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Abstract—Sildenafil, one of selective phosphodiesterase 5 (PDES) inhibitors, is a widely used oral agent for the treatment of erectile
dysfunction. To develop new PDES inhibitors with improved therapeutic efficacy, a series of sildenafil analogues have been prepared
and their in vitro PDES inhibitory activities were evaluated. Their ICs, values ranged from 423 to 0.05 nM. Herein, the results of
3D-QSAR (CoMFA and CoMSIA) analyses on these inhibitors are reported. Both COMFA and CoMSIA gave reliable models with
¢* values >0.75 and r? values >0.99. The resulting COMFA and CoMSIA models reveal a good correlation between the contour
maps and the active site residues critical for the interaction with inhibitor, and nicely predict the key structural features of new ana-

logues with improved activity and selectivity.
© 2007 Elsevier Ltd. All rights reserved.

The cGMP-specific PDES carries out the principal
c¢GMP-hydrolyzing activity in human corpus caverno-
sum tissue. Sildenafil (Viagra®), a known selective and
potent inhibitor of PDES5, was the first drug for the
treatment of male erectile dysfunction in 1998.! By an
action of blocking the PDES activity, cGMP accumu-
lates in the corpus cavernosum and eventually leads to
penile erection. PDES is a therapeutic target of consider-
able research interest as can be seen by numerous publi-
cations regarding the design, synthesis, and optimization
of new PDES inhibitors such as vardenafil (Levitra®
FDA approved on Aug. 2003), tadalafil (Cialis® FDA
approved on Nov. 2003), and other compounds under
clinical trials.?>

To develop new PDES inhibitors with improved thera-
peutic efficacy based on the structure of sildenafil, we
have prepared a series of sildenafil analogues and evalu-
ated their in vitro PDES inhibitory activities (Fig. 1 and
Table 1).* Many of these compounds were shown to
have more potent inhibitory activities than sildenafil.

Keywords: PDES5 inhibitors; 3D-QSAR modeling; SK3530.

* Corresponding author. Tel: +82 31 290 7719; fax: +82 31 292 8800;
e-mail: hyunju85@skku.edu

T Present address: Department of Medicinal Chemistry, Faculty of
Life Sciences, University of Vienna, Austria

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.05.064

In this study, we have conducted a 3D-QSAR/CoMFA
(comparative molecular field analysis) and CoMSIA
(comparative molecular similarity indices analysis) on
the compounds listed in Table 1 with respect to their
PDES inhibition activity. The results would decide the
substituent properties of these compounds and provide
a rationale for the design of more selective and potent
analogues.

CoMFA and CoMSIA. 3D-QSAR analyses® were per-
formed using CoMFA and CoMSIA for training set of
26 novel compounds including sildenafil and testing set
of 7 compounds listed in Table 1.

Figure 1. Modification of sildenafil structure.
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Table 1. Structure of the compounds in the training and test set

Entry Group R n X Y —loglICsp (WM)  Entry Group X n R! R?>  —logICs, (LM)
1 A Et 0 CH — 3.29 17 C — — Me —  3.09
2 A Et 1 CH — 3.48 18 C — — Et — 342
3 A Et 2 CH — 3.82 19 C — —  n-Pr —  3.57
4% A Et 3 CH — 3.66 20* C — — i-Pr — 346
5 A Et 2 N — 3.39 21° C — — ¢-Hex — 338
6" A n-Pr 0 CH — 3.82 22 D N 1 Et H 374
7 A n-Pr 1 CH — 3.96 23 D N 2 Et H 355
8 A n-Pr 2 CH — 4.3 24 D CH 0 Et H 352
9* A n-Pr 3 CH — 33 25 D CH 1 Et H 377

10 B Me — CH, CH, 0.62 26 D N 1 Et Et 324

11 B Me — O CH, 0.37 27 D N 2 Et Et 298

12¢ B Me — O (CHy), 2.1 28 D CH 0 Et Et 3.39

13 B (CH,),OH — CH, CH; 0.69 29 D CH 1 Et Et 347

14 B (CH;,OH — CH, (CHy, 19 30 D N 2 H H 3.03

15 B (CH,,OH — O CH, 0.48 31 D CH 0 H H 315

16 B (CH,OH — O (CHy), 22 327 D CH 1 H H 349

Sildenafil 2.75
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Figure 2. Results of cross-validated ¢ for different field combinations.
(s, steric; e, electrostatic; h, hydrophobic; d/a, H-bond donor/
acceptor).

The 3D-QSAR on CoMFA model was carried out using
standard option in Sybyl.® Statistically significant values
of CoMFA gave cross-validated ¢° =0.819 with five
optimized components. The ratio of contribution from
steric and electrostatic is 0.446:0.554.

For CoMSIA modeling,’ an evaluation of the five CoM-
SIA fields which are actually needed for a predictive
model was initially performed by calculating all possible
combinations of fields, and the results are shown in
Figure 2. The first five models, using a single CoMSIA
field, indicated that steric and hydrophobic fields were
more important than the other three fields. The
combination of steric and hydrophobic field gave the
best model (¢ = 0.751).

As the best COMFA and CoMSIA model, a correlation
coefficient of > = 0.995 and a cross-validated coefficient
of ¢>=0.819 and 0.751 were obtained, respectively
(Table 2). The final CoOMFA and CoMSIA models were
satisfactory by giving the statistical significance and the
predictive ability of the training set and test set (see the
Supplementary Fig. 1).

Binding mode of sildenafil. The X-ray crystal structure of
PDES5 complexed with sildenafil (pdb entry = 1UDT)’®
was retrieved from the Protein Data Bank (PDB). The
active site region was defined as a sphere within the
6.5A from the reference ligand, sildenafil. Surface
hydrophobicity (lipophilicity) potential physicochemical
property map of the PDES active site was generated on
the solvent assessible (connolly) surface using the MOL-
CAD module in SYBYL.®

The resulting lipophilic potential surface map of the
binding site shows a general complementarity as
depicted in Figure 3. Brown regions on the binding site
surface map represent lipophilic potential (hydropho-
bic). The ethoxyphenyl group of sildenafils fit into the
hydrophobic pocket formed by Phe786, Ala783,
Leu804, and Val782, and the pyrazolopyrimidinone ring
also forms hydrophobic interaction with the side chains
of Val782, Tyr612, and Phe820 in the binding pocket.”

CoMFA and CoMSIA contour maps. To visualize the
information content of the derived 3D-QSAR models,
CoMFA and CoMSIA contour maps were generated.
The field energies at each lattice point were calculated
as the scalar results of the coefficient and the standard
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Table 2. Summary of 3D-QSAR analysis results

N? ° e F value SEY
CoMFA (steric, 5 0.819 0.995 759.0 0.092
electrostatic)
CoMSIA (steric, 5 0.751 0.995 726.4 0.094
hydrophobic)

4 Optimum number of component.
® Cross-validated.

¢ Conventional.

dStandard error.
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Figure 3. Surface representation of the sildenafil-bindig pocket of
PDES5 in the X-ray structure. Color ramp (left): lipophilic potential
(LP), magenta (ribbon): PDES secondary structure.

deviation associated with a particular column of data
table, which was plotted as the percentage of the contri-
bution to the COMFA or CoMSIA equation. The con-
tour plots around the substitutions could reflect the
properties of the corresponding region in the active site
of PDES and could guide the rational optimization of
the sildenafil in the data set.

CoMFA and CoMSIA contour maps of steric fields re-
vealed similar results (Fig. 4). The green contours repre-
sent the regions of high steric tolerance, while yellow
contours represent regions of unfavorable steric effects.
The sterically favored regions and electrostatic field
are around the methylpiperazine group of sildenafil
(Fig. 4A), which indicates that compounds with larger
substitutions or charged are essential for high inhibitory
activity. For example, the groups A and D that intro-
duce a carboxylic acid group and phosphonate group
to the 5'-sulfonamide moiety of the phenyl ring greatly
enhanced PDES inhibitory activity.

As shown in Figure 4B and C, cyan regions in CoMSIA
contour map indicate areas where hydrophobic substitu-
tions are preferred. The hydrophobic favored regions
are around the alkoxy group of the phenyl ring and
methylpiperazine group of sildenafil, which is similar
to the steric favored regions in CoMFA countour
map. It was observed that the PDES inhibitory activity
of group C was enhanced as the chain length of R'
group increased. A comparison of group A and group
B shows that the addition of an ether ring fused into
the phenyl moiety results in the decrease of the inhibi-
tory activity.

The open chain 2’-alkoxy group of the phenyl ring in
compound 8, although less effective for inducing the
co-planarity, seemed to act as a much better hydropho-
bic requirement than the cyclic alkoxy moiety in com-
pound 11 (Fig. 4B and C).

Validation of 3D-QSAR models. In the present study, we
have established predictive CoMFA and CoMSIA 3D-
QSAR models for a series of novel sildenafil analogues.*
3D-QSAR analyses showed that predicted activities cor-
relate well with experimental 1Csy values, suggesting
that the 3D-QSAR models are reliable.

Figure 4. Contour plots of CoOMFA model with sildenafil (A), and CoMSIA model with the most active compound 8 (B) and the least active
compound 11 (C). Steric fields (green, bulky substitution favored; yellow, bulky substitution disfavored); electrostatic fields (blue, electropositive
group favored; red, electronegative group favored); hydrophobic fields (cyan, favored; white, disfavored).
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Figure 5. Structure of SK3530, 5-ethyl-2-{5-[4-(2-hydroxyethyl)-piper-
azine-1-sulfonyl]-2-propoxyphenyl}-7-propyl-3,5-dihydropyrrolo [3,2-
d]-pyrimidin-4-one.

The resulting CoMFA -steric and CoMSIA-hydrophobic
field maps well represent the sildenafil-binding pocket in
PDES and suggest where to modify a molecular struc-
ture in order to improve the binding affinity.

Interestingly, the predictive ability of these models can be
validated by the structure of SK3530 shown in Figure 5.
SK3530 is a new analogue derived from series B and C
(Table 1) having more improved activity and selectivity
over other PDEs,® and is currently under clinical
evaluation.’

The noticeable structural features of SK3530 are N-ethyl
group of pyrrolopyrimidinone ring (N5 position) and
propoxyphenyl group, which bear a substituent ;one meth-
ylene unit longer, respectively, in comparison with the cor-
responding positions of sildenafil. These alkyl substituents
well conform to the features shown both in the CoOMFA
steric and CoMSIA hydrophobicity contour maps shown
in Figure 4, which predict the positions for bulky and
hydrophobic substituents to increase the activity.

In summary, the CoMFA and CoMSIA models
obtained from this study offer crucial information about
the three-dimensional interaction of various sildenafil
analogues with PDES. Especially, the steric and hydro-
phobic requirements for recognition of the active site
of receptor are well described. This study provides struc-
tural insight into the design of analogous PDES5 inhibi-
tor with improved activity and selectivity.
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