007 7.010 0.036

6 4.569 4.704 −0.135 4.590 −0.021 37 7.161 7.160 0.001 7.268 −0.107

7 5.620 5.609 0.011 5.684 −0.064 39 7.398 7.657 −0.259 7.742 −0.344

10 5.824 5.649 0.175 5.807 0.017 40 7.097 7.152 −0.055 6.804 0.293

11 5.347 5.792 −0.445 5.745 −0.398 41 7.398 7.405 −0.007 7.490 −0.092

13 5.456 5.525 −0.069 5.342 0.114 43 6.268 5.972 0.296 6.242 0.026

14 4.509 4.923 −0.414 4.499 0.010 44 6.387 6.215 0.172 6.199 0.188

15 5.495 5.759 −0.264 5.440 0.055 45 6.260 6.384 −0.124 6.367 −0.107

16 5.066 5.017 0.049 5.155 −0.089 Test set

17 7.131 6.810 0.321 6.873 0.258 1 5.585 6.203 −0.618 6.000 −0.415

18 5.585 5.203 0.382 5.540 0.045 3 6.387 6.025 0.362 6.084 0.303

19 6.658 6.644 0.014 6.610 0.048 8 5.721 6.307 −0.586 6.115 −0.394

20 6.237 6.213 0.024 6.376 −0.139 9 5.469 5.832 −0.363 5.600 −0.131

22 4.444 4.493 −0.049 4.539 −0.095 12 4.959 4.785 0.174 4.455 0.504

23 6.854 6.919 −0.065 6.904 −0.050 23 5.432 6.032 −0.600 5.865 −0.433

24 4.481 4.282 0.199 4.406 0.075 29 6.721 6.898 −0.177 6.636 0.085

25 6.000 6.085 −0.085 5.893 0.107 31 6.602 6.626 −0.024 6.543 0.059

26 6.921 6.806 0.115 7.018 −0.097 34 7.022 6.797 0.225 6.674 0.348

28 6.585 6.642 −0.057 6.545 0.040 36 6.848 7.034 −0.186 6.891 −0.043

30 6.004 6.083 −0.079 6.119 −0.115 40 6.824 6.694 0.130 7.013 −0.189

31 7.066 6.868 0.198 6.706 0.360 44 5.921 6.087 −0.166 6.114 −0.193
a Residual=pIC50 (Act.)−pIC50 (pred.).

mentioned method of validating an ideal model, a 3D-
QSAR model is acceptable if it satisfies all of the fol-
lowing conditions: R2>0.6, q2>0.5, [(r2−r2

0)/r2]<0.1,
0.85≤k≤1.15, and r2

m>0.5.
The established CoMFA model was employed to pre-

dict activities of 12 compounds in the test set, result-
ing in satisfactory statistical parameters: R2

pred=0.707,
r2=0.931, r2

0=0.932, [(r2−r2
0)/r2]=0.033, k=0.976

(Fig.5(a)). These parameters quite accord with the
above criteria. Moreover, the additional external vali-
dation parameters value r2

m reaches 0.792, the train set
validation value r2

m(LOO) reaches 0.781 (Fig.5(b)), and
the whole set validation value r2

m(overall) reaches 0.787
(Fig.5(c)), respectively.

Similarly, further external validation was carried out
to evaluate the various CoMSIA models. The CoM-
SIA(SEHD), CoMSIA(SEHDA), and CoMSIA(EHDA)
models exhibit advantageous results in the external
validation. However, the CoMSIA(SEHD) model was
slightly better than the CoMSIA(SEHDA) and CoM-
SIA(EHDA) models. Therefore, the CoMSIA(SEHD)
model was selected as the best model for fur-

ther discussion. It gives the statistically validat-
ing results with R2

pred of 0.794, r2=0.957, r2
0=0.979,

[(r2−r2
0)/r2]=−0.023, k of 0.992 (0.85≤k≤1.15), r2

m of
0.826 (>0.5), r2

m(LOO) of 0.809, and r2
m(overall) of 0.810.

In short, all of the statistical and validating pa-
rameters show that the derived CoMFA and CoM-
SIA(SEHD) models all exhibit the satisfactory predic-
tive ability. The results of the external validation for
both models are depicted in Table IV.

E. Graphical interpretation of the results

CoMFA and CoMSIA models can be displayed as
vivid 3D contour maps (Fig.6), which can provide a
more exhaustive interpretation of the biological activ-
ity and the related molecular region information. The
steric interactions are represented by green and yel-
low contours, green contours indicate the regions with
bulky groups would be favorable, whereas yellow con-
tours show the regions with bulky substituents would
decrease the activity. The electrostatic interactions are
represented by red and blue contours, red contours show
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TABLE IV Summary of external validation results of CoMFA and CoMSIA analyses.

R2
pred Slope k (r2−r2

0)/r2 r2
m r2

m(LOO) r2
m(overall)

CoMFA SE 0.707 0.976 0.033 0.792 0.781 0.787

CoMSIA SED 0.737 1.006 −0.033 0.755 0.749 0.750

EHD 0.781 0.997 −0.031 0.801 0.798 0.799

SEHD 0.794 0.992 −0.023 0.826 0.809 0.810

SEHA 0.755 0.986 −0.011 0.872 0.806 0.808

EHDA 0.806 0.994 −0.029 0.804 0.795 0.795

SEHDA 0.795 0.995 −0.034 0.792 0.788 0.788

FIG. 5 (a) A regression of actual vs. predicted activities for 12 compounds from the external test set. (b) A regression of
actual activities vs. LOO predicted activities for 33 compounds from the training set in the CoMFA model. (c) A regression
of actual activities vs. predicted activities for 45 compounds from the whole set. The solid lines are not through the origin
and the black dots are through the origin.

(a) (b)

FIG. 6 Steric contour maps of the most active compound
35 for (a) CoMFA and (b) CoMSIA(SEHD).

favorable electronegative regions, while blue contours
indicate the regions where electropositive groups would
be favorable to the activity. In hydrophobic contours,
yellow contours represent hydrophobically favored re-
gions and white contours represent hydrophilically fa-
vored regions. In hydrogen bond donor contours, cyan
color is favorable to the activity while purple color is
unfavorable to the activity. In hydrogen bond acceptor
contours, magenta color is favorable to the activity and
red color is unfavorable to the activity.

The calculated CoMFA and CoMSIA(SEHD) steric
contour maps are displayed in Fig.6, using compound
35 as a reference structure. As shown in Fig.6(a), a
large yellow contour region embedding in substituent
R2 of ring-C shows that introducing bulky groups in
this position of substituent R2 would be unfavorable,

because it can be blocked by the side chain of the
nearest residue Asp463. For instance, compounds 17
(7.131) and 18 (5.585) have −OH and −NH2, respec-
tively. They exhibit higher activities than correspond-
ing compounds 13 (5.456), 14 (4.509), 15 (5.495), and
16 (5.066) which possess relatively larger −CH2OH,
−CH2NH2, −CO2H, and −CONH2 groups, respec-
tively. And a relatively small yellow contour region is
found at some distance from substituent R3, which is
blocked by the side chain of Glu346, demonstrating that
bulky substituents around this region would decrease
the activity. This can explain well why compound 22
(4.444) with −NHAc as substituent R3 shows worse po-
tency than compounds 19 (6.658) and 21 (5.432) with
−OH and −NH2, respectively, at the same site. More-
over, there is a big green contour embedding the region
between the 3′- and 4′- positions of X group, indicat-
ing that bulky groups at this site are highly desirable
for improved inhibitory potency. This may be the rea-
son why compounds 26−41, 43, and 45 with bulky
groups (e.g. (CH2)3COOH, (CH2)3tetrazole) as sub-
stituent X exhibit more significantly improved activi-
ties than those compounds 1, 2, 4−16, 18, 19, 21, 22,
24, 25, and 44 without substituent X. The steric con-
tour map of CoMSIA(SEHD) (Fig.6(b)) is quite sim-
ilar to that of CoMFA except for some small differ-
ences. It is notable that a small green contour insert-
ing one small yellow contour is near substituent R3,
indicating that moderate-size groups in this green posi-
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(a) (b)

FIG. 7 Electrostatic contour maps of the most active com-
pound 35 for (a) CoMFA and (b) CoMSIA(SEHD).

tion would enhance the inhibitory activity. Compounds
19 (6.658) and 21 (5.432) with a moderate-size group
−OH or −NH2 as substituent R3 both have higher ac-
tivities compared with compound 22 (4.444), because
compound 22 has a relatively bulky −NHAc group just
falling into the yellow region. In addition, it is also ob-
served that there is a small yellow contour far away from
X group, suggesting that an overlarge-size substituent
X would be unfavorable to the activity. Compounds 32
(7.022), 33 (6.907), and 34 (6.848) display lower activi-
ties than compound 35 (7.495), because compounds 32,
33, and 34 all have overlarge-size groups as substituent
X just reaching the yellow region.

The electrostatic contour maps of CoMFA and CoM-
SIA(SEHD) are displayed in Fig.7. There are three blue
contours near substituents R1 and R5 of the template
molecule, suggesting that the presence of strong elec-
tropositive or weak electronegative groups on these po-
sitions would be favorable to the activity. The dock-
ing study showed that the nearest residues toward sub-
stituents R1 and R5 are Asn431 and Ile327, respectively,
which may not be interacted well with R1 and R5 bear-
ing strong electronegativity. For instance, compared
compounds 2 (5.013) with 7 (5.62), 4 (6.004) with 8
(5.721), as well as 6 (4.569) with 10 (5.824), their dis-
crepancies in activity can be interpreted by these blue
contours. Similarly, compound 8 (5.721) with −CH3 as
substituent R5 shows better potency than compound 1
(5.585) with −Cl on this site. Compounds 3 (6.387),
1 (5.585), and 2 (5.013) have an order for the activ-
ity of 3>1>2 with the corresponding −Br, −Cl, −F
as substituents R1 and R5, respectively. In addition,
two red regions are near substituents R2 and R3 in
the Fig.7(a), indicating that electron-withdrawing sub-
stituents around these positions would be favored. The
docking study also showed that the nearest residues
are Glu346 and Asp463, which can form H-bonds with
electron-rich O atom of substituent R2 and electron-
rich N atom of substituent R3, respectively. This may
be the reason why compounds 38 (6.824), 39 (7.398),
40 (7.097), and 41 (7.398) with −OH or −NH2 are
highly active. Electronegative substituents like −OH
or −NH2 at the R2 and R3 positions could form H-
bond interaction with Glu346 and Asp463. On the con-
trary the compounds 30 (6.004) and 31 (7.066) with H

(a) (b)

FIG. 8 (a) CoMSIA(SEHD) hydrophobic contour map and
(b) CoMSIA(SEHD) hydrogen bond donor map for the most
active of compound 35.

atom are less active. The electrostatic contour map of
CoMSIA(SEHD) (Fig.7(b)) is similar to that of CoMFA
except for the large blue polyhedron around the 1′-,
2′-, 3′-positions of X group and a small red contour
at the terminal of substituent X. The former indicates
that electron-donating atoms at these sites would be
favorable. For example, compounds 27 (6.721) and
35 (7.495) both with C atom as the first atom of sub-
stituent X display higher activities than compounds 29
(6.602) and 31 (7.066) both with stronger electronega-
tive O atom as the first atom of X group. The small red
contour at the terminal of substituent X suggests that
the introduction of high electronegative group at this
site could boost the activity. Compounds 33 (6.907)
and 34 (6.848) are observed with lower activities than
compound 32 (7.022), because the terminal of sub-
stituent X of the latter is morpholine ring in which O
atom with greater electronegativity just falls into the
red region.

The hydrophobic contour map is displayed in
Fig.8(a). Two large yellow contours near substituents
R1 and R5 indicate that hydrophobic groups at these
sites would benefit the activity. This is in agreement
with the above result that low electronegative groups
around these positions are advantageous to improving
the activity, since usually weak electronegative groups
are relatively hydrophobic. There are two white con-
tours around ring-C. One is near substituent R2 of the
template molecule, and another one is near the sub-
stituent R3, indicating that hydrophilic substituents are
well tolerated in these regions. This is compatible with
the above result that strong electronegative groups as
substituents R2 and R3 are advantageous to improv-
ing the inhibitory activity, since high electronegative
groups usually exhibit relatively hydrophilicity. Ad-
ditionally, two relatively small white contours embed-
ding the substituent X, suggesting that substituent X
with hydrophilic character prefers this position. As
shown in Fig.3(a), it is observed that substituent X
stretches outside the entrance of the binding groove of
Wee1 kinase, suggesting that bulky substituents with
moderate length could be tolerated by enzyme. More-
over, substituent X is exposed to the solvent area and
the substituent X with hydrophilic atoms should have
some good physicochemical properties, such as solubil-
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ity, permeability, etc., to increase the binding ability
to plasma protein. For example, most of the excel-
lent compounds (26−29, 31−41) all possess a rela-
tively hydrophilic group as substituent X, whereas those
without a relatively hydrophilic group as substituent X
exhibit relatively weaker activity (1−16, 18, 20−22,
24, 25, 42, 44). Meanwhile, this is a possible rea-
son why compounds 26 (6.921), 43 (6.268), 39 (7.398),
and 40 (7.097) with moderate-size substituent X have
higher potency than compounds 1 (5.585), 4 (6.004),
17 (7.131), and 19 (6.658).

The hydrogen bond donor map is displayed in
Fig.8(b). There are three cyan contours, two are near
substituents R2 and R3, and another small one is
present at the terminal of substituent X, suggesting that
hydrogen bond donor groups at these positions would
increase the activity. This is in agreement with the fact
that introducing electronegative groups at substituents
R2 and R3 and at the terminal of substituent X would
benefit the biological activity. The docking study also
shows that the −OH and −NH2 groups in these regions
can form H-bonds with the carbonyl group of Glu346 or
Asp463. In addition, a purple contour near substituent
R1 shows an unfavorable hydrogen-bond donor inter-
action at this region. This is also consistent with the
result that introducing a high electropositive group as
substituent R1 can improve the inhibitory activity.

IV. CONCLUSION

CoMFA, CoMSIA and docking studies have been car-
ried out on a series of pyrido[2,3-d]pyrimidine deriva-
tives acting as Wee1 inhibitors. The established 3D-
QSAR models show good correlative and predictive
ability in terms of high R2 (0.964), q2 (0.708) for the
CoMFA and R2 (0.972), q2 (0.645) for the CoMSIA.
Meanwhile, other external validating tests further con-
firm the excellent predictive power of these two mod-
els. A good consistency between the 3D-QSAR contour
maps and the docking results also proves the reliability
and robustness of the models. Some important results
can be summarized as follows: (i) The steric interaction
plays a determinant role in affecting the inhibitory ac-
tivities of studied derivatives. (ii) Small group and high
electronegativity as substituent R2 would be advanta-
geous to the activity, because it could not be blocked
by Asp463. (iii) Moderate-size and strong electron-
withdrawing group as substituent R3 could improve the
activity, since it may easily result in hydrogen bond in-
teraction with Glu346. (iv) Weak electronegativity as
substituents R1 and R5 could increase the activity, be-
cause of their hydrophobic interaction with Asn431 and
Ile327, respectively. (v) Moderate-size and strong hy-
drophilic group as substituent X would be favorable to
the activity, but high electronegative atoms in the 1′-,
2′-, 3′-positions of X group could decrease the activity.
These results will be helpful to understand the action

mechanism and design novel potential Wee1 inhibitors.
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