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Chapter 17
A Unique Sub-Pocket for Improvement 
of Selectivity of Phosphodiesterase Inhibitors 
in CNS

Yousheng Wang and Hengming Ke

Abstract This chapter describes crystal structures of phosphodiesterases (PDEs) 
that are involved in CNS diseases and their interactions with family selective inhibi-
tors. The structural comparison identifies a small hydrophobic pocket next to the 
active site, which may be valuable for improvement of selectivity of PDE inhibitors.
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cAMP cyclic adenosine monophosphate
cGMP cyclic guanosine monophosphate
IBMX 3-isobutyl-1-methylxanthine
PDE phosphodiesterase
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17.1  Introduction

Phosphodiesterase (PDE) is a superfamily of enzymes hydrolyzing the second mes-
sengers cGMP and cAMP. Human genome encodes 21 genes that are categorized 
into 11 PDE families and express >100 isoforms of proteins (Conti and Beavo 2007; 
Maurice et al. 2014). PDE molecules contain a conserved catalytic domain at the 
C-terminus and a variable regulatory domain at the N-terminus. The catalytic 
domains of PDEs are well conserved but selectively hydrolyze their preferable sub-
strates: PDE5, PDE6, and PDE9 specifically recognize cGMP as their substrate, 
while PDE4, PDE7, and PDE8 are cAMP-specific. The remaining PDE families are 
capable of degrading both substrates. For critical roles of the second messengers 
cAMP and cGMP in physiological processes, PDE inhibitors have been widely 
studied as therapeutics for treatment of human diseases (Conti and Beavo 2007; 
Maurice et al. 2014). A well-known example is the PDE5 inhibitor sildenafil that 
has been approved for the treatment of erectile dysfunction and pulmonary hyper-
tension (Rotella 2002; Galie et  al. 2005). This chapter will describe interactions 
between the inhibitors and PDEs in CNS to provide structural insight into design of 
PDE inhibitors.

17.2  Conservation of the PDE Active Sites for Binding 
of Substrates and Inhibitors

After the first crystal structure of the PDE4B catalytic domain (Xu et  al. 2000), 
structures of catalytic domains of nine out of eleven PDE families (PDE1–5 and 
PDE7–10) are available and have greatly guided design of PDE family selective 
inhibitors (Ke and Wang 2007). The catalytic domains of PDEs contain 300–350 
amino acids and their active site pockets are well conserved (Table 17.1).

The active site can be divided into two major sub-pockets respectively for metal 
and inhibitor binding (Fig. 17.1). Two metal ions occupy the metal binding sub- pocket. 
A zinc ion was identified by the anomalous scattering experiment and coordinates 
with four invariant residues in PDE families: His529, His563, Asp 564, and Asp 674 in 
PDE10A2 (Table 17.1). Another metal ion has been assigned but not confirmed as 
magnesium or manganese, dependent on PDE family, and forms only one coordina-
tion with Asp564. A hydroxide ion bridges the two metal ions and presumably serves 
as nucleophile to initiate the hydrolysis of the cyclic nucleotide (Xu et al. 2000; Zhan 
and Zheng 2001; Huai et al. 2003). The two ions chelate with several water molecules 
and form an octahedral configuration. The sub-pocket for inhibitor binding shows two 
characteristic features: (1) an invariant glutamine (Gln726  in PDE10A2) forms a 
hydrogen bond with substrate or inhibitors and (2) a conserved phenylalanine 
(Phe729  in PDE10A2) stacks against a hydrophobic group of substrates/inhibitors 
such as adenosine of cAMP (Fig.  17.1b). In addition, two hydrophobic residues 
(Ile693 and Phe696 in PDE10A2) together with the conserved phenylalanine (Phe729) 
sandwich the adenosine of cAMP to form a hydrophobic slot.
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Fig. 17.1 The active site of PDE10A2 catalytic domain. (a) Surface presentation of the active site 
of PDE10A2. Substrate cAMP is shown as yellow sticks and zinc and magnesium are presented 
with green and pink balls. (b) Ribbon diagram for cAMP binding to PDE10A2. Dotted lines rep-
resent hydrogen bonds or charge-charge interactions with zinc and magnesium

Fig. 17.2 Overlay of PDE4 inhibitors with catechin scaffold suggests five pharmacophores. The 
CORE group is well superimposed and stacks against a conserved phenylalanine (Phe372  in 
PDE4D2), in addition to hydrophobic interactions with conserved Phe341 and Ile336, thus con-
tributing basic affinity for non-selective binding of the inhibitors. Other pharmacophores R1-R4 
appear to contribute to the selective binding of the PDE4 inhibitors

Y. Wang and H. Ke
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The above features are well conserved for binding of most PDE inhibitors. For 
example, the classic PDE4 inhibitor rolipram uses its catechin group to form two 
hydrogen bonds with the invariant glutamine (Gln369  in PDE4D2) and stacks 
against the conserved phenylalanine (Phe372 in PDE4D2, Huai et al. 2003). When 
the rolipram analogs such as roflumilast, a drug for the treatment of severe chronic 
obstructive pulmonary disease (Field 2008), are superimposed one another, they can 
be divided into five pharmacophores of CORE, R1-R4 (Fig. 17.2). The CORE phar-
macophore or catechin forms two hydrogen bonds with Gln369 and stacks against 
Phe372 of PDE4D2 (Fig. 17.2), and may account for basic affinity of most inhibi-
tors. The remaining pharmacophores are located in slightly different environments 
of PDE families and may thus contribute to selective binding of the inhibitors.

17.3  A Unique Subpocket for Improvement of Selective 
Binding of PDE Inhibitors

An early study on the crystal structure of the Leishmania major phosphodiesterase 
B1 (LmjPDEB1) revealed a small hydrophobic pocket neighboring the active site 
(Wang et al. 2007). Approach to this subpocket is gated by two residues: Met874 
and Gly886 of LmjPDE1 (Fig. 17.3). Since the size of these two residues is appar-
ently large in human PDE families, the subpocket was thought to specially belong 
to Leishmania major phosphodiesterases and was named as the L-pocket (Wang 
et al. 2007). Later, a careful examination on the structure of Trypanosoma brucei 
phosphodiesterase B1 and the sequences of other parasite PDEs show possible 
accession to the pocket in the parasite PDEs and thus the pocket was renamed as the 
P-pocket (Jansen et al. 2013). However, this claim was not completely justified by 
the crystal structure of human PDE10 catalytic domain in complex with inhibitor 

Fig. 17.3 Sequence alignment for the subpocket neighboring the active sites PDEs. The green 
color highlights helices in the crystal structures. Two residues in red gate the pocket
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PF-2545902, in which a fragment of the PDE10 inhibitors interacts with the P-pocket 
and thus the pocket was named as the PDE10 selective pocket (Verhoest et al. 2009).

Recently, the crystal structure of PDE9 in complex with inhibitor C33 revealed that 
the tyrosyl group of (S)-enantiomer of C33 oriented to and interact with a small sub-
pocket that is composed of a portion of helices H14 and H15 and the M-loop (Fig. 17.4), 
while its (R)-enantiomer adopted different conformation. Since the M-loop is a major 
contributor, the pocket was named as the M-pocket. Helices H14 (Leu420, Leu421 and 
Phe425) and H15 contribute two walls of the pocket, while Val447 and backbone of the 
M-loop form the bottom of the pocket. In fact, the M-pocket is identical to the P-pocket 
or PDE10-selective pocket, and may thus serve as a general pocket for improvement of 
selectivity of PDE inhibitors. Sequence alignment reveals that the gating residues vary 
significantly across PDE families (Fig. 17.3) so as to make the pocket inaccessible for 
many human PDEs (Wang et al. 2007; Wang et al. 2012).

In addition to the accessibility gated by two residues, the M-pocket shows sig-
nificant different size, conformation, and sequence components (Fig. 17.3), and thus 
may serve as an important element for improvement of selective binding of PDE 
inhibitors. For example, the M-pocket in PDE5, which is composed of Val782, 
Ala783, Phe786, Phe787 and Ile813 (Fig. 17.5a), is small and slightly deeper than 
that of PDE9. Two large gating residues of Leu804 and Met816 would allow small 
group to penetrate into the pocket, such as an ethoxyl fragment in the PDE5- 
sildenafil structure (Wang et  al. 2008). The affinity of the PDE5 inhibitors was 
 significantly improved by the replacement of ethoxyl with propoxy group (Salem 
et al. 2006). The M-pocket in the PDE8A1 structure, which is made up of residues 
Ser745, Tyr748, Phe749, Phe767, and Cys772, is much shallower and smaller than 
that of PDE9 and might not well accommodate their inhibitors (Fig. 17.5b). In the 
structure of PDE1, the M-loop has a good conservation of amino acids to those of 

Fig. 17.4 The inhibitor binding to the M-pocket of PDE9. (a) Surface model for binding (S)-C33 
(yellow sticks) to the M-pocket of PDE9. (b) Binding of (R)-C33 (cyan sticks) to PDE9A. Dotted 
lines represent hydrogen bonds
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PDE9, as shown by correspondence of Leu388, Met389, and Phe392 of PDE1B to 
Leu420, Leu421, and Y424 of PDE9, respectively. Since part of the M-pocket is 
disordered in PDE1, it might reasonably predict a poor selectivity of PDE9 inhibi-
tors against PDE1, as observed in the PDE9 structure (Wunder et al. 2005).

Fig. 17.5 The M-pockets in some PDE families. (a) Surface presentation of the M-pocket of 
PDE5. (b) Surface presentation of the M-pocket of PDE8A. IBMX is a non-selective inhibitor of 
PDEs. (c) Ribbon presentation of the superposition of PDE9 (green) over PDE1B (cyan). The 
M-loop of PDE1B is partially disordered. The corresponding residues between PDE9A2 and 
PDE1B are: M365/M336, N405/H373, L420/L388, L421/M389, Y424/F392, Q453/Q421, and 
F456/F424
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17.4  Conclusive Remarks

We believe that the M-pocket may serve as a selectivity determinant for inhibitors 
binding and is useful for improvement of inhibitor affinity and selectivity.
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