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3D-QSAR and docking studies were performed on a series of pyrazolo[4,3-h]quinazoline-3-carboxamides
as CDK2/CyA inhibitors. The COMFA and CoMSIA models using 54 molecules in the training set, gave r2,
values of 0.644 and 0.507, r? values of 0.959 and 0.951, respectively. 3D contour maps generated from the
two models were applied to identify features important for the activity and better understand the inter-
action between the inhibitors and the receptor. Molecular docking was employed to explore the binding
mode between these compounds and the receptor, as well as help understanding the structure-activity
relationship revealed by COMFA and CoMSIA. The results provide a useful guideline for the rational design
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The cyclin-dependent kinases (CDKs) are a family of serine-
threonine protein kinases, which play a crucial role in the cell cycle
progression.'~> CDKs along with their activating partners, the cyc-
lins (Cy), regulate the cell division cycle progression, neuronal
function, differentiation, and apoptosis.* These CDKs regulate cell
growth and survival by several mechanisms including phosphory-
lation of various proteins whose function is required over the cell
cycle.” In human cancers, genetic and epigenetic aberrations fre-
quently result in overexpression of cyclins or suppression of CDK
inhibitory proteins (CDKIs), which provides tumor cells with a
selective growth advantage.® It was revealed by genetic studies
in mice that normal cells were not dependent on interphase CDKs
such as CDK2 and CDK4 for their growth, however, certain tumor
cells, depending on their origin and their pathogenic spectrum of
mutation, may be sensitive to the inhibitions of CDKs.? Thus, CDKs
especially CDK2 and CDK4 have been regarded as novel therapeutic
targets for cancer chemotherapy.” CDKs exert their effect via acti-
vation of host proteins through phosphorylation of key serine or
threonine residues by ATP, therefore, many investigations focused
on inhibitors containing key structural hydrogen-bonding motifs
to bind to the ATP pocket were carried out.®'2 A series of pyrazolo
[4,3-h]quinazoline-3-carboxamides as multi-cyclin-dependent ki-
nase inhibitors were reported by literatures,? in the present work,
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3D-QSAR and docking approaches were applied to study these
compounds.

3D-QSAR methods including comparative molecular field anal-
ysis (CoMFA) and comparative molecular similarity indices analy-
sis (CoMSIA), were performed to predict the activities of these
inhibitors and provided the regions in space where interactive
fields may influence the activity. Docking was employed to explore
the binding mode between these compounds and the receptor, as
well as to reveal the structure-activity relationship revealed by
CoMFA and CoMSIA.

A set of 65 compounds and associated bioactivity data involved
in this study were selected from the literature.>* The inhibitory
activity data were reported as ICso against CDK2/CyA. By taking
Log (1/ICsp), ICso was converted to pICsg, and the pICsq values were
used as the dependent variables in all the models subsequently
developed. In CoMFA and CoMSIA models, the dataset was ran-
domly segregated into training and test sets comprising 54 and
11 molecules, respectively. (Structures and associated bioactivity
values were shown in Tables 1 and 2.)

Structures of entire sets of pyrazolo[4,3-h]quinazoline-3-
carboxamides were built using sysyL 8.1 program package of Tripos,
Inc.'® 3D structures of all compounds were constructed using the
Sketch Molecule module. Structural energy minimization was per-
formed using the standard Tripos molecular mechanics force field
and Gasteiger-Hiickel charge, the max iterations for the minimiza-
tion was set to 2000. The minimization was terminated when the
energy gradient convergence criterion of 0.05 kcal/mol A was
reached.'*!> All of the structures were aligned into a lattice box
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The Structures of the training and test set molecules
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Compd. No. Substituent
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Table 2 Table 2 (continued)
The actual pICsos, predicted pICsos (pred.) and their residuals (res.) of the training and Compd. No. Actual CoMFA CoMSIA
test set molecules
Pred. Res. Pred. Res.
Compd. No. Actual CoMFA CoMSIA 37 7237 7348 0111 7448 0211
Pred. Res. Pred. Res. 38 9.000 9.100 —-0.100 8.982 0.018
1 7.292 7301 0009  7.206 0.086 39 8.699 8714 -00I5 8429 0270
2 7181 7218 0037 7926 0,045 40 8.398 8.228 0.170 8.313 0.085
3 7937 7933 0.004 7373 —0.086 41 8.301 7.834 0.467 7.743 0.558
1 7092 7103 0011 7026 0.066 42 7.721 7.594 0.127 7.341 0.380
5 7886 7833 0,053 8.020 0434 43 7.092 7.144 —0.053 7.077 0.015
6 7.420 7473 6,053 2677 0257 44 7.131 7.076 0.055 7.176 —0.045
7 6.983 2 e1a 0531 7394 011 45 6.241 6.648 —0.407 6.358 -0.117
s 7770 7813 0043 7821 0,051 46 5.978 6.321 —-0.343 5.972 0.006
pe 7678 8224 0546 7731 0053 47 8.699 8.359 0.340 8.593 0.106
10° 7678 6.854 0.794 7180 0.498 48 9.000 8.736 0.264 8914 0.086
1 7.061 6.956 0']05 6.977 0.083 49 7.854 8.335 —0.481 7.959 -0.105
12 6.680 6,743 0,063 6.478 0202 50 7.620 7.512 0.108 7.376 0.244
13 7791 7693 0.028 7 483 0238 51 7.770 7.907 -0.137 8.051 -0.281
12 6.827 6788 0.039 6.950 0153 52 7.347 7.318 0.029 7.404 —0.057
15 7013 7058 0045 7006 0.007 53 7.509 7.210 0.299 7.359 0.150
16 5755 5,642 0113 5810 0.055 54 6.863 7.045 -0.182 6.783 0.080
. : : ) ’ : 55 6.606 6.432 0.174 6.728 -0.123
17 6.757 6.364 0.393 6.649 0.108 .
18 5 863 5 606 0257 5679 0184 56 7.538 7.733 ~0.195 7.049 0.489
19 7638 7 661 0023 7 652 0014 57 7.328 7.293 0.035 7.298 0.030
: : ’ : ’ 58 7.260 7318 —0.058 7.258 0.002
20 7.699 8.053 —0.354 7.967 —-0.268
31 7984 7659 0375 7946 0662 59 7.229 7.251 —0.022 7.261 —0.032
22 8222 8197 0,025 8.051 0171 60 7.444 7.396 0.048 7.698 —0.254
. ’ ’ ‘ : ’ 61 6.796 6.837 —0.041 6.736 0.060
23 8.301 8.180 0.121 8.005 0.296
21 8.097 8,019 0.078 8267 0170 62 7.229 7.130 0.099 6.969 0.260
25 8301 8136 0.165 8201 0100 63 6.658 6.889 -0.231 6.955 —0.297
2" 8329 8005 0427 8.505 0283 64 7.456 7.442 0.014 7.454 0.002
27 7.229 6.933 0.296 7.101 0.128 65 7.081 6.972 0109 6.927 0154
28 8.155 8.302 —0.147 8.520 —0.365 * Test set molecules.
29 5339 5.367 —-0.028 5.641 -0.302
30 8.699 8.686 0.013 8.541 0.158 by fitting with pyrazolo[4,3-h]quinazoline group as a common
31 7.495 7.355 0.140 7.138 0.357 truct . 438 " lat hich £
32 8523 8677 0454 8.833 0310 structure using compoun as a template, which was one o
33 7.602 7.542 0.060 7.430 0172 the most active compounds. The aligned molecules were shown
34 7.921 7.747 0.174 7.708 0213 in Figure 1.
35 5.950 6.122 -0.172 6.313 —0.363 In the CoMFA method a sp> hybridized carbon atom with a
36 9.000 8.980 0.020 8.944 0.056

charge of le served as the probe atom to calculate steric and
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Figure 1. Alignment of the compounds used in the training set.

electrostatic fields, in which their energy values were truncated at
30 kcal/mol.'®~'° The CoMSIA method incorporating steric, electro-
static, hydrophobic, hydrogen bond donor and acceptor fields was
used for the analysis. A sp> hybridized carbon atom was used as a
probe atom to generate steric field energies and a charge of +1.0 to
generate electrostatic field energies. Other similarity indices
descriptors were calculated using a sp> hybridized carbon atom
as a probe atom with a +1 hydrophobicity, +1 H-bond donor, and
+1 H-bond acceptor properties.’®> The attenuation factor was set
to the default value of 0.3.2°

Partial Least Squares (PLS) was used to linearly correlate the
CoMFA and CoMSIA fields to the plICso values. The performance
of both the CoOMFA and CoMSIA models were evaluated using the
leave-one-out (LOO) method.?! PLS was conjunct with the cross-
validation to determine the optimum number of components
(ONC) which were then used in deriving the final COMFA and CoM-
SIA model without cross-validation. The ONC usually corresponds
to the highest cross-validated correlated correlation coefficient
(r2,).2% After obtaining the optimum number of components, a
PLS analysis was then performed with no validation and column
filtering 2.0 to generate the highest correlation coefficient (1%).23
The predictive correlation coefficient (r?_,), based on the mole-

pred
cules of test set, was calculated by the equation shown below:

2.4 = (SD — PRESS)/SD

where, SD is the sum of the squared deviations between the inhib-
itory activities of the test set and mean activities of the training
molecules and PRESS is the sum of squared deviations between pre-

dicted and actual activity values for each molecule in the test
Set.16,24—26

The statistical parameters associated in CoMFA and CoMSIA
models were listed in Table 3. The COMFA model gave a cross-val-
idated correlation coefficient (r?,) of 0.644 (>0.5) with an opti-
mized component of 6. A high non-cross-validated correlation
coefficient (r?) of 0.959 with a low standard error estimate (SEE)
of 0.180, F value of 184.167 and predictive correlation coefficient
(r2eq) of 0.502 were obtained. Contributions of steric and electro-
static fields were 0.516 and 0.484, respectively. The CoMSIA model
using steric, electrostatic, hydrophobic, hydrogen bond donor and
acceptor fields gave a cross-validated correlation coefficient (r?,)
of 0.507 (>0.5) with an optimized component of 6. A high non-
cross-validated correlation coefficient (%) of 0.951 with a standard
error estimate (SEE) of 0.197, F value of 150.878 and predictive cor-
relation coefficient (r2,) of 0.463 were obtained. Contributions of
each field were 0.185, 0.215, 0.279, 0.124, and 0.198, respectively.
The actual and predicted pICsq values and their residual values for
the training set and test set compounds were given in Table 2. The
relationship between actual and predicted pICsg of the training set
and test set compounds in COMFA and CoMSIA were illustrated in
Figure 2a and b, respectively.

To visualize the information content of the derived 3D-QSAR
model, COMFA contour maps were generated to rationalize the re-
gions in 3D space around the molecules where changes in the ste-
ric and electrostatic fields were predicted to increase or decrease
the activity. The CoMFA steric and electrostatic contour maps were
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Table 3

Results of COMFA and CoMSIA models
PLS statistics CoMFA CoMSIA
rg‘," 0.644 0.507
b 0.959 0.951
ONC*© 6 6
SEE¢ 0.180 0.197
F value® 184.167 150.878
rgre " f 0.502 0.462
Field contribution
Steric 0.516 0.185
Electrostatic 0.484 0.215
Hydrophobic — 0.279
H-bond donor — 0.124
H-bond acceptor — 0.198

Non-cross-validated coefficient.
Optimal number of components.
Standard error of estimate.
F-test value.

T Predictive correlation coefficient.
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Figure 2. Graph of actual versus predicted pICs, of the training set and the test set
using CoMFA (a) and CoMSIA (b).



6770 P. Lan et al./Bioorg. Med. Chem. Lett. 20 (2010) 6764-6772

shown in Figure 3a and b using compound 38 as a reference
structure.

The steric field is represented by green and yellow contours, in
which green contours indicate regions where bulky group would
be favorable, while the yellow contours represent regions where
bulky group would decrease the activity. As shown in Figure 3a,
four yellow contours near the Ry position indicated bulky groups
at this position would decrease the potency. This may explain
why compounds 16-18 which possessed a bulkier group at R! po-
sition showed significantly decreased activities than those with a -
NH, group at R!. Compared compounds 27, 30, 32, 34, 36, 38, and
40 which possessed a -NHMe at R! with compounds 31, 33, 35, 37,
39, and 41 which possessed a -NH,, it could be easily found that
their activity discrepancies can be explained by these yellow con-
tours. A big green contour near the R? position suggested that
bulky group at this position would be favored. By checking all N-
1 modified molecules, it was found that compounds 22-26 with
a bulkier substituent at R?, were the most potential derivatives. An-
other big green contour around R position also indicated that
bulky groups would be favorable. Compounds 22-26, 30, 32, 36,
38-41, 47-48 which were the most active compounds in the data-
base, all possessed a bulky group at this position.

The electrostatic field is indicated by blue and red contours,
which demonstrate the regions where electron-donating group
and electron-withdrawing group would be favorable, respectively.
In Figure 3b, three blue contours near R? and R® positions indicated
that electron-donating substituent may increase the activity. The
most potential derivatives, such as compounds 26, 28, 30, 32, 36,
38-41, 47-48, all possessed an electron-donating group (e.g.,
methyl, 4-methylpiperidin-1-yl, 4-methylpiperazin-1-yl) at R? or
R® positions.

Figure 4a-e depicted the steric, electrostatic, hydrophobic,
hydrogen bond donor and hydrogen bond acceptor contours plots
for compound 38. The steric and electrostatic contours were al-
most similar to those of CoOMFA model.

a

20.000
80.00011

PR

Figure 3. Std* coeff. contour maps of CoMFA analysis with 2 A grid spacing in
combination with compound 38. (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.

a

20.000
80.000

Figure 4. Std* coeff. contour maps of CoMSIA analysis with 2 A grid spacing in
combination with compound 38. (a) Steric contour map. Green and yellow contours
refer to sterically favored and disfavored regions. (b) Electrostatic contour map.
Blue and red contours refer to regions where electron-donating and electron-
withdrawing groups are favored. (¢) Hydrophobic contour map. White contours
(20% contribution) refer to regions where hydrophilic substituents are favored;
yellow contours (80% contribution) indicate regions where hydrophobic substitu-
ents are favored. (d) Hydrogen bond donor contour map. The cyan and purple (80%
and 20% contributions) contours indicate favorable and unfavorable hydrogen bond
donor groups. (e) Hydrogen bond acceptor contour map. The magenta contours
(80%) for hydrogen bond acceptor group increase activity, red contours (20%)
indicate the disfavored region.
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In hydrophobic field, white and yellow contours highlighted
areas where hydrophilic and hydrophobic properties were favored.
In Figure 4c, two white contours near R! position revealed that
hydrophilic group at this region would benefit potency, which
stressed the extreme importance of the hydrophilic -NH, group.
Furthermore, this observation was in agreement with the electro-
static contour map in CoMFA. A big yellow contour along with five
white ones around the R position indicated that hydrophobic field
at this position was not important for the activity.

Figure 5. MOLCAD Robbin surfaces structure of selected compound 38 in complex
with the ATP pocket of CDK2/CyA (PDB code: 2WIH). Key residues and hydrogen
bonds were labeled. The alpha helices were shown as helices or cylinders, while
beta sheets were shown as arrows and the loop regions as tubes.

Figure 6. The MOLCAD Robbin and Multi-Channel surfaces structure displayed
with cavity depth potential of the ATP pocket within the compound 38. Key
residues and hydrogen bonds were labeled. The cavity depth color ramp ranges
from blue (low depth values = outside of the pocket) to light red (high depth
values = cavities deep inside the pocket).

In hydrogen bond donor field, the cyan and purple contours
indicated favorable and unfavorable hydrogen bond donor groups.
In Figure 4d, only a big purple contour appeared at the R! position
which suggested hydrogen bond donor group would be disfavored.
In fact, the carbonyl group of C-3 carboxamide acted as hydrogen
bond acceptor by forming H-bond with the receptor.

In hydrogen bond acceptor field, the magenta and red contours
identified favorable and unfavorable positions for hydrogen bond
acceptors, respectively. In Figure 4e, a red contour near N-15 posi-
tion indicated that a hydrogen bond acceptor substituent would be
disfavored, in fact, the -NH groups at this position acted as hydro-
gen bond donor and formed H-bond with the ATP pocket. A big ma-
genta contour around the methylsulfate group revealed that a
hydrogen bond acceptor would increase the potency, the methyl-
sulfate group may act as a hydrogen bond acceptor by forming
H-bond with the residues of ATP-binding site of the receptor. Com-
pounds 36, 38-41, which possessed a hydrogen bond acceptor
group at the terminal of R® position, showed significantly increased
activities.

Crystal structure of CDK2/CyA was retrieved from RCSB Protein
Data Bank (PDB entry code: 2WIH). The CDK2/CyA structure was
utilized in subsequent docking experiments without energy mini-
mization. The most active compound 38 was docked into corre-
sponding ATP-binding site by an empirical scoring function and a
patented search engine in Surflex-Dock.!> In order to visualize

Figure 7. The MOLCAD lipophilic (a) and electrostatic (b) potential surfaces of ATP-
binding site of CDK2/CyA (PDB code: 2WIH) within the compound 38. Key residues
and hydrogen bonds were labeled. In (a), the brown represents highest lipophilic
area while blue indicated highest hydrophilic area. In (b), the red color shows the
electron-withdrawing zone and purple color shows electron-donating zone.
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Hydrogen bond binding region

Bulky, electron-donating,
hydrogen bond acceptor
groups favoured region

Hydrogen bond binding region

Minor, electron-donating, hydrophilic
groups favoured region

Bulky, electron-donating substituent
favoured region

Figure 8. Structure-activity relationship revealed by 3D-QSAR and docking.

secondary structure elements and the cavities and channels of the
ATP pocket, the MOLCAD Robbin and Multi-Channel surfaces pro-
gram were applied. The secondary structure and cavity of the ATP
pocket within the selected compound 38 were shown in Figure 5.
As shown in Figure 5, the N-9 and N-15 acted as the hydrogen bond
acceptor and donor, formed H-bond with the -NH and -OH group of
Leu83 residue, respectively. The carbonyl group at C-14 position
formed H-bond with -NH; group of Lys33 residue. The methylsul-
fate group acted as a hydrogen bond acceptor by binding to the -
NH group of Asp86. The results confirmed the observation from
the CoMSIA hydrogen bond donor and acceptor contour maps.

Figure 6 depicted the MOLCAD cavity depth potential surface of
the binding site of CDK2/CyA within compound 38, the cavity
depth color 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 6, the whole molecule except the
R® position was in the light red area which indicated that the
majority parts of compound 38 were anchored to the deep inside
the ATP pocket.

The MOLCAD molecule surfaces of the ATP-binding site were
also developed and displayed with lipophilic and electrostatic po-
tential to examine the hydrophobic contour map of CoMSIA and
the electrostatic contour map of CoMFA. In Figure 7a, the brown
represents highest lipophilic area of the molecule while blue indi-
cated highest hydrophilic area, the R! position of compound 38
was found in the hydrophilic blue area. In Figure 7b, the red color
shows the electron-withdrawing zone and purple color shows
electron-donating zone, and compound 38 was anchored into an
electron-donating blue area. The observations obtained from Fig-
ure 6 satisfactorily matched the corresponding contour maps.

The structure-activity relationship revealed by 3D-QSAR and
docking studies was illustrated in Figure 8. In detail, the minor,
electron-donating groups at R! position are favorable; the bulkier,
electron-donating groups at R? position may benefit the potency;
the bulkier, electron-donating and hydrogen bond acceptor substi-
tuent at R? position would increase the activity. The N-7 and N-15
atoms were essential for binding to the ATP pocket.

In this study, 3D-QSAR and molecular docking studies were per-
formed on a series of CDK2/CyA inhibitors. In 3D-QSAR studies,
both the CoMFA and CoMSIA analyses gained some insights into
the key structural factors affecting the bioactivity of these inhibi-
tors. The excellent predictive ability of the developed CoMFA and
CoMSIA models indicated that they can be used for predicting
the ICso values of pyrazolo[4,3-h]quinazoline-3-carboxamides
prior to synthesis. Furthermore, the CoOMFA and CoMSIA contour
maps along with the docking results offered enough information
to understand the structure-activity relationship and identify
structural features influencing the inhibitory activity. The correla-
tion of the results obtained from 3D-QSAR and docking studies can
be served as a useful guideline for the further modification of pyr-
azolo[4,3-h]quinazoline-3-carboxamides that function as CDK2/
CyA inhibitors.
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