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Abstract—A comparative molecular field analysis (CoMFA) of phthalazine class of phosphodiesterase IV (PDE IV) inhibitors has
been performed to correlate their chemical structures with their observed biological activity. A statistically valid model with good
correlative and predictive power is reported. The leave one out cross-validation study gave cross-validation r2cv of value 0.507 at six
optimum components and conventional r2 of value 0.98. The predictive ability of the model was tested by predicting the seven
molecules belonging to the test set giving predictive correlation coefficient of 0.59. This model is potentially helpful in the design of
novel and more potent PDE IV inhibitors.
# 2003 Elsevier Ltd. All rights reserved.
Introduction

Interest in the potential utility of isoenzyme selective
phosphodiesterase (PDE) inhibitors has increased in
recent years.1 At least 11 families of PDE based upon a
variety of criteria including substrate specificity, inhibi-
tion potency, enzyme kinetics, amino acid sequence,
cellular and tissue distribution are known to exist.2

Many pharmaceutical companies are attempting to dis-
cover the magic bullet for diseases like asthma and
chronic obstructive pulmonary disease (COPD).3 In this
context, PDE type IV has been selectively targeted using
chemical inhibitors on the basis of the clinical efficacy of
the archetypal non-selective PDE inhibitor, theophyl-
line, which has been used in the treatment of asthma
and COPD.4 PDE IV is a cyclic adenosine mono-phos-
phate (cAMP) specific enzyme showing very low affinity
for cGMP. Four PDE IV subtypes have been cloned
and expressed, with additional complexity arising as a
consequence of m-RNA splicing resulting in isoforms
with alterations in amino acid sequences within the N
terminal region.5 Analysis of amino acid sequence of
PDE IV reveals a catalytic domain and two upstream
conserved regions (UCRs) that are unique to this family
of PDE.6 The archetypal inhibitor rolipram7 (Scheme 1)
has been the starting point for the majority of the med-
icinal chemistry efforts.8 The research in this area deal-
ing with the replacement of pyrrolidinone of rolipram
with other functionalities led to discovery of piclamilast
(RP-73401).9 However, piclamilast was discontinued at
phase two clinical trials due to undesirable side effects and
poor pharmacokinetics.10 The design of rigid analogues of
piclamilast led to a series of phthalazine class of PDE IV
inhibitors.11

Herein, we report the three-dimensional quantitative
structure–activity relationship (3D-QSAR), using com-
parative molecular field analysis (CoMFA),12 of a series
of phthalazine class of PDE IV inhibitors. CoMFA,
known for the renowned robustness of the model it
produces,13,14 has been used regularly to produce the
3D models to indicate the regions that affect the bio-
logical activity with a change in the chemical substitu-
tion. CoMFA models can describe the relative change in
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magnitude of the steric and electrostatic fields as a
function of the sampled compounds chosen from data-
set. The aim is to analyze structural requirements of this
class of PDE IV inhibitors in terms of electrostatic and
steric fields to understand structural basis for their affi-
nity to the catalytic center of the enzyme and to design
more potent inhibitors.
Computational Details

Dataset for analysis

Reported in vitro data on two series of phthalazines11a�c

and one series of dihydrophthalazines11d were used in
the study (Table 1). The IC50 values of 34 molecules
were segregated into groups of 27 and 7 as training set
and test set respectively. The IC50 values were converted
into pIC50 according to the formula,

pIC50 ¼ �log10IC50

Computer modelling and structure alignment

The CoMFA12 studies were performed using the soft-
ware Sybyl 6.615 installed on a Silicon Graphics Power
ONYX extreme workstation IRIX 6.5. Since the crystal
structure of the PDE IV–inhibitor complex is not avail-
able, the least energy conformer was used as the bio-
active conformation. The most active analogue amongst
phthalazines, 23, was subjected to conformational
search using systematic search method in the Sybyl. The
minimum energy conformer was taken and subjected to
further minimization. The global minimum conformer
thus obtained was taken as the template and rest of the
structures were built from it. Initially, a constrained
minimization for 100 cycles was performed to prevent
the conformations moving to a false region. The con-
straints were then removed and the structure was sub-
jected to 500 cycles minimization. MMFF94 force
field16 and partial atomic charges were used. Powell’s17

conjugate gradient method was used for minimization.
The minimum energy difference of 0.05 KCal/mol was
set as a convergence criterion. The most important
input and most sensitive variable in CoMFA is the
alignment, that is, molecular conformation and orien-
tation. Molecule 23 was taken as the template and rest
of the molecules were aligned to it using database
alignment method in the Sybyl. The common sub-
structure used for the alignment is shown in Scheme 2.
The aligned molecules are shown in Figure 1.

CoMFA interaction energy calculation

The steric and electrostatic CoMFA18 fields were calcu-
lated at each lattice intersection of a regularly spaced
grid of 2.0 Å in all three dimensions within defined
region. The van der Waals potential and coulombic
terms representing the steric and electrostatic fields were
calculated using standard Tripos force fields. A distance
dependent dielectric constant of 1.00 was used. An sp3

carbon atom with +1.00 charge was used as a probe
atom. The steric and electrostatic fields were trun-
cated at +30.00 KCal/mol, and the electrostatic fields
were ignored at the lattice points with maximal steric
interactions.

Partial least square (PLS) analysis

PLS method was used to linearly correlate the CoMFA
fields to the inhibitory activity values. The cross-vali-
dation19,20 analysis was performed using leave-one-out
(LOO) method in which one compound is removed
from the dataset and its activity is predicted using the
model derived from the rest of the dataset. The cross-
validated r2 that resulted in optimum number of com-
ponents and lowest standard error of prediction were
considered for the further analysis. Equal weights were
assigned to steric and electrostatic fields using COM-
FA_STD scaling option. To speed up the analysis and
reduce noise, a minimum filter value s of 2.00 KCal/
mol was used. Final analysis was performed to calculate
conventional r2 using the optimum number of compo-
nents. To further assess the robustness and statistical
confidence of the derived models, bootstrapping analy-
sis for 100 runs was performed.21 All the cross-validated
results were analyzed considering the fact that a value of
r2cv above 0.3 indicates that probability of chance corre-
lation is less than 5%.22

Predictive correlation coefficient (r2pred)

The predictive ability of each 3D-QSAR model was
determined from a set of seven compounds that were
not included in the training set. These molecules were
aligned, and their activities were predicted. The pre-
dictive correlation coefficient (r2pred), based on molecules
of test set, is defined as

r2pred ¼ ðSD-PRESSÞ=SD

where SD is the sum of the squared deviations between
the biological activities of the test set and mean activ-
ities of the training set molecules and PRESS is the sum
of squared deviation between predicted and actual
activity values for every molecule in test set.
Results and Discussion

The initial study of the 3D-QSAR analysis of phthala-
zines class of PDE IV inhibitors using CoMFA was
carried out using Series 1 and 2. The in vitro PDE IV
inhibition data using human neutrophil PDE IV were
reported for these two series of phthalazine derivatives
by the same research group.11a�c Since, the biological
data was reported for the PDE IV target using the same
source, human neutrophil PDE IV, and with quite a
diverse substituents on the phthalazine ring, we com-
bined Series 1 and 2 for CoMFA study. The total 21
molecules from Series 1 and 2 were considered for the
analysis. The molecules 5 (phthalazine derivative) and
20 (dihydrophthalazine derivative) were dropped out of
the analysis, as these two molecules contain a chiral
center and the stereochemistry was not specified. Both
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Table 1. Dataset used in the CoMFA analysis and their PDE IV inhibitory activity
Series 111a
Molecule
23
X

0

1

R1
 R2
 R3
H

H

n

0

IC50 (nM)
1
 CH2
 O–cC5H9
 H
 CH3
 0
 53

2
 NH
 O–cC5H9
 H
 CH3
 0
 59
3
 CH2
 H
 CH3
 0
 30
4
 CH2
 O(CH2)5Ph
 H
 CH3
 0
 57
5

153
CH2
 H
 CH3
6
 CH2
 O–cC5H9
 H
 CHF2
 0
 39

7
 CH2
 O–cC5H9
 H
 CH3
 1
 42

8
 CH2
 H
 O–cC5H9
 CH3
 0
 186
9
 CH2
 H
 CH3
 0
 10
10
 CH2
 H
 CH3
 0
 19
11
 CH2
 (CH2)5Ph
 H
 CH3
 0
 30
Series 211b,11c
Molecule
 n
 R1
 R2
 IC50 (nM)
132
12
13
 0
 H
 38
14
 0
 H
 241
15
 0
 OPh
 H
 132

16
 0
 Ph
 H
 37
17
 0
 H
 48
18
 0
 H
 93
19
 0
 H
 14
21
 0
 CH3
 O–cC5H9
 146

22
 0
 C2H5
 O–cC5H9
 75
4

(
continued)
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the enantiomers of 5 and 20 were predicted later using
the CoMFA model. A CoMFA model containing 17
molecules in the training set and four molecules in test
set (8, 12, 16 and 22) was constructed from Series 1 and
2. The test set was selected randomly from the dataset.
The statistics of the model were, the LOO cross-vali-
dation correlation coefficient r2cv 0.546, optimum num-
ber of components 5, conventional correlation
coefficient r2 0.999, standard error of estimate 0.018 and
predictive correlation coefficient r2pred of 0.75. The model
was statistically significant and predictive enough. The
test set prediction was also found to be good as indicated
by the predictive correlation coefficient. The stereo-
isomers of 5 and 20 were predicted using this CoMFA
model. The activities of both the isomers of 5 as well as
20 were predicted to be almost same with residual of
0.34 for 5 and residual of 0.55 for 20, respectively. The
CoMFA model with 17 molecules in the training set
may not cover all space and functional groups, there
was a need to incorporate some more molecules in the
model and improve the robustness of the model. The
molecules, which can be incorporated to improve the
predictivity and robustness of the existing model, should
have the in vitro biological data using the same source
of PDE IV (human neutrophil PDE IV as in Series 1
and 2) and preferably from the same research lab.
Recently, we came across the data on some of the dihy-
drophthalazine11d derivatives have been reported as
PDE IV inhibitors by the same research group11a�c

using the human neutrophil PDE IV The Series 311d

comprises of 13 dihydrophthalazine derivatives with
the inhibitory data of PDE IV. All the three series of
molecules, total 34, were compiled together and a
CoMFA model was reconstructed. For building the
final CoMFA model, the test set was selected randomly.

The CoMFA model with 27 molecules in training set
and seven molecules in test set resulted in a cross-vali-
dated correlation coefficient r2cv of 0.507 with minimum
standard error and optimum number of components.
This analysis was used for final non-cross validated run,
giving a conventional correlation coefficient r2 of 0.980
with a low standard error of estimate. The contributions
of steric and electrostatic CoMFA fields were obtained
in a ratio of 0.6:0.4. To test the predictive ability of the
resulting model, a test set of seven molecules excluded
from the model creation work was used. The predictive
correlation coefficient r2pred of 0.59 indicates the good
Table 1 (continued)

Series 311d
Molecule
 R
 R1
 IC50 (nM)
24
 O–cC5H9
 COCH3
 30

25
 O–cC5H9
 SO2CH3
 2

26
 H
 COCH3
 51

27
 H
 COCH2CH3
 28

28
 H
 COCH(CH3)2
 25

29
 H
 COPh
 30

30
 H
 COCH2Ph
 12

31
 H
 SO2CH3
 21

32
 H
 COCO2CH2CH3
 113

33
 H
 CO2CH3
 72

34
 H
 CONH2
 36

35
 H
 CONHCH3
 131

36
 H
 CONHOH
 85
Scheme 2.
 Figure 1. Alignment of the training set molecules.
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external predictivity of the model. A high r2 value of
0.991 during 100 runs of bootstrapped analysis further
supports the statistical validity of the model. The results
of Partial Least Square (PLS) analysis are shown in the
Table 2. The actual, predicted values by the model and
residuals for training set and test set are given in Tables
3 and 4, respectively. A plot of predicted versus actual
inhibitory activity of training set molecules is shown in
the Figure 2. The QSAR produced by CoMFA, with its
hundreds or thousands of terms, was represented as a
3D ‘coefficient contour’. Colored contours in the map
represent those areas in 3D space where changes in the
steric and electrostatic field values of those compounds
correlate strongly with concomitant change in the bio-
logical activities. The final CoMFA gives contour plots
of steric and electrostatic interactions. The steric inter-
actions are represented by green- and yellow-colored
contours while electrostatic interactions are represented
by red- and blue-colored contours. The bulky sub-
stituents are favored in green regions and disfavored in
yellow regions. The increasing positive charge is favored
in blue regions while increasing negative charge is
favored in red regions. The CoMFA steric and electro-
static fields for the analysis of the final CoMFA model
are presented as contour plots in Figures 3 and 4,
respectively. To aid in the visualization, the template
molecule 23 is also displayed in the maps.

Several electrostatic red contours are seen near the
thiazole ring of the template molecules in the final
CoMFA model contour plots. There are three red con-
tours near the ring nitrogen of the thiazole attached at
C4 of the phthalazine nucleus. There are two small red
contours away from the thiazole ring of the template
molecule. In these regions, the substituents with high
electronegativity or electron density may improve the
affinity for the catalytic center of the PDE IV enzyme.
The electrostatic blue contours are seen above and
below the plane of dichloropyridine ring of the template
molecule. There is a big contour near methyl of C6-
methoxy group of template. A blue contour is also seen
near sulphur and C5 of the thiazole ring of the template
molecule. These are the regions where the substituents
with lower electron density are favored for the PDE IV
Table 2. Summary of final CoMFA model statistics
Parameter
 CoMFA
r2cv
 0.507

SDEP
 0.379

N
 6

r2
 0.980

SEE
 0.077

F-test value
 161.118

Prob. of r2=0
 0.00

PRESS
 0.39

SD
 0.96

r2pred
 0.59

r2bs
 0.991

Contributions

Steric field
 0.596

Electrostatic field
 0.404
[r2cv, cross-validated correlation coefficient; N, no. of components;
SDEP, standard error of prediction; r2, conventional correlation coef-
ficient; SEE, standard error of estimate; PRESS, predicted residual
sum of squares of test set molecules; SD, standard deviation for the
test set molecules; r2pred, predictive correlation coefficient; r2bs, corre-
lation coefficient after 100 runs of bootstrapping analysis].
Table 3. Actual and predicted inhibitory activities (pIC50) and

residuals of the training set molecules for final CoMFA model
Molecule
 Actual pIC50
 Predicted pIC50
 Residual
1
 7.28
 7.32
 �0.04

2
 7.23
 7.15
 0.09

3
 7.52
 7.54
 �0.02

4
 7.24
 7.25
 �0.01

6
 7.41
 7.42
 �0.01

7
 7.38
 7.34
 0.04

9
 8.00
 8.05
 �0.04

10
 7.72
 7.74
 �0.02

11
 7.52
 7.52
 0.00

13
 7.42
 7.45
 �0.03

14
 6.62
 6.63
 �0.01

15
 6.88
 6.92
 �0.04

18
 7.03
 7.01
 0.02

19
 7.85
 7.81
 0.04

21
 6.84
 6.85
 0.00

23
 8.40
 8.36
 0.04

24
 7.52
 7.61
 �0.09

25
 8.70
 8.62
 0.08

27
 7.55
 7.33
 0.22

28
 7.60
 7.65
 �0.04

29
 7.52
 7.55
 �0.03

30
 7.92
 7.95
 �0.03

31
 7.68
 7.78
 �0.10

32
 6.95
 6.92
 0.03

33
 7.14
 7.22
 �0.08

35
 6.88
 6.95
 �0.07

36
 7.07
 6.97
 0.10
Table 4. Actual and predicted inhibitory activities (pIC50) and residues

of the test set molecules for final CoMFA model
Molecule
 Actual pIC50
 Predicted pIC50
 Residues
8
 6.73
 6.71
 0.02

12
 6.88
 7.00
 �0.12

16
 7.43
 7.34
 0.09

17
 7.32
 7.19
 0.13

22
 7.12
 6.85
 0.27

26
 7.29
 7.00
 0.29

34
 7.44
 7.00
 0.44
Figure 2. Plot of predicted versus actual pIC50 of CoMFA training set
molecules.
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inhibitory activity. The molecules 25 and 31 contain N3-
sulphonamide oxygen near the red contours favoring
the electronegative substituents in these regions and
hence they exhibit good inhibitory activity. 25 has an
additional C5-cyclopentyloxy group where the oxygen is
near a big red contour, therefore 25 is more potent than
31. The molecules 24, 27, 28, 29 and 30 also exhibit
good inhibitory activity as N3-amide oxygen is near
electron density favoring red contours. The molecules
24 and 25 are same except the difference at N3, where 24
contains a carbonyl while 25 contains a sulphonyl
group, the additional oxygen of the sulphonyl increases
the electron density in that regions near the electrostatic
red contours, hence 25 exhibit better inhibitory activity
than 24. The orientation of the electronegative groups in
the regions near N3 of the phthalazine ring also plays an
important role in determining the activity as seen from
the activities of 33 and 26, where 26 contains acetyl
group at N3 while 33 contains methyl ester at N3. The
additional oxygen of ester at N3 in 33 is oriented
towards electropositive blue contours; therefore, 33
exhibits slight lower inhibitory activity than 26. In the
molecules 34 and 35 the carbonyl at N3 is near red
contours but additional ester attached to carbonyl in 34
and additional nitrogen attached to carbonyl in 35 are
oriented towards the electropositive blue contours,
hence these molecules also exhibit low inhibitory activ-
ity. The molecule 13 contains a pyrrolidine substituent
at C4 where the N of pyrrolidine is close to electro-
negative group favoring red contours and hence 13
exhibits good inhibitory potency. The molecule 14,
similar to 13, contains a triazole at C4 of phthalazine
where the two nitrogens of the triazole ring are close to
red contours but the third nitrogen is close to electro-
negative group disfavoring blue contours, hence it exhi-
bits very low inhibitory activity. The molecule 2 is an
isostere of 1, the linker –NH– in 2 slightly disturbs the
orientation of dichloropyridine and do not affect the
molecular recognition by the active site as reflected in
their almost same biological activity. The molecule 15
contains a phenoxy group at C4 of the phthalazine ring
where the electron density reach phenyl group is
enclosed in a blue contour where low electron density is
favored, therefore it exhibits low activity.

The steric green contours of the final CoMFA model
show a green contour forming a small cavity near N3 of
the phthalazine ring indicating the preference for bulk-
ier substituents in that region. There is seen a small
green contour near thiazole ring of the template mol-
ecule and a green contour near C6 methoxy group. The
molecules with N3 substituents and containing proper
functional groups orient the N3 substituents toward the
sterically favorable green region and exhibit good
activity like molecules 25, 28, 29, 30, and 31. The mole-
cule 30 is more potent than 29, where 30 contains a
phenacyl group at N3 while 29 contain a benzoyl group
at N3, as additional methylene group in 30 orients the
terminal phenyl in the green contour cavity where bulky
substituent is favored. The nature of the functional
groups present at N3 determines the orientation of the
substituent at N3. The additional ester group at N3 in
the molecule 32 orients terminal ethyl group away from
the green contour region and it exhibits less activity
than 27 where the carbonyl at N3 orients terminal ethyl
in the green contour cavity. There are several steric yel-
low contours seen where the bulkier substituents may
decrease the PDE IV affinity of the inhibitors. There are
three yellow contours seen above and below the plane of
the dichloropyridine ring of the inhibitors. There is a
yellow contour near the methoxy group at C6 and two
more yellow contours near the C7 of the phthalazine
nucleus. Near the thiazole ring of the template molecule,
two yellow contours are observed. The orientation of
the methoxy group at C6 is important for the molecular
Figure 3. CoMFA STDEV*COEFF contour maps for steric field. The
molecule 23 is displayed in the background.
Figure 4. CoMFA STDEV*COEFF contour maps for electrostatic
field. The molecule 23 is displayed in the background.
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recognition by PDE IV active site. Depending upon the
presence or absence of the substituents at C5 and C7,
and the nature of the substituents when present, the
methoxy group at C6 orients differently. The molecule
21 exhibits a cyclopentyloxy substituent at C7, which
clashes with the sterically unfavorable yellow contours
in that region and also due to steric interactions the
methoxy at C6 orients towards the yellow contour and
this molecule exhibit lower inhibitory activity. When
long chain substituents are present on the phthalazine
ring, their conformational flexibility affects the biologi-
cal activity. Comparing the molecule 9, 10 and 11; the
long chain substituent at C5 changes from acetylinic in
9 to ethylenic in 10 to ethylene in 11, the conformational
flexibility increases and the biological activity decreases
as possibility of steric clash in sterically unfavorable
region increases.

The molecules 5 and 20, which were excluded from the
analysis due to their unknown stereochemistry, were
also predicted using the final CoMFA model. Both the
isomers of 5 as well as 20 were predicted to be of almost
same biological activity, with residual of 0.25 for 5 and
residual of 0.08 for 20 respectively, by the final model as
by the previous model from Series 1 and 2. This shows
that the stereochemistry at tetrahydrofuran substituent
at C5 of phthalazine ring may not be crucial for the
biological activity and hence for PDE IV active site
recognition by 5 and 20. These two molecules were pre-
dicted better by the final CoMFA model than the pre-
vious model.

The final CoMFA model with statistically significant
parameters correlates the variation in the biological
activities of the phthalazine and dihydrophthalazine
class of PDE IV inhibitors with the changes in the elec-
trostatic and steric fields around the molecules.
Conclusion

The CoMFA model described herein shows good inter-
nal (r2) and external (r2pred) consistency, which indicates
the statistically valid model with good correlative and
predictive power. It provides the information on the
effect of the electrostatic and steric fields around the
aligned molecules on their biological activities. This
study offers structural insight to aid in the development
of novel and more potent PDE IV inhibitors.
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