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Docking and 3-D QSAR studies of dual PDE4-PDE?7 inhibitorsy
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Korea Research Institute of Chemical Technology, P.O. Box 107, Yusung-gu, Daejeon 305-600, South Korea

(Received April 2007; in final form August 2007)

Small dual-specificity molecules inhibiting PDE4 and PDE7 can be used to treat inflammatory diseases. To design and
synthesize dual PDE4 and PDE?7 inhibitors, we carried out the target-based docking and the 3D QSAR study using CoMFA.
Three compounds were synthesized. We predicted their inhibitory activities using our 3D QSAR model and tested their

activities against PDE4 and PDE7 in vitro.
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1. Introduction

Cyclic nucleotide phosphodiesterases (PDEs) [1,2] are
enzymes that comprise 11 families. They hydrolyze the
intracellular second messengers cyclic 3,5'-adenosine
and guanosine monophosphate (cAMP and cGMP) to
AMP and GMP, respectively [3,4]. This type of
hydrolysis is the only way to inactivate cAMP. Therefore,
PDEs are important for regulating the cellular cyclic
nucleotide concentrations. Three types of PDE occur:
cAMP-specific (PDE4ABCD, PDE7AB and PDESAB),
cGMP-specific (PDESA, PDE6ABC and PDE9A), and
dual-specific (PDE1ABC, PDE2A, PDE3AB, PDEI0A,
and PDEI11A) [5]. The cAMP-specific type 4 PDE
(PDE4) [6,7] is an enzyme involved in the metabolism of
cAMP in immune and inflammatory cells, such as
eosinophils, T lymphocytes, macrophages, neutrophils,
dendritic cells and epithelial cells. PDE4 inhibitors have
been developed for treating chronic obstructive pulmon-
ary disease (COPD) and asthma, including cilomilast
(Ariflo) and roflumilast (Daxas) [8,9], which have
reached the Phase III clinical trial stage. Unfortunately,
these PDE4 inhibitors have a low therapeutic ratio
because of their side effects, which include nausea,
diarrhea, abdominal pain and vomiting [10]. To overcome
the problem of side effects, studies are examining the
development of mixed PDE inhibitors, including PDE4—
PDE7 and PDE3-PDE4 inhibitors [11-13].

The cAMP-specific type 7 PDE (PDE7) is also
restricted mainly to T cells and appears to play roles in
asthma and COPD [14,15]. Two PDE7 genes (PDE7A and
PDE7B) have been identified. PDE7A is expressed mainly
in the lungs and immune system, whereas PDE7B is
present in high concentrations in the pancreas, brain,
heart, thyroid and skeletal muscle [16]. The enzymatic
cores of PDE7B and PDE7A share approximately 70%
homology.

Compounds that inhibit both PDE4 and PDE7 block the
T cell component of disease and possess anti-inflamma-
tory properties [11]. Such inhibitors should have fewer
side effects, such as nausea and vomiting, and should
act by maintaining high levels of intracellular cAMP.
Therefore, to identify the structural features of dual
PDE4-PDE7 inhibitors that can be used to design new
inhibitors, we carried out molecular docking and 3D
QSAR (CoMFA) studies of a series of 15 phthalazinone
compounds and 11 well-known compounds. In addition,
we synthesized three compounds and predicted their
biological inhibition activities based on a model.

2. Computational details

2.1 Biological inhibition data and molecular structures

Table 1 shows the series of PDE4—-PDE7 inhibitors
studied. The initial structures of nine well-known
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Table 1. The compounds used in this study.

Code Name piC o' pIC 0"
01 (cis)-4-(3-chloro-4-methoxy-phenyl)-2-[ 1-(1-morpholin-4-yl-methanoyl)-piperidin-4-yl]-4a,5,8,8a-tetrahydro-2H-phthala- 8.64 7.64
zin-1-one
02 (cis)-4-(3-chloro-4-methoxy-phenyl)-2-[ 1-(toluene-4-sulfonyl)-piperidin-4-yl]-4a,5,8,8a-tetrahydro-2H-phthalazin-1-one 8.4 6.97
03 (cis)-2-(1-acetyl-piperidin-4-yl)-4-(3-chloro-4-methoxy-phenyl)-4a,5,8,8a-tetrahydro-2H-phthalazin-1-one 825  6.99
04 (cis)-4-(3-chloro-4-methoxy-phenyl)-2-(1-pyridin-4-ylmethyl-piperidin-4-yl)-4a,5,8,8a-tetrahydro-2H-phthalazin-1-one 8.61  7.38
05 (cis)-4-(3-chloro-4-methoxy-phenyl)-2-(4-{ 1-[4-(2-dimethylamino-ethyl)-piperidin-1-yl]-methanoyl } -phenyl)-4a,5,8,8a-tet- 7.86  7.18
rahydro-2H-phthalazin-1-one
06 (cis)-4-(3-chloro-4-methoxy-phenyl)-2-(6-methyl-3-trifluoromethyl-pyridin-2-yl)-4a,5,8,8a-tetrahydro-2H-phthalazin-1-one 7.64 7.08
07 (cis)-2-benzothiazol-6-yl-4-(3-chloro-4-methoxy-phenyl)-4a,5,8,8a-tetrahydro-2H-phthalazin-1-one 8.09  6.98
08 (cis)-4-(3-chloro-4-methoxy-phenyl)-2-(1-oxo-1,3-dihydro-isobenzofuran-5-yl)-4a,5,8,8a-tetrahydro-2H-phthalazin- 1-one 8.05 7.05
09 (cis)-4-(3-chloro-4-methoxy-phenyl)-2-(1H-indazol-5-y1)-4a,5,8,8a-tetrahydro-2H-phthalazin- 1 -one 8.59 7.54
10 (cis)-4-(3-chloro-4-methoxy-phenyl)-2-cyclopentyl-4a,5,8,8a-tetrahydro-2H-phthalazin-1-one 9.11  7.73
11 (cis)-4-(3-chloro-4-methoxy-phenyl)-2-(4-imidazol- 1-yl-butyl)-4a,5,8,8a-tetrahydro-2H-phthalazin-1-one 9.05 6.57
12 (cis)-4-{4-[4-(3-chloro-4-methoxy-phenyl)-1-oxo0-4a,5,8,8a-tetrahydro- 1 H-phthalazin-2-yl]-butoxy }-benzoic acid 8.19 7.01
13 (cis)-4-[4-(3-fluoro-4-methoxy-phenyl)-1-ox0-4a,5,8,8a-tetrahydro- 1 H-phthalazin-2-yl]-benzoic acid 734 642
14 (cis)-4-(3-chloro-4-methoxy-phenyl)-2-(1,3,4-trimethyl- 1H-pyrazolo[3,4-b]pyridine-6-yl)-4a,5,8,8a-tetrahydro-2H-phthala- 7.66  7.38
zin-1-one
15 (cis)-4-(3-chloro-4-methoxy-phenyl)-2-(3-thiophen-2-yl-[1,2,4]thiadiazol-5-yl)-4a,5,8,8a-tetrahydro-2H-phthalazin-1-one 7.63  7.11
16 2-[[4-[4-(dimethylamino)-1-piperidinyl]-6-[[(3,4,5-trimethoxyphenyl)methylJamino]-2-pyrimidinylJamino]-4-methyl-5-thia- ~ 5.52  7.52
zolecarboxylic acid ethyl ester
17 2-[4,6-bis-(4-hydroxy-piperidin-1-yl)-pyrimidin-2-ylamino]-4-methyl-thiazole-5-carboxylic acid ethyl ester 549 722
18 Zardaverine 6.41 3.7
19 Rolipram'® 596 3.7
20 Filaminast'® 6.0 6.0
21 Mesopram'® 596 3.7
22 Cilomilast" 796 436
23 Roflumilast' 9.17 3.7
24 Piclamilast'® 10.68  5.06
25 Sildenafil" 485  4.11
26 Vardenafil'® 4.86  5.72

"The in vitro inhibitory activity against PDE4 enzyme; pICsy = —log 1Cs0(mm)s *The in vitro inhibitory activity against PDE7 enzyme.

molecules (compounds 18—-26 in table 1) obtained from
ref. [17] were built based on their crystal structure. Models
of the others were built using the structure of compound
10 and minimized using the CHARMM32bl1 force field.
Their biological inhibition data were obtained from patent
documents [18,19].

The 3D structure of PDE4 was taken from the
Brookhaven Protein Databank (PDB code 1PTW). PDE7
shares approximately 32% homology with PDE4. The
sequence of the 321 residues of PDE7 was taken from the
SwissProt database (www.expasy.org/uniprot/Q13946).
To build the 3D structure of PDE7, we used the automated
protein homology-modeling server SWISS-MODEL [20],
and molecular dynamics simulation techniques using the
CHARMM32bl1 force field in an explicit solvent model
with a distance-dependent dielectric constant [21]. The
conformations of the active sites of PDE4 and PDE7 built
from their crystal structures and homology modeling are
compared in figure 1. Table 2 compares the active site
residues of PDE4 and PDE7.

Three new compounds were synthesized using the route
shown in schemes 1 and 2 in Appendix.

2.2 Molecular docking and 3D QSAR studies

Nine molecules obtained from X-ray crystallography
studies were minimized using the CHARMM32b1 force
field with a distance-dependent dielectric constant and
the steepest descent minimization algorithm. Various trials

were carried out to obtain credible binding models for the
17 molecules for which the binding model was unknown.
We chose the best model that showed a good correlation
between the binding energies and biological inhibitory
activities of the compounds, and then we used the chosen
model as the basis for alignment in 3D QSAR studies. We
used a sp > carbon atom and a + 1 net charge atom as a
steric and electronic field energy probe for the 3D QSAR

Q369(PDE4)/Q374(PDET7) "\

Figure 1. The comparison between the conformation of PDE7-PDE4
active sites (Element color: PDE7, magenta: PDE4). Also the pockets
described in table 2 are shown. Two blue (or magenta) balls are metal
atoms like zinc. The above residues shown as thick stick are Q369 (PDE4)
and Q374 (PDE7) known as catalytic residue (colour in online version).
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Table 2. A comparison of the active site residues of PDE4 and PDE7.

Function Symbol PDE4

PDE7

Metal-binding pocket M

Q-pocket Q

Q369, F372
Solvent-filled side pocket S

H160, H164, H200, D102, H204, N209,
L229, E230, D272, M273, D318

Y159, L319, N321, P322, Y329, W332,
T333, 1336, M337, M357, V365, S368,

G206, S208, E339, F340, Q343, S355, C358

H173, H177, H213, D214, H217, Q222,
L1242, E243, D283, 1284, D323

Y172, 1324, N326, P327, S334, W337,
S338, V341, C342, L362, 1370, 1373,
Q374, F377

G219, N221, E344, F345, Q348, S360, C363

studies. A Tripos force field with a distance-dependent
dielectric constant at all interactions in a regularly spaced
(2&) grid was used for the steric and electronic
interactions. The energy cutoff was set to 30 kcal/mol,
and a regression analysis was performed using the full
cross-validated partial least squares (PLS) method of
leave-one-out with the CoMFA standard options for
scaling variables. The minimum sigma was set to
2.0kcal/mol to improve the signal-to-noise ratio by

Figure 2. The binding alignment of 17 inhibitors for which the binding
model was not known against (a) PDE4 (b) PDE7.

omitting those lattice points whose energy variation was
below this threshold. The final model obtained from the
non-cross-validated conventional analysis was developed
with the optimal number of components equal to that with
the highest ¢ . All the molecular modeling calculations
were conducted using version 7.1 of the program SYBYL
on a Linux system.

3. Results and discussion

Figure 2 shows the credible binding conformational
alignment of the 17 compounds for which the binding
model was not known. Based on this binding model, we

(8 160.0
R2=0.60

120.0

80.0 |

Binding Energy
=)
o

0.0

—-40.0

(b) 500.0

* R%2=059

400.0 [

300.0

200.0 -

Binding Energy

1000

0.0
3

Figure 3. The binding energy correlation plot for (a) PDE4 and
(b) PDE7. (The binding energy is represented by kcal/mol).



17: 43 14 January 2011

Downl oaded At:

1112 N. S. Kang et al.

calculated the binding energies for each compound from
the CHARMM force field [21]. We show the correlation
between the binding energies and biological inhibitory
activities in figure 3. The correlation coefficients for
PDE 4 and PDE 7 were 0.60 and 0.59, respectively,
demonstrating that our binding conformations and the
binding models of the compounds used were reasonable

(a)

(b) )\

Figure 4. The complex structure of (a) PDE4 and (b) PDE7 with
compounds 18 (green), 19 (brown), 20 (cyan) and 21 (red) (colour in
online version).

é Q369/Q374

Compound 16

N209/Q222

Figure 5. Comparison of the binding mode with PDE4/PDE7 for
compounds 16 and 17.

and reliable. Figure 4 show the binding models of docked
inhibitors 18-21 with PDE4 and PDE7. These results
reproduced the known crystallized conformations of these
compounds [17].

We focused on inhibitors 16 and 17, which showed a
poor interaction with PDE4, but a good interaction with
PDE7. As shown in figure 5 and table 2, the side chains
N209/Q222 at the metal-binding site and S208/N221 at
the solvent-filling side pocket of PDE4/PDE7 were
positioned differently. The direction and conformation
of Q222 and N221 of PDE7 were more favorable in the
interactions with inhibitors 16 and 17.

We performed a PLS analysis of the PDE4 and PDE7
inhibitors, and the results are shown in table 3. The
predicted activities of a real external testing set, consisting
of the three compounds synthesized, are shown in table 4.

Table 3. The CoMFA results for PDE4 and PDE7 inhibitors.

Cross-
validated Non-cross validated

q2 i3 N 7 1 8 F”

CoMFA PDE4 0.64 4 0.98 0.26 185.83
PDE7 0.68 3 0.96 0.33 138.89

T Cross-validated correlation coefficient; * The number of components; T Conven-
tional correlation coefficient; ¥ Standard error of estimate; | F-test values.
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Table 4. The observed and predicted activities of the three synthesized compounds used in the test set.

Test set” PDE-4,," PDE-4,,.4" PDE-7,," PDE-7,0d
Com0O1 7.22 7.09 4.22 4.53
Com02 7.30 7.08 4.53 4.60
Com03 6.37 7.80 4.80 4.99
"The three compounds in the test set are shown below. *“obs™ indicates the inhibitory activities obtained experimentally and “pred” denotes the value predicted from the
CoMFA model.
F
OCH, OCH, )\
N X0 NN O F~ >0
| | o)
= =
- N N
N N\ -
\\)_©7 CH,OH NO/Q EtOOC~_~
=S S
= =z
| | COOH
N ~ = |
N N ~
N
Com01 Com02 Com03
The correlation plots of the predicted activities (predicted
pICsp) versus their experimental activities (observed
pICso) are depicted in figure 6 for PDE4 and PDE7.
Table 3 and figure 6 demonstrate that the activities
@ predicted by the CoMFA model are in good agreement with

predicted plC50

5 1 1 1 1 1
5 6 7 8 9 10

observable plC50

predicted plC50

4 1 1 1
4 5 6 7 8

observable pl C50

Figure 6. The correlation plots of the predicted activities (predicted
plICsp) versus the experimental activities (observable pICs) for (a) PDE4
(b) PDE7.

the experimental data. Thus, the CoMFA model con-
structed based on the docking model is reliable.

Figure 7 shows 3D coefficient contour interaction maps
of the CoMFA results for PDE4 in (a) and PDE7 in (b).
The CoMFA contour map is mapped with the PDE4 and
PDET7 active sites in figure 8. This demonstrates regional
variation in the steric and electrostatic characteristics
of the structural features for the different molecules
contained in the training set that increases or decreases the
biological activity. In these contour maps, the green
regions indicate areas where a sterically bulkier group
enhances the enzymatic inhibitory activity, while the
yellow regions show that a sterically less bulky group
favors the inhibitory activity. Blue regions suggest areas
where more positively charged groups favor the enzymatic
inhibitory activity, while red regions indicate that more
negatively charged groups favor this activity.

The CoMFA contour map showed favorable regions
for the steric interaction, indicated as the green contour
around the metal-binding pocket and solvent-filled side
pocket in PDE4 and PDE7. In comparison to the CoMFA
map between PDE4 and PDE7, the steric-related CoMFA
map of the region around the Q-pocket showed that PDE7
admitted bulkier substitutes than PDE4. This is why the
1336 residue in the Q-pocket of PDE4 corresponds to
the V341 residue in the Q-pocket of PDE7. Notably,
substitutes near the Q-pocket in PDE7 allow a less bulky
group than those in PDE4; this occurs because the S368
residue in the Q-pocket of PDE4 changes to an 1274
residue in the Q-pocket of PDE7, and the side chain of the
1274 residue extends into part of the Q-pocket as shown in
table 2. The region between the metal-binding pocket and
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(b)

Figure 7. The CoMFA interaction contour maps are shown (a) for PDE4 and (b) for PDE7. In these contour maps, the green regions indicate areas
where a sterically bulkier group enhances the enzymatic inhibitory activity, while the yellow regions show that a sterically less bulky group favors the
inhibitory activity. Blue regions suggest areas where more positively charged groups favor the enzymatic inhibitory activity, while red regions indicate
that more negatively charged groups favor this activity (colour in online version).

solvent-filled side pocket is yellow in PDE4 only. In this
region, the side chain of the M274 residue in PDE4 is
flexible and thus can adopt two stable conformations as
shown in figure 9. But for our training set, the side chain of
M274 residue adopts the conformation like as 10YN in

figure 9, so restricts the small approaching compounds.
In addition, the region between the Q-pocket and metal-
binding pocket showed that PDE4 allows larger groups
to enhance the activity compared to PDE7. In several
reported PDE4 complex structures, a water molecule is
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(b)

ﬂ( : ;
) ‘%’)\
Ay

Figure 8. The Mapping of CoMFA contour map with (a) PDE4
(b) PDE7 active sites. Q, S and M represent Q-pocket, solvent-filled side
pocket and metal-binding pocket, respectively.

found in this region [17,22—24]. Therefore, substitutes
near the metal-binding region might allow some bulky and
electronegative groups, as shown in figure 7(a). In the
metal-binding region, both PDE4 and PDE7 prefer to
accept an electronegative substitute that interacts with
metal ions via an indirect water-bridged hydrogen bond
[25,26], such as a pyridine or pyridine oxide. Particularly
in PDE7, more red is seen in the map near the metal-
binding region due to the N221 residue in the solvent-filled
side pocket and the Q222 in the metal-binding pocket.
Based on these results, we considered the interaction with
the Q-pocket and solvent-filled side pocket in designing
dual PDE4 and PDE7 inhibitors and synthesized the three
compounds shown in table 4 and schemes 1 and 2.

As a reference compound, we used roflumilast (pICsy =
9.17, pICsg = 3.7 for PDE4 and PDE7) [17], which has
reached Phase III status. The 1-(cyclopropylmethoxy)-2-
difluoromethoxy benzene moiety of roflumilast, with a
volume of 668.82, was changed to a 3-(cyclopentyloxy)-2-
methoxypyridine having a volume of 642.36 to reduce the

Figure 9. The side chain flexibility of M274 residue found in the
crystallized structure of Protein data bank (1TBB?* in gray element color
and 10YN'? in green element color) (colour in online version).

volume of the moiety in the Q-pocket slightly. In addition,
to compensate for the interaction with the solvent-filled
side pocket, we introduced a pyrazole moiety and its
derivatives, as shown in table 4. These compounds
(Com01; pICsy = 4.22, Com02: pICsy = 4.53) were nearly
eight times more potent than roflumilast at inhibiting
PDEY in vitro, while their activities against PDE4 were not
enhanced. Conversely, retaining the roflumilast moiety that
interacts with the Q-pocket, while changing the moiety
interacting with the solvent-filled side pocket and
Q-pocket, we synthesized compound Com03, which has
a carboxyethyl group. Com03 showed improved inhibition,
and its activity against PDE7 was ten times greater than
that of roflumilast in vitro, while the inhibition of PDE4
decreased to 43nM (pICsy = 6.37).

In conclusion, this observation combining 3D QSAR
and a binding study led to the design and synthesis of dual
PDE4 and PDE7 inhibitors. Further studies will optimize
these compounds with dual PDE4 and PDE7 inhibitory
activities for treating inflammatory disease, asthma, and
COPD.
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Z ~
N imidazoleMC N BuLi, THF,-78°C
O CH,OH 91% D—@—CHZOTBDMS
OCH, OCH,
7 CS,, NaH 7 Ph,SnH, Et.B
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Scheme 2. We prepared com 1 starting from 6-hydroxynicotinic acid in 17 steps with an overall yield of 3%. Com 3 was obtained by the condensation

N. S. Kang et al.

of 3-Cyclopropylmethoxy-4-difluoromethoxybenzaldehyde and pyridin-4-yl-acetic acid ethyl ester using ammonium acetate in 40% yield.
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