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Structural Basis for the Activity of Drugs
that Inhibit Phosphodiesterases

a myriad of physiological processes, such as immune
responses, cardiac and smooth muscle contraction, vi-
sual response, glycogenolysis, platelet aggregation, ion
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Of the 11 classes of human cyclic nucleotide phos-
phodiesterases, the PDE4 family of enzymes is selective
for cAMP, while the PDE5 enzyme is selective for cGMPSummary
(Beavo and Brunton, 2002; Conti, 2000; Mehats et al.,
2002). Within the PDE4 subfamily, which is comprisedPhosphodiesterases (PDEs) comprise a large family
of four members (Houslay and Adams, 2003), PDE4B isof enzymes that catalyze the hydrolysis of cAMP or
of particular importance in the inflammatory responsescGMP and are implicated in various diseases. We de-
of lymphocytes. Indeed, targeted disruption of thescribe the high-resolution crystal structures of the ca-
PDE4B gene resulted in viable mice (Jin and Conti,talytic domains of PDE4B, PDE4D, and PDE5A with
2002). However, monocytes isolated from these miceten different inhibitors, including the drug candidates
exhibit dramatically reduced cytokine production in re-cilomilast and roflumilast, for respiratory diseases.
sponse to lipopolysaccharide (Jin and Conti, 2002).These cocrystal structures reveal a common scheme
Hence, PDE4B represents an attractive target for anti-of inhibitor binding to the PDEs: (i) a hydrophobic
inflammatory therapeutics, and a number of PDE4 inhibi-clamp formed by highly conserved hydrophobic resi-
tors are currently being tested in late stages of clinicaldues that sandwich the inhibitor in the active site;
development. For example, cilomilast (Ariflo) and roflumi-(ii) hydrogen bonding to an invariant glutamine that
last (Daxas) have been applied for the treatment ofcontrols the orientation of inhibitor binding. A scaffold
asthma and chronic obstructive pulmonary diseasecan be readily identified for any given inhibitor based
(COPD) with very encouraging results (Barnette et al.,on the formation of these two types of conserved inter-
1998; Bundschuh et al., 2001; Hatzelmann and Schudt,actions. These structural insights will enable the de-
2001). However, it is thought that nausea and emesis,sign of isoform-selective inhibitors with improved
the most common side effects of PDE4 inhibitors, arebinding affinity and should facilitate the discovery of
caused by the inhibition of PDE4D in the brain (Robi-more potent and selective PDE inhibitors for the treat-
chaud et al., 2002). Design of inhibitors selective towardment of a variety of diseases.
different PDE4 subtypes is challenging due to the high
degree of sequence and structural similarity. Under-

Introduction standing of these PDE4 subtypes at the atomic level
would greatly facilitate the design of subtype-selective

Phosphodiesterases (PDEs) play a critical role in main- inhibitors with reduced side effects and improved phar-
taining the cellular level of cyclic adenosine monophos- macological profiles.
phate (cAMP) and cyclic guanosine monophosphate The PDE5 isoform is expressed in smooth muscle
(cGMP) (Beavo, 1995; Conti and Jin, 1999; Houslay, tissue, importantly, in the corpus cavernosum (Corbin
1998). cAMP and cGMP are ubiquitous second messen- and Francis, 1999). The PDE5 inhibitor sildenafil (Viagra)
gers that mediate biological responses to a variety of provides an effective treatment for erectile dysfunction
extracellular cues, including hormones, neurotransmit- (Ballard et al., 1998) since this drug enhances the level
ters, chemokines, and cytokines. Increased concentra- of cGMP activity that accompanies sexual arousal. Var-
tion of these cyclic nucleotides results in the activation denafil (Levitra) (Haning et al., 2002) and tadalafil (Cialis)
of protein kinase A and protein kinase G. These protein (Porst, 2002) are two additional PDE5 inhibitors that
kinases phosphorylate a variety of substrates, including have recently been approved for the treatment of erectile
transcription factors and ion channels, which regulate dysfunction. Despite the clear utility of these com-

pounds, one potential drawback is cross-reactivity with
the closely related PDE6 and PDE11. It is thought that*Correspondance: kzhang@plexxikon.com
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Table 1. Residues Lining the Active Site of PDE4B, PDE4D, and PDE5A Are Divided into Three Pockets

Function Symbol PDE4B PDE4D PDE5A

Metal binding pocket M H234, H238, H274, H160, H164, H200, H613, H617, H653,
D275, H278, N283, D201, H204, N209, D654, H657,
L303, E304, D346, L229, E230, D272, N662, M681, E682,
M347, D392 M273, D318 D724, L725, D764

Q switch and P clamp pocket Q Y233, L393, N395, Y159, L319, N321, Y612, L765, A767,
P396, Y403, W406, P322, Y329, W332, I768, Q775, I778,
T407, I410, M411, T333, I336, M337, A779, V782, A783,
M431, V439, S442, M357, V365, S368, L804, I813, M816,
Q443, F446 Q369, F372 Q817, F820

Solvent-filled side pocket S G280, S282, E413, G206, S208, E339, G659, N661, E785,
F414, Q417, S429, F340, Q343, S355, F786, Q789, T802,
C432 C358 M805

Residues in bold are absolutely conserved in all PDEs. Residues that are underlined are conserved in both cAMP- and cGMP-specific PDEs.

this cross-reactivity is responsible for side effects such bound to the active site, revealed an overall topology
of a compact �-helical structure consisting of three sub-as blue-tinged vision and back and muscle pain that

were experienced by some patients that were treated domains (Huai et al., 2003a, 2003b, 2003c; Lee et al.,
2002; Sung et al., 2003; Xu et al., 2000). The PDE activewith these drugs (Gresser and Gleiter, 2002). The avail-

ability of PDE5 structural information may enable the site forms a deep pocket located at the junction of the
three subdomains and is lined with highly conserveddevelopment of new PDE5 inhibitors with improved se-

lectivity toward PDE5 versus PDE6 and PDE11. residues (Table 1). The active site is approximately 15 Å
deep and has an opening of approximately 20 Å by 10 ÅOur understanding of the mode of action and function

of PDEs has been greatly enriched through the crystal (Figure 1A). At the wider side of the active site is a
binuclear metal ion center. Both metal ions adopt near-structures of the catalytic domains of PDE1B (Zhang et

al., 2004), PDE3B (Scapin et al., 2004), PDE4B (Xu et al., ideal octahedral coordination geometry. The first metal
ion is a zinc ion (Zn2�) that is coordinated by two histi-2000, 2004; Zhang et al., 2004), PDE4D (Huai et al.,

2003a, 2003b, 2003c; Lee et al., 2002; Zhang et al., 2004), dines, two aspartates, and two water molecules. These
two histidines and two aspartates are absolutely con-PDE5A (Huai et al., 2003b; Sung et al., 2003; Zhang et

al., 2004), and PDE9A (Huai et al., 2004). However, these served across all the PDE family members. The second
metal ion is most probably a magnesium ion (Mg2�) thatstructures do not shed light on the key interactions that

define the common and selective features of the various is coordinated by the same aspartate that also coordi-
nates to Zn2�, and five water molecules, one of whichinhibitors. We report here the cocrystal structures of

PDE4B, PDE4D, and PDE5A chimera in complex with ten bridges the Mg2� and Zn2�. At the narrow side of the
pocket are the invariant purine-selective glutamine andknown inhibitors, including several drug candidates at late-

stage clinical development. These cocrystal structures a pair of conserved residues that form the hydrophobic
clamp (herein referred to as P clamp). The active sitehave revealed two common features of inhibitor binding

to PDEs: a planar ring structure of the inhibitor that is pocket has a surface area of approximately 671 Å2,
677 Å2, and 675 Å2 and a volume of 875 Å3, 925 Å3, andheld tightly in the active site by a pair of hydrophobic

residues, and hydrogen bond (H bond) interactions with 927 Å3 in PDE4B, PDE4D, and PDE5A, respectively.
The active site can be subdivided into three pocketsan invariant glutamine residue that is essential for nucle-

otide recognition and selectivity (Zhang et al., 2004). These (Figure 1A): a metal binding pocket (M pocket); a solvent-
filled side pocket (S pocket); and a pocket containingtwo common features define the scaffold of all known

PDE inhibitors. We found that interactions with residues the purine-selective glutamine and hydrophobic clamp
(Q pocket). The M pocket contains the dimetal ions andlining the two hydrophobic pockets near the invariant

purine-selective glutamine are important for inhibitor highly conserved hydrophobic and polar residues that
coordinate the metal ions (Figure 1A and Table 1). Thebinding. The inhibitor potency can be further increased

by exploring interactions with residues near the dimetal S pocket consists mainly of hydrophilic amino acids and
is filled with a network of water molecules in most ofion center as well as through the formation of water-

mediated interactions with the metal ions. We also dem- the inhibitor complexes. This region is mostly conserved
among PDE4B and PD5A (Table 1).onstrate that the selectivity of inhibitors toward different

members of the PDE family can be achieved by ex- The Q pocket can be further divided into three distinct
areas: a “saddle” formed by the conserved glutamineploiting the differences in the shape and hydrophobicity

of the binding pockets near the invariant purine-selec- and the P clamp, flanked by two narrow but deep hy-
drophobic pockets (Q1 and Q2) (Figures 1B and 1C). Thistive glutamine.
region is comprised mainly of hydrophobic residues that
are less conserved than the residues of the M pocketResults and Discussion
(Figure 1D; Table 1), with Q4434B and N3954B being partic-
ularly important for nucleotide recognition (where theThe Inhibitor Binding Site of PDEs

The cocrystal structures of the catalytic cores of PDE4B, superscript identifies the protein to which the residue
belongs, i.e., 4D for PDE4D, 4B for PDE4B, and 5A forPDE4D, and PDE5A, in complex with different inhibitors



Structural Basis of Inhibitor Binding to PDEs
2235

Figure 1. Classification of the Active Site of PDEs

(A) The active site of PDEs is divided into three pockets: the metal binding pocket (M) shown in blue, the purine-selective glutamine and
hydrophobic clamp pocket (Q) shown in red (which is further divided into Q1 and Q2 subpockets), and the solvent-filled side pocket (S) shown
in green. This color coding of the active site pocket is mapped on the surface of PDE4B in complex with cilomilast, which is shown as a stick
model bound at the active site. The cocrystal structure of PDE4B in complex with cilomilast has also been used to display the surfaces in
(B)–(D).
(B) Same as (A), but a view of the PDE active site looking toward the S pocket. This view is a clockwise rotation of about 90� along the length
of cilomilast from the view in Figure 1A. The subpockets that subdivide the Q pocket are also labeled: Q1 is the small subpocket, and Q2 is
the large subpocket.
(C) Same as (A), but a view of the PDE active site looking away from the S pocket. This view is a counterclockwise rotation of about 90� along
the length of cilomilast from the view in Figure 1A. All the subpockets are labeled.
(D) Residues lining the three active site pockets. The active site surface is semitransparent to reveal residues that make up the active site.
The absolutely conserved residues in all PDEs are colored blue. Residues conserved in both cAMP- and cGMP-specific PDEs are colored
green. The other variable residues are colored red.

the chimeric PDE5A. This naming convention will be by a planar ring sandwiched by the hydrophobic clamp
and the formation of an H bond with an invariant gluta-used hereafter.). The Q1 pocket is a small hydrophobic

pocket pointing away from the S pocket, while the Q2 mine. The substructure of the inhibitors that bind to this
core represents a framework upon which more potentpocket is larger and adjacent to the S pocket. Because

of the less conserved nature of the residues in the Q and selective inhibitors can be developed.
All the known inhibitors bound to PDEs occupy partpocket of different PDE family members, these regions

may be exploited for generating isoform-selective PDE of the active site, primarily around the Q pocket and
occasionally close to the M pocket (Figure 2B). Theinhibitors.
interactions that these inhibitors make with PDE4B,
PDE4D, and PDE5A can be split into three major types:Defining the Scaffold
interactions with the metal ions mediated through water;The superposition of all the inhibitors bound to PDE4D,
H bond interactions with the protein residues involvedPDE4B, and PDE5A has revealed with astounding clarity
in nucleotide recognition; and most importantly, the in-that there is a highly conserved binding mode among
teraction with the hydrophobic residues lining the cavityall the inhibitors of drastically different chemotypes (Fig-
of the active site. These three types of interactions haveures 2A–2D). All these inhibitors share a core binding

site distal to the dimetal ions that can be characterized evolved to bind the natural substrate, as displayed in
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Figure 2. Common Features of Inhibitor Binding to PDEs Define the Scaffold

(A) Superposition of the structures of sildenafil and vardenafil in complex with PDE4B and PDE5A as well as tadalafil bound to PDE5A has
shown that the hydrophobic clamp and H bond with purine-selective glutamine are highly conserved. The protein side chain atoms are
represented by default atomic colors (oxygen shown in red, nitrogen shown in blue, sulfur shown in yellow), except the carbon atom is
represented by gray. The zinc ion is shown in yellow, the magnesium ion is shown in magenta, and phosphorus is shown in purple. The
compound atoms are also represented accordingly by using default atomic colors, with the exception of carbon, which is represented by
various colors for different compounds for easy distinction. The color coding scheme is followed for all the figures when possible.
(B) Solvent-accessible surface areas in the active sites of PDEs. All the known inhibitors bound to PDE4B, PDE4D, and PDE5A occupy part
of the active site pocket primarily around the Q pocket and sometimes close to the M pocket. The red, blue, and green meshes represent
the solvent-accessible surface area of the active site pocket in PDE4B, PDE4D, and PDE5A, respectively. All the inhibitors are represented
by gray sticks. Note that the Q2 pocket of PDE5A is significantly larger than that of PDE4B and PDE4D, and tadalafil pokes deep into this
pocket.
(C) Superposition of the structures of all the dialkoxyphenyl compounds bound to PDE4B and PDE4D. The phenyl rings superimpose well
and are sandwiched in between the hydrophobic clamp, F4464B, and I4104B. The substituents have more diverse conformations that exploit
the large M pocket to attain various binding affinities.
(D) Same as (C), but a view at about 90� rotation along the length of the molecule to reveal the conserved binding of the catechol scaffold.
The phenyl ring and the two alkoxy groups superimposed very well in all ten cocrystal structures.

the cocrystal structures of PDE4B, PDE4D, and PDE5A, W42811A. A variable, but always hydrophobic, residue
forms the opposite jaw of the clamp and is a valine,with AMP and GMP (Zhang et al., 2004). All known inhibi-

tors seem to exploit these three types of interactions, leucine, or isoleucine in all of the PDEs, e.g., I4104B,
I3364D, and V7825A. In virtually all of the inhibitor struc-and hence these interactions should guide the design

of new types of inhibitors. tures, the structural elements of the P clamp are con-
served and focused on the aromatic ring of the inhibitorsThe major contributor to inhibitor binding involves hy-

drophobic interactions with residues lining the active presenting the hydrogen bonding residues to the invari-
ant glutamine. The phenylalanine engages this primarysite pocket that are listed in Table 1. A key feature of

these hydrophobic interactions and a common binding aromatic ring of the inhibitor from above with an offset
face-on-face interaction (Burley and Petsko, 1985), whilemode to all of these inhibitors is a “hydrophobic clamp”

that anchors these inhibitors in the active site. This P the �-carbon of the �-branched residue below is cen-
tered under the same ring. In the catecholdiether-con-clamp consists of a pair of highly conserved hydropho-

bic residues, in which one jaw of the clamp is a phenylal- taining inhibitors, the face-on-face interaction centers
the carbon bearing the meta-alkoxy substituent underanine in all PDE family members (F4464B, F3724D, F8205A),

except in PDE11, in which the corresponding residue is the phenylalanine, while, in sildenafil and similar ana-
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logs, the polarized biaryl-linked carbon of the bicyclic interact with. The catechol group interacts with the resi-
dues that have evolved for purine binding, whereas thearomatic group occupies a similar position. The substit-

uents at these two types of positions thus serve a dual substituents on the phenyl ring are exploring the site
for the ribose moiety of cAMP and to some extent reach-role, both to optimize local hydrophobic interactions

with the enzymes, and to modulate the position and ing the phosphate binding site. The dialkoxyphenyl fam-
ily of compounds almost all contain one carbon ether,polarity of the P clamp. This subtle variation affords

some of the inhibitors their selectivity over different PDE e.g., methoxy or difluoromethoxy, and a cyclic multicar-
bon ether, e.g., cyclopentyloxy or cyclopropylmethyl.family members. However, the sequence variation among

additional residues lining the hydrophobic pocket af- The smaller methoxy or difluoromethoxy group on the
phenyl ring is tucked into a small pocket at the deepfords greater selectivity to the inhibitor. Interestingly,

given the bicylic nature of the cAMP and cGMP sub- side of the Q1 pocket formed by Y2334B, N3954B, T4074B,
and Y4034B (Table 1). The other alkoxyl group tends tostrates, all of the hydrophobic interactions appear to be

focused on the primary aromatic ring. In the cases of be a larger hydrophobic group such as cyclopentyl, pro-
pyl, or cyclopropyl methyl. They occupy a larger hy-the inhibitors containing a bicyclic core, the second

(fused) ring predominantly contributes productive hy- drophobic Q2 pocket formed by F4144B, M4114B, M4314B,
and F4464B (Table 1).drophobic interactions through the presentation of vari-

ous substituents. The dialkoxyphenyl compounds described are all sub-
stituted at the para-position to a methoxy or difluorometh-The residues involved in nucleotide recognition make

up a secondary yet important component in inhibitor oxy group. Zardaverine (Schudt et al., 1991) is the only
exception in that it has a substitution at the meta-positionbinding and also enable specificity toward different PDE

families. The invariant glutamine residue (Q4434B, Q3694D, to the methoxy group. Although the asymmetry of most
of the dialkoxyphenyl compounds matches with the sizeand Q8175A), which switches its orientation for the recog-

nition of cAMP or cGMP (“Q switch”) (Zhang et al., 2004), of the Q1 and Q2 pocket and hence determines the unique
orientation of the catechol scaffold binding, the rela-is always H bonded to the inhibitors described here and

it is either a single or a bidentate H bond. Since the tively smaller difluoromethoxy group in zardaverine
could also fit into the Q1 pocket as an alternative toorientation of the �-amide group of this invariant gluta-

mine is anchored through an intricate network of H the methoxy group. Consequently, two major binding
modes have been observed in our 1.54 Å resolutionbonds with nearby residues, this invariant glutamine res-

idue also plays a role in the control of specificity toward cocrystal structure (Figures 3A and 4A). One of the bind-
ing modes has the difluoromethoxy group binding at thedifferent inhibitors. For example, both sildenafil and var-

denafil form two H bonds with Q8175A, but they only Q1 pocket and, subsequently, the pyridazinone substitu-
ent pointing away from the dimetal ions (yellow moleculeform one H bond with Q4434B. This is because the pyra-

zolopyrimidinone group of sildenafil mimics guanine and in Figure 3A). This is similar to the binding mode of
zardaverine to PDE4D in the 2.9 Å resolution cocrystalcontributes the same H bond donor and acceptor fea-

tures as guanine in forming a bidentate H bond with structure reported by Lee et al. (2002). This binding
mode only accounts for about 20% of the zardaverineQ8175A with its amide orientation evolved to bind cGMP.

However, this H bond donor and acceptor feature of the in our structure. The predominant binding mode is with
the methoxy group binding to the Q1 pocket and thepyrazolopyrimidinone group in sildenafil is unable to

form bidentate H bonds with Q4434B; thus, a single difluoromethoxy group binding to the Q2 pocket. As a
result, the pyridazinone substituent points toward theH bond results. This provides a partial explanation for

the specificity of sildenafil for PDE5A over PDE4B/4D. dimetal ions and forms a direct coordination with the
Zn2� by displacing one of its bound water molecules
(Figure 4A). Surprisingly, this predominant binding mode

Optimizing Inhibitor Potency of zardaverine was not observed in the cocrystal struc-
Analysis of the cocrystal structures of the dialkoxyphe- ture of zardaverine with PDE4D reported by Lee et al.
nyl compounds bound to PDE4B and PDE4D has re- (2002). However, they have observed the binding of an
vealed that an important way for increasing inhibitor arsenate ion near the dimetal ions in the active site.
potency is to design substituents to the scaffold that The presence of this arsenate ion might have prevented
could pick up hydrophobic interactions with residues in zardaverine from binding in the predominant mode.
the M pocket and also create water-mediated interac- Since the two heterocyclic nitrogens in the pyridazinone
tions with the metal ions. These cocrystal structures ring are not anchored by H bonds to the protein residues,
have also shown that the hydrophobic interactions with this pyridazinone ring also has two rotational conforma-
residues lining the Q1 and Q2 pockets are very important tions observed in our cocrystal structure (green and
for inhibitor potency. cyan molecules in Figure 3A) with occupancy of 47%

The superposition of our cocrystal structures of this and 33%, respectively. Thus, we observed a total of
dialkoxyphenyl family of compounds with PDE4B and three alternate conformations of zardaverine bound to
PDE4D reveals that the scaffold is a catechol that makes PDE4D.
the H bond with the purine-selective glutamine and is The various substituents on the dialkoxyphenyl scaf-
also sandwiched by the P clamp (Figures 2C and 2D). fold explore the deep pocket close to the metal binding
The catechol scaffold superposed extremely well in all site, and how well they form interactions with residues
of the 11 structures of the 7 compounds, whereas the lining this pocket determines their relative binding affin-
substituents showed significant variations in their bind- ity. The relatively smaller pyrrolidinone substituent in

rolipram has resulted in a relatively lower binding affinitying conformation as well as in the residues that they
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Figure 3. The Cocrystal Structures of PDE4B and PDE4D in Complex with the Dialkoxyphenyl Family of Inhibitors

(A) Structure of zardaverine bound to PDE4D. A semitransparent surface of the target protein is overlaid for Figures 3A–3G and also for Figures
5A and 5B. Three alternative conformations of zardaverine have been observed, and their carbons atoms are colored in green, cyan, and
yellow, respectively. The predominant conformations that have their difluoromethoxy group pointing up to the Q2 pocket and their pyridazinone
group pointing to the dimetal ions and coordinated to Zn2� by displacing the bound water molecule are represented by green and cyan,



Structural Basis of Inhibitor Binding to PDEs
2239

(570 nM in the case of PDE4B). Rolipram exhibits both The hydroxamate and cyclic carbamate substituents of
filaminast and mesopram form a similar number of inter-a low-affinity (350–400 nM) and a high-affinity (5–10 nM)

binding state to the full-length PDE4 (Rocque et al., actions with residues in the M pocket as those of roli-
pram and zardaverine and therefore have similar binding1997). This could reflect two distinctive conformational

states of the catalytic domain that are switched by modi- affinities, of 960 nM and 420 nM, respectively, to PDE4B
(Figures 3C and 3D). As the substituents become larger,fications, such as phosphorylation or interactions with

other proteins in the regulatory domains of the PDE4 and exploit more interactions with residues in the M
pocket, the potency of the compounds is also increased.(Alvarez et al., 1995; Bolger et al., 2003; Houslay and

Adams, 2003; McPhee et al., 1999). Our cocrystal of the The carboxycyclohexyl substituent of cilomilast forms
several more interactions with residues in the M pocketPDE4 catalytic domain probably has rolipram bound in

the low-affinity state, since the 50% inhibition concen- compared to the substituents in filaminast and meso-
pram, and, therefore, cilomilast is a more potent inhibitortration (IC50) values for the rolipram binding to the cata-

lytic domains of PDE4B and PDE4D are 0.57 �M and exhibiting an IC50 of 25 nM and 11 nM toward PDE4B
and PDE4D, respectively (Figure 3E). The cyclohexyl1.1 �M, respectively (Table 2). In our cocrystal structures

of rolipram with PDE4B using either a racemic mixture group forms hydrophobic interactions with M3474B,
L3934B, and F4144B, while the oxygens of carboxylateof (R,S)-rolipram or the R-enantiomer alone, only one

binding mode—with the pyrrolidinone group pointing form two H bonds with water molecules coordinated to
the Mg2�. The observed conformational variability of theaway from the dimetal ions—has been observed (Fig-

ures 3B, 4B, and 4C). The same binding mode has also carboxycyclohexyl group (Figure 3E) may have reduced
the binding affinity of cilomilast.been observed in the 1.6 Å cocrystal structure of roli-

pram with PDE4D, where a racemic mixture of (R,S)- Roflumilast binds similarly to cilomilast (Figure 3F).
The difluromethoxy group binds at the Q1 pocket, whilerolipram has been used in the cocrystallization (Zhang

et al., 2004). The pyrrolidinone group is stabilized mainly the cyclopropyl methoxy group binds at the Q2 pocket.
The difluromethoxy group fits the Q1 pocket better andthrough hydrophobic interactions with M3474B, I4104B,

and F4144B. The rolipram binding mode observed in our makes more hydrophobic interactions with residues lin-
ing this pocket than the methoxy group. However, thecocrystal structures is similar to that observed by Huai

et al. (2003c) and different from that reported by Xu et cyclopropylmethylether group makes fewer hydropho-
bic interactions than the larger cyclopentylether group.al. (2004), who reported that two binding modes—with

the pyrrolidinone group either pointing away from or The dichloropyridyl group extends to the dimetal ion
site and forms one H bond to a water molecule thatpointing toward the dimetal ions—have been observed.

These differences in rolipram binding could be caused is coordinated to Mg2�. The dichloro atoms also form
additional hydrophobic interactions with residues in theby different crystallization conditions, such as the use

of cacodylate in the crystallization medium or soaking M pocket. The dichloropyridyl substitution has compen-
sated for the negative effect of the cyclopropylmethyl-versus cocrystallization. However, these two binding

modes may reflect alternative conformational states that ether group and as a result has increased the potency
of roflumilast by about 30-fold (IC50 � 0.84 nM) as com-could be switched by some external factors, such as

phosphorylation or protein binding (Alvarez et al., 1995; pared to the potency of cilomilast toward PDE4B (Ta-
ble 2).Bolger et al., 2003; Houslay and Adams, 2003; McPhee

et al., 1999). In this regard, the unique ability of certain Piclamilast can be considered as a hybrid compound,
derived from the functionalities in the opposite sides ofPDE4 inhibitors, such as rolipram, but not certain other

inhibitors, to elicit conformational effects at the surface cilomilast and roflumilast (Figure 3G). The methoxy
group binds at the Q1 pocket, while the cyclopentyletherof the PDE4A4 isoform may reflect their ability to adopt

two distinctive binding modes (Terry et al., 2003). group binds at the Q2 pocket. These two substituents
are the most common in the dialkoxyphenyl compounds,The more potent dialkoxyphenyl compounds have

larger substituents that could form more favorable inter- and they seem to be optimized for maximum interactions
with residues in the Q1 and Q2 pockets. The dichloropyri-actions with residues lining the relatively large M pocket.

respectively. The minor conformation is represented by yellow and has its difluoromethoxy group pointing down to the Q1 pocket and its
pyridazinone group pointing away from the dimetal ions.
(B) Structure of rolipram bound to PDE4B: cocrystal structures with either (R,S)-rolipram (green) or (R)-rolipram (yellow). Only one binding
mode—with the pyrrolidinone group pointing away from the dimetal ions—has been observed. Either enantiomer could fit the electron density
(Figure 4B) for the ligand in the (R,S)-rolipram cocrystal structure. The single binding mode observed in this structure does not, therefore,
necessarily infer selective cocrystallization of one enantiomer.
(C) Structure of filaminast bound to PDE4B. The hydroxamate substituent extends to the M pocket and is tilted slightly up toward the opening
of the pocket.
(D) Structure of mesopram bound to PDE4B. The cyclic carbamate substituent extends to the M pocket and is tilted slightly up toward the
opening of the pocket. Although a racemic mixture was used for the cocrystallization, the (R)-mesopram was selectively bound to PDE4B.
(E) Structure of cilomilast bound to PDE4B and PDE4D. The carboxocyclohexyl group adopts two different conformations in the PDE4D
complex. The carbon atoms of cilomilast in PDE4B are shown in green, and the carbons of cilomilast in PDE4D are shown in yellow and cyan.
(F) Structure of roflumilast bound to PDE4B and PDE4D. The carbon atoms of roflumilast in PDE4B are shown in green, and the carbons of
roflumilast in PDE4D are shown in yellow. The difluromethoxy group binds at the Q1 pocket, while the cyclopropyl methyl group binds at the
Q2 pocket. The dichloropyridyl group extends to the dimetal ion site and forms one H bond to a water molecule that is coordinated to Mg2�.
(G) Structure of piclamilast bound to PDE4B and PDE4D. The carbon atoms of piclamilast in PDE4B are shown in green, and the carbons of
piclamilast in PDE4D are shown in yellow.
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Figure 4. Electron Densities of Inhibitors Bound to PDE4B, PDE4D, or PDE5A

(A) Unbiased electron density that corresponds to zardaverine bound to PDE4D at 1.54 Å. The Fo-Fc electron density is calculated with the
phases from the initial model of the PDE4D apo structure after molecular replacement and is therefore unbiased toward the bound ligand.
The difference density is contoured at 3	 and with the stick model of the refined zardaverine superimposed. It shows clearly that zardaverine,
in its primary binding mode, is coordinated to the Zn2�. The electron density corresponding to the secondary binding mode (at about 20%
occupancy) is only revealed after further refinement of the protein as well as zardaverine built into the primary binding mode.
(B) Unbiased electron density that corresponds to (R,S)-rolipram bound to PDE4B at 2.31 Å. The Fo-Fc difference density is contoured at 3	.
Both enantiomers could fit into the density, and only the (R)-enantimer is shown as a stick model and overlaid with the electron density. The
pyrrolidinone group is pointing away from the dimetal ions with the (R)- or (S)-rolipram binding to PDE4B.
(C) Unbiased electron density that corresponds to (R)-rolipram bound to PDE4B at 2.40 Å. The Fo-Fc difference density is contoured at 3	.
The stick model of (R)-rolipram is overlaid with the electron density. The electron density is very similar to that in (B) and suggests that the
pyrrolidinone group in (R)-rolipram is pointing away from the dimetal ions.
(D) Unbiased electron density that corresponds to tadalafil bound to PDE5A at 1.37 Å. The Fo-Fc electron density is calculated with the
phases from the initial model of the PDE5A apo structure after molecular replacement and is therefore unbiased toward the bound ligand.
The difference density is contoured at 3	 and with the stick model of tadalafil superposed. The high quality of the electron density reveals
the unambiguous binding mode of tadalafil.

dyl substituent of piclamilast forms hydrophobic inter- Designing Inhibitor Specificity
There are subtle but significant differences in the activeactions with M3474B, L3934B, and F4144B, and the hetero-

cyclic nitrogen on the pyridine ring forms an H bond sites of PDE4B and PDE5A that could be exploited to
achieve subtype selectivity for inhibitors. The oppositewith a water molecule coordinated to the Mg2�. Addi-

tionally, the nitrogen and oxygen atoms in the amide that orientation of the purine-selective glutamine between
PDE4B and PDE5A as well as the differences amonglinks the dichloropyridyl to the dialkoxyphenyl scaffold

each form a hydrogen bond with a water molecule. residues near the Q2 pocket have been the major driving
force for inhibitor selectivity between these two familyThese extensive interactions formed between piclami-

last and the residues in the active site make piclamilast members. Sildenafil and vardenafil have adopted com-
pletely different binding modes to PDE4B versus PDE5Aone of the most potent molecules in the dialkoxyphenyl

compound series with IC50 values of 41 pM and 21 pM in order to avoid some unfavorable interactions and
consequently have drastically different binding affinitiestoward PDE4B and PDE4D, respectively (Table 2).
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Table 2. Biochemical Inhibition Data of All the Known Inhibitors against a Full Panel of PDEs

Inhibitor Name Structure PDE1B PDE2A PDE3B PDE4B PDE4D PDE5A PDE7B PDE8A PDE9A PDE10A PDE11A

Zardaverine 
200 
200 1.5 0.93 0.39 81 
200 160 
200 14 140

(R,S)-Rolipram 
200 
200 
200 0.57 1.1 
200 
200 
200 
200 140 
200

Filaminast 190 89 9.4 0.96 1.0 53 0.99 120 
200 27 57

(R,S)-Mesopram 
200 
200 
200 0.42 1.1 
200 
200 
200 
200 63 
200

Cilomilast 87 160 87 0.025 0.011 53 44 7 
200 73 21

Roflumilast 
200 
200 
200 0.00084 0.00068 17 
200 
200 
200 
200 25

Piclamilast 68 54 11 0.000041 0.000021 3.5 8.8 
200 
200 21 1.6

Sildenafil 1.5 35 15 20 14 0.0022 78 
200 5.6 6.8 6.1

Vardenafil 0.3 3.1 0.58 3.8 3.9 0.0010 1.9 57 0.68 0.88 0.24

Tadalafil 50 130 280 9.2 19 0.0012 74 
200 150 19 0.010

The enzymes used are the catalytic domain of human PDEs. The numbers shown in the table are the 50% inhibition concentration (IC50)
in �M.

to these two enzymes (Figure 5 and Table 2). Tadalafil Vardenafil exploits the same interactions with resi-
dues involved in nucleotide recognition (Zhang et al.,exploits the significant differences in the shape and size

of the Q2 pocket and attains both potency for PDE5A and 2004). The amide moiety of the imidazolotriazinone
group forms a bidentate H bond with the �-amide groupselectivity against PDE4B. These structural differences

could be exploited to achieve subtype selectivity for of Q8175A (Figure 5E). The orientation of its �-amide
group is constrained by an intricate network that in-other inhibitors as well.
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Figure 5. Structures of PDE4B and PDE5A in Complex with Vardenafil, Sildenafil, and Tadalafil

(A) Similar interactions between vardenafil and sildenafil bound to the active site of PDE5A. The carbon atoms of vardenafil are shown in
green, and the carbons of sildenafil are represented by cyan. The pyrazolopyrimidinone group in sildenafil and the imidazolotriazinone group
in vardenafil both mimic the purine group in the cyclic nucleotide and forms bidentate H bonds with the purine-selective Q817. The heterocyclic
nitrogen atom in the pyrazole moiety of sildenafil and the heterocyclic nitrogen atom in the imidazole moiety of vardenafil both form an H
bond with a water molecule that is in turn hydrogen bonded to a water molecule coordinating the Zn2�.
(B) Structure of tadalafil bound to PDE5A. Only one H bond has been formed between Q817 and the heterocyclic nitrogen in the indole ring
of the pyrazinopyridoindoledione moiety of tadalafil. The �-amide group of Q817 rotated about 90� from its orientation in the sildenafil and
vardenafil bound structures to accommodate the only H bond donor from tadalafil. The methylenedioxyphenyl group of tadalafil occupies the
same hydrophobic pocket (Q2) as that by the ethoxy group of sildenafil and vardenafil.
(C) Structure of sildenafil bound to PDE5A. The carbon atoms of sildenafil are shown in green. The pyrazolopyrimidinone group in sildenafil
mimics the purine group in the cyclic nucleotide and forms bidentate H bonds with the purine-selective Q817. The heterocyclic nitrogen atom



Structural Basis of Inhibitor Binding to PDEs
2243

volves H bonding of Q8175A to Q7755A and Q7755A to cause steric clashes with M4114B (cf. to A7835A, Figure
5B). This confers tadalafil not only its high potency withA7675A as well as W8535A, and it is this constrained orien-

tation that determines nucleotide specificity. The het- PDE5A but also its selectivity against PDE4B. Tadalafil
only forms one H bond with Q8175A through its NH grouperocyclic nitrogen of the imidazole moiety forms an H

bond with a water molecule that interacts with one of on the indole ring. Consequently, the �-amide group of
Q8175A rotates by 90� from its orientation in the sildenafilthe waters coordinating the Zn2�. The hydrophobic inter-

actions are the predominant force in vardenafil binding. bound structure to accommodate the only H bond donor
from tadalafil. Thus, the binding mode of tadalafil revealsVardenafil has a total surface area of 724 Å2, of which

489 Å2 is buried by residues within the active site pocket. the only case observed in these structures in which the
presentation of the hydrogen bond interaction with theA large proportion of the surface area (180 Å2) of varde-

nafil is buried between the P clamp residues V7825A conserved glutamine is made from a different ring sys-
tem than the one held in the P clamp. This orientationand F8205A, utilizing the �-� stacking interactions of the

phenylalanine side chain to that of the imidazolotriazi- of the �-amide group of Q8175A determines how Q8175A

interacts with the adenine moiety upon cAMP binding.none moiety (Figure 5A). Additional, more remote hy-
drophobic contacts to the five-membered ring of the Tadalafil makes neither direct nor water-mediated inter-

actions with the metal ions. Despite the lack of H bondedbicyclic core are provided by Y6125A and L7655A. The
propyl group from the five-membered ring also forms interactions with the protein, tadalafil makes many hy-

drophobic interactions that contribute to its high po-hydrophobic contacts with L7255A and F7865A. The
ethoxyphenyl group makes hydrophobic contacts with tency. Moreover, the rigid chemical structure of tadalafil

with only one nonterminal rotatable bond has also con-V7825A, F7865A, A7795A, I8135A, and M8165A. Vardenafil
shows a very similar binding mode to sildenafil (Figure tributed to its high binding affinity since it loses less

entropy upon protein binding compared to sildenafil and5A), and the cocrystal structure of sildenafil with PDE5A
chimera has been reported (Zhang et al., 2004). The vardenafil.

Sildenafil and vardenafil display limited potency asethylpiperazine group makes similar interactions with
PDE5A as the methylpiperazine of sildenafil. The pipera- inhibitors against PDE4B (IC50 � 20 �M and 26 �M,

respectively), but their potency is significantly higher forzine ring adopts a slightly different orientation that is
probably due to the relative dirth of specific interactions PDE5A (IC50 � 0.0022 �M and 0.0010�M, respectively).

The dramatic difference in binding affinity betweenbetween this group and the protein.
Tadalafil binds to PDE5A very differently from silde- PDE4B and PDE5A is due to the different binding mode

seen in PDE4B versus PDE5A when the cocrystal struc-nafil and vardenafil, due to its different chemical nature
(Figures 5B and 4D). The methyne at the bridgehead tures in the presence of sildenafil or vardenafil are com-

pared (Figures 5C–5F). The driving force behind thisbetween the two six-membered rings is the focal point
of the P clamp interaction with F8205A and V7825A. In difference in binding can be attributed to relieving unfa-

vorable electrostatic interactions and steric clashes.addition to the interactions with the P clamp, the nearly
flat four-ring moiety of pyrazinopyridoindoledione is These interactions are due to sequence changes be-

tween the active site pocket of PDE5A and PDE4Bheld in place through hydrophobic interactions with side
chains of I7685A, I7785A, F7865A, and L8045A. The indole (mainly A7835A to M4114B and L8045A to M4314B), as well

as the orientation constraints of Q4434B caused by itscore is sandwiched between F7865A, L8045A, and F8205A.
The methylenedioxyphenyl group of tadalafil occupies unique H bonding pattern, locking the �-amide group

into one orientation. Consequently, there is an almostthe Q2 pocket (Figure 5B) and makes hydrophobic inter-
actions with A7835A, F7865A, F7875A, L8045A, I8135A, and 180� flip in the orientation along the N5-C15 axis for

sildenafil (Figures 5C and 5D) and along the correspond-M8165A. The methylenedioxyphenyl group does not fit
into the relatively smaller Q2 pocket in PDE4B and could ing C6-N15 axis for vardenafil (Figures 5E and 5F). This

in the pyrazole moiety of sildenafil forms an H bond with a water molecule that is in turn hydrogen bonded to a water molecule coordinating
the Zn2�. The same binding mode of sildenafil in PDE4B would cause steric clashes with side chains of M4314B and M4114B, shown in cyan,
in the Q2 pocket.
(D) Structure of sildenafil bound to PDE4B. The carbons of sildenafil bound to PDE4B are represented by cyan. In order to avoid the steric
clashes with M431 and M411 in the Q2 pocket and also the incompatible H bonding characteristics of Q443, sildenafil has flipped about 180�

along the axis of N5 and C15 from its binding orientation in PDE5A. Consequently, only one H bond was formed between Q443 and the
heterocyclic nitrogen in the pyrazole ring. The heterocyclic nitrogen in the pyrazole ring has almost traded places with the heterocyclic nitrogen
in the pyrimidinone ring in the sildenafil bound to PDE4B as compared to the sildenafil bound to PDE5A. An H bond is formed between the
exocyclic oxygen on the pyrimidinone ring and a water that is coordinated to the Zn2�.
(E) Structure of vardenafil bound to PDE5A. The carbon atoms of vardenafil are shown in green. The imidazolotriazinone group in vardenafil
mimics the purine group in the cyclic nucleotide and forms bidentate H bonds with the purine-selective Q817. The heterocyclic nitrogen atom
in the imidazole moiety of vardenafil forms an H bond with a water molecule that is in turn hydrogen bonded to a water molecule coordinating
the Zn2�. The same binding mode of vardenafil in PDE4B would cause steric clashes with side chains of M4314B and M4114B, shown in cyan,
in the Q2 pocket.
(F) Structure of vardenafil bound to PDE4B. The carbons of vardenafil bound to PDE4B are represented by cyan. In order to avoid the steric
clashes with M431 and M411 in the Q2 pocket and also the incompatible H bonding characteristics of Q443, vardenafil has flipped about 180�

along the axis of C6 and N15 from its binding orientation in PDE5A. Consequently, only one H bond was formed between Q443 and the
heterocyclic nitrogen in the imidazole ring. The heterocyclic nitrogen in the imidazole ring has almost traded places with the heterocyclic
nitrogen in the imidazolotriazinone ring in the vardenafil bound to PDE4B as compared to the vardenafil bound to PDE5A. An H bond is formed
between the exocyclic oxygen on the imidazolotriazinone ring and a water that is coordinated to the Zn2�.



Table 3. Data Collection, Processing, and Refinement Statistics for All the Cocrystal Structures of Various Known Inhibitors in Complex with PDE4B, PDE4D,
or PDE5A

Rmsd Rmsd Rmsd
Protein Bond Angle Torsion Rama-C Rama-A Rama-G Rama-D
Name Inhibitor Name Structure D (Å) C (%) Rsym M R Rfree (Å) (�) (�) (%) (%) (%) (%)

PDE4D zardaverine 1.54 97.8 0.065 3.4 0.178 0.195 0.007 1.115 2.735 93.60 6.40 0.00 0.00

PDE4B (R)-rolipram 2.4 99.9 0.096 4.1 0.243 0.298 0.026 2.04 3.999 91.00 8.80 0.20 0.00

PDE4B (R,S)-rolipram 2.31 99.4 0.091 3.8 0.205 0.25 0.017 1.591 3.242 90.30 9.50 0.20 0.00

PDE4B filaminast 2.06 99.6 0.069 4.7 0.209 0.237 0.015 1.389 3.031 92.03 7.70 0.00 0.00

PDE4B (R)-mesopram 1.92 100 0.067 7 0.2 0.227 0.012 1.396 3.031 92.70 7.10 0.00 0.20

PDE4B cilomilast 2.19 93.9 0.072 4.6 0.228 0.282 0.024 1.994 3.664 91.30 8.20 0.30 0.20

PDE4D cilomilast 1.55 99.3 0.097 3.8 0.183 0.205 0.006 1.093 2.665 92.60 7.40 0.00 0.00

PDE4B roflumilast 2.3 91.6 0.067 4.7 0.206 0.246 0.013 1.396 2.966 91.10 8.70 0.20 0.00

PDE4D roflumilast 1.83 97.2 0.058 3.1 0.176 0.204 0.008 1.263 2.718 93.60 6.40 0.00 0.00

PDE4B piclamilast 2.31 98.8 0.079 4.7 0.213 0.264 0.019 1.627 3.288 92.60 7.40 0.00 0.00

PDE4D piclamilast 1.72 97.1 0.087 3.7 0.174 0.199 0.007 1.128 2.72 93.80 6.20 0.00 0.00

PDE4B sildenafil 2.28 99.9 0.071 5.2 0.211 0.257 0.015 1.493 5.895 90.10 9.50 0.30 0.00

PDE4B vardenafil 2.34 99.9 0.074 4 0.21 0.259 0.018 1.703 3.292 92.00 8.00 0.00 0.00

PDE5A vardenafil 1.79 97.6 0.058 6 0.193 0.208 0.01 1.369 2.987 93.50 6.20 0.30 0.00

PDE5A tadalafil 1.37 96.9 0.077 3.4 0.152 0.193 0.024 1.92 4.517 94.80 5.20 0.00 0.00

(continued)
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sion and purification of all the PDE catalytic domains were basedinhibitor flipping prevents possible steric clashes be-
on the protocols reported previously (Zhang et al., 2004).tween the ethoxyphenyl group and M4114B and M4314B

if the compound was to remain in the position it occupies
in PDE5A. Additionally, only one H bond can now form Analysis of Phosphodiesterase Activity

Measurement of phosphodiesterase activity takes advantage of thebetween Q4434B and sildenafil, as opposed to the two
selective binding of 5�-AMP or 5�-GMP (and not cAMP or cGMP) toformed with Q8175A. Concomitant with this loss of one
yttrium silicate beads with embedded scintillant. Briefly, 0.1–1 nMH bond, the flipped orientation of sildenafil has exposed
PDE is incubated with 50 nM 3H-cAMP or 70 nM 3H-cGMP (Amer-

many of the hydrophobic atoms in the ethoxyphenyl sham, 5–60 Ci/mmol) in 50 mM Tris ( pH 7.5), 8.3 mM MgCl2, 1.7 mM
group to solvent, and these two factors contributed to EGTA, and 0.01% BSA at 30�C for 30 min in 384-well assay plates.
the significant difference in the potency of sildenafil and The assay is terminated by adding one-third volume of 5 mg/ml

yttrium silicate beads in 18 mM ZnAcetate/ZnSO4 solution (3:1).vardenfil toward PDE5A and PDE4B.
A minimum of 30 min after mixing and centrifuging the reaction,
hydrolysis is quantified by reading in a scintillation counter (Trilux,

Conclusions Wallac). The cAMP and cGMP concentrations used were far below
By comparing the structures of 15 inhibitor complexes the Km of all the PDEs assayed here, except for PDE9A, in which
across 3 members of the PDE family, we have revealed case it is close to the Km; thus, the IC50s obtained are good approxi-

mations of Ki (Mehats et al., 2002).the interactions that are conserved for inhibitor binding
within the PDE family as well as the regions of inhibitors
that are important for selectivity toward individual PDE Chemical Synthesis of Known PDE Inhibitors
family members. The first conserved feature of inhibitor The PDE4-specific inhibitors cilomilast (Christensen, 1993), filami-
binding to PDEs is that the planar ring portion of the nast (Lombardo, 1992), mesopram (Laurent et al., 1997), piclamilast

(Beeley and Millican, 1993), and roflumilast (Flockerzi et al., 1995)inhibitor is held tightly by a P clamp formed by highly
were synthesized according to published procedures. The otherconserved hydrophobic residues. The second conserved
PDE4-specific inhibitors, rolipram and zardaverine, were purchasedfeature is that the inhibitor always forms one or two
from Sigma-Aldrich Corporation. The PDE5-specific inhibitors, sil-

hydrogen bonds with the purine-selective glutamine. denafil (Dunn and Wood, 1999), tadalafil (Daugan and Gellibert,
The P clamp provides a significant source of binding 2000), and vardenafil (Niewohner et al., 1999), were synthesized
energy, while the hydrogen bond with the purine-selec- according to published procedures.
tive glutamine affords subtype selectivity for the inhibi-
tors. The portion of an inhibitor that forms the above-

Protein Crystallization, Data Collection,
mentioned two types of interactions defines the scaffold and Structure Refinement
of the inhibitor upon which potency and selectivity can All proteins were crystallized by using the sitting drop method. Crys-

tals of PDE4B with various compounds were grown at 4�C by mixingbe designed by adding substituents to the scaffold. The
equal volumes of the protein at 10 mg/ml protein with ammoniumdialkoxyphenyl family of compounds can be perceived
sulfate, buffered in a range of 10.0–10.5, in the presence of lithiumas being derived from the catechol scaffold with various
sulfate and 1 mM compound. Crystals of PDE4D with various com-substituents. These substitutions have produced com-
pounds were grown at 15�C by mixing equal volumes of the protein

pounds with increasing potency from rolipram to piclam- at 30 mg/ml with a well buffer of PEG 3350, ethylene glycol, and
ilast. Another important feature of inhibitor binding to isopropanol, buffered in the range of 6.0–8.5 in the presence of

1 mM compound. Crystals of PDE5A chimera in complex with varda-PDEs is that these inhibitors do not bind to the metal
nefil and tadalafil were grown at 4�C by mixing equal volumes ofions directly. Instead, they form indirect interactions with
the protein at 8 mg/ml with different precipitant buffers, dependingthe metal ions mediated through water molecules.
on the compound used for cocrystallization, and also adding 1 mMTherefore, hydrogen bonding to a conserved network
compound. The crystallization buffer for vardanefil consists of so-

of water molecules is likely to be an additional key fea- dium formate buffered at pH 7.0. The crystallization buffer for tada-
ture for the design of new PDE inhibitors. lafil consists of Jeffamine ED-2001 buffered at pH 7.0.

X-ray diffraction data were collected either at the Advanced Light
Source (Lawrence Berkeley National Laboratory, Berkeley) or atExperimental Procedures
Stanford Synchrotron Radiation Laboratory (Stanford Linear Accel-
erator Center, Menlo Park). The data were processed by MosflmPDE Cloning, Expression, and Purification

The cDNA encoding the catalytic domains of human PDE2A (gene (Leslie, 1999) and Scala (Evans, 1993) driven by the ELVES (Holton
and Alber, 2004) automation scripts. The cocrystal structures ofnumber: NM_002599; coding region: H574–E941), PDE3B (NM_000922;

Q650–A1084), PDE5A (NM_001083; S531–N875), PDE7B (NM_018945; PDE4B, PDE4D, and PDE5A were solved by molecular replacement
by using EPMR with the PDE4B apo structure (Xu et al., 2000), theQ91–P450), PDE8A (NM_02605; M1–E829), PDE9A (NM_002606; S226–

A593), PDE10A (NM_006661; M432–D779), and PDE11A (NM_016953; PDE4D apo structure (Huai et al., 2003c), or the PDE5A apo structure
(Zhang et al., 2004) as search models, respectively. The structuresD633–N988) were cloned into pET15S vectors (Novagen) in which a

His-tag is appended to the coding sequence. The cDNA encoding were refined by CNX (Brünger et al., 1998) and REFMAC (Murshudov
et al., 1999), with intermediate stages of manually rebuilding in Othe full-length human PDE8A was cloned into pFastBac vector with

an N-terminal His-tag. The cloning of catalytic domains of human (Jones et al., 1991). The relevant data collection and refinement
statistics are given in Table 3.PDE1B, PDE4B, PDE4D, and chimeric PDE5A as well as the expres-

Table 3. Continued
The cocrystals of PDE4B with compounds are in the P212121 space group (with the exception of sildenafil, which is in space group I21212) and have average cell
dimensions of a � 89 Å, b � 94 Å, and c � 107 Å. The crystals of PDE4D with compounds are in the P212121 space group and have average cell dimensions of a �

60 Å, b � 80 Å, and c � 164 Å. The cocrystals of PDE5A with vardenafil are in space group P6522 with cell dimensions of a � b � 90.35 Å and c � 223.19 Å. The
cocrystals of PDE5A with tadalafil are in space group C2 with cell dimensions of a � 56.10 Å, b � 76.40 Å, c � 80.70 Å, and � � 103.18�. Symbols used in the table
are: D, resolution; C, completeness; M, multiplicity; R, crystallographic R factor; Rfree, cross validation free R value; Rama-C, core region of Ramanchandran plot;
Rama-A, allowed region of Ramanchandran plot; Rama-G, generously allowed region of Ramanchandran plot; Rama-D, disallowed region of Ramanchandran plot.
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