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Atomic Structure of PDE4:
Insights into Phosphodiesterase
Mechanism and Specificity
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Cyclic nucleotides are second messengers that are essential in vision, muscle
contraction, neurotransmission, exocytosis, cell growth, and differentiation.
These molecules are degraded by a family of enzymes known as phosphodi-
esterases, which serve a critical function by regulating the intracellular con-
centration of cyclic nucleotides. We have determined the three-dimensional
structure of the catalytic domain of phosphodiesterase 4B2B to 1.77 angstrom
resolution. The active site has been identified and contains a cluster of two
metal atoms. The structure suggests the mechanism of action and basis for
specificity and will provide a framework for structure-assisted drug design for
members of the phosphodiesterase family.

Cyclic nucleotides are intracellular second
messengers that play a key role in many
physiological processes. The levels of these
nucleotides are tightly regulated at the point
of synthesis by receptor-linked enzymes
(such as adenylyl or guanylyl cyclase) and at
the point of degradation by a family of en-
zymes known as phosphodiesterases (PDEs).
The PDEs constitute a large, divergent family
whose members catalyze the hydrolysis of
adenosine 3’,5'-monophosphate (cAMP) and
guanosine 3’,5’'-monophosphate (cGMP), re-
sulting in the formation of the 5’-nucleotide
metabolites (AMP and GMP). Ten PDE gene
families have been identified, and more than
50 mRNA splicing isoforms have been de-
tected in various human tissues [reviewed in
(I1-5)] (6). These isoforms are differentially
expressed and regulated in different cell
types, and they appear to modulate the loca-
tion, substrate selectivity, kinetics, and re-
sponse to activators or inhibitors of the en-
zyme (7-9). PDEs are clinical targets for a
range of biological disorders such as retinal
degeneration, congestive heart failure, de-
pression, asthma, erectile dysfunction, and
inflammation (10, 1I). Knowledge of the
structure of a PDE will allow for the rational
design of therapeutics to treat many of these
disorders.
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The structure of the catalytic domain (res-
idues 152 to 528) of human phosphodiester-
ase 4B2B (PDE4B2B) was determined by
multiwavelength anomalous dispersion in
combination with multiple isomorphic re-
placement (Tables 1 and 2) (/2). The catalyt-
ic domain of PDE folds into a novel compact
structure composed of 17 a helices, which
form three subdomains (Fig. 1). The first
subdomain forms a bundle of four o helices
(H3, HS, H6, and H7), with two short inter-
connecting o helices (H2 and H4). The resi-
dues of HO and HI are poorly conserved
across the PDE family and may not be an
essential part of the catalytic domain (/3).
The second subdomain is formed by two
short a helices (H8 and H9) that sit perpen-
dicular to a pair of long antiparallel o helices
(H10 and H11). The third subdomain is com-
posed of five a helices (H12 to H16) and an
extended loop that forms a 3 hairpin between
H12 and HI13. Helix 15 (H15a/H15b) is
kinked by partially conserved Pro**? and is
probably a continuous helix in the absence of
proline. In one of the two molecules in the
asymmetric unit, residues 496 to 508 form an
additional helix (H17), which packs against a
neighboring molecule in the crystal. We be-
lieve that the position of this helix is an
artifact of crystallization and is not a relevant
dimer contact.

A deep pocket in the center of the COOH-
terminal subdomain extends to the junction of
the three subdomains. Of the 21 residues
absolutely conserved across all 10 PDE fam-
ilies, 20 lie near this pocket and 12 lie within
it (Fig. 2) (13). The pocket has a volume of
440 A3 and is the only pocket large enough to
accommodate a molecule of the cCAMP sub-
strate (232 A3) or AMP product (256 A3).

The pocket is lined with conserved hydropho-
bic and negatively charged residues. At the
bottom of the pocket are several metal atoms,
which bind to residues that are completely
conserved in all PDE family members.

One of these metal atoms (ME1) coordi-
nates residues in H6 in subdomain 1, the loop
between H7 and HS8 (linking subdomains 1
and 2), and H13 in subdomain 3. ME1 may
stabilize the structure by acting as a linchpin
that locks the three subdomains of the protein
together. It may also play a catalytic role
because of its proximity to the active site.
MEI1 has a high occupancy (as indicated by
the intensity of the peaks in electron density
maps) and is located deepest in the pocket
(Fig. 3). It was present despite the presence of
chelators and the absence of additional exog-
enous divalent metal ions during the purifi-
cation or crystallization of the protein. ME1
interacts with the N_ atoms of His?*® (2.0 A)
and His?* (2.1 A) and the O, atoms of
Asp?”® (2.3 A) and Asp®*? (2.2 A) in a tri-
gonal bipyramid configuration where the Asp
residues occupy the axial positions (Fig. 3).
The remaining equatorial position is occupied
by a solvent atom (1.9 A), which also acts as
a bridging ligand to a second metal ion. Al-
though the identity of the metal ions cannot
be absolutely determined from our structure,
the observed geometry of the metal coordi-
nating ligands, the anomalous x-ray diffrac-
tion behavior, the existing biochemical evi-
dence (/4-17), and the known high affinity
of PDEA4 for zinc (/8) all suggest that ME1 is
a Zn?* ion.

The second metal ion (ME2) varied in
occupancy between crystals when no addi-
tional metal ions were added to the solution.
However, it was always highly occupied
when exogenous metals (Mn, Mg, or Zn)
were added to the protein. ME2 makes only
one direct interaction with the enzyme to the

Fig. 1. Ribbon diagram of the secondary struc-
ture of the catalytic domain (residues 152 to
489) of PDE4B2B. ME1 is shown as a silver
sphere (ME2 is behind H13 in this orientation).
The NH,-terminal subdomain of the molecule
(residues 152 to 274) is colored cyan, the mid-
dle subdomain green (residues 275 to 347), and
the COOH-terminal subdomain is colored yel-
low (residues 348 to 489).
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Table 1. X-ray data and phasing statistics. Data sets for SmCl, and GdCl, were collected on beamline
171D at the Advanced Photon Source in Argonne National Laboratory (APS); all others were collected
on beamline X12C at the National Sychrotron Light Source in Brookhaven National Laboratory
(NSLS). All data were processed with the HKL package (36).
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Wave-  Reso- Com- Number :
Data set length  lution  pleteness of Rym® Rt Phai:I:/ga rfc?i\tN er
(A) (&) (%) reflections

ErClaemote) 1432 250 100 31,783 0061 0.182 0/2.02
ErClypeaiy 1482 250 99 31,551 0103 0.181 1.58/2.65
EClygoeciony 1483 250 99 31578 0107 0.178 2.18/2.30
SmCl, 1.000 2.50 100 31,033 0.138 0.198 0.84/0.88
GdCl, 1.000 240 98 34,336 0.165 0.206 1.08/0.85
K,PtCl, 1.080 2.80 100 22,755 0.109 0.221 1.23/0.38
Native 1.080 177 100 88,528 0.058 — 1.08/0

sym 2I1kl I I -

symmetry-related reflections. 1R, = S, el —

amplitudes from the native and heavy atom derivative, respectlvely

difference and anomalous (ano) difference measurements.

Fig. 2. Surface representa-
tion of the PDE4 molecule.
The orientation of this
view is an 80° counter-
clockwise rotation around
the vertical axis of that
shown in Fig. 1. The surface
colors denote the level of
sequence conservation
across the 10 PDE families.
Completely conserved res-
idues are shown in red,
partially conserved resi-
dues in white, and highly
variable residues in blue.
ME1 and ME2 are repre-
sented as yellow spheres. A
view of the opposite side
of the molecule is shown in
the inset at the lower left.

Fig. 3. Overview of the active site. A 2F , - F_,_ electron
density map of the metal bmdlng site calculated from 18 to
1.77 A native data is shown in brown at a level of 2.50. An
anomalous difference map calculated from 20 to 3.3 A
using refined phases and data from an Er-soaked crystal
collected at A = 1.48 A is shown in gray at a level of So.
ME1 and ME2 are shown in magenta, water molecules are
red, and the protein carbon atoms are colored as in Fig. 1.
Metal ion interactions are shown in white. Several obser-
vations indicate that a third metal ion visible in the elec-
tron density is a crystallization artifact arising from an
opportunistic arsenate ion (As*) present in the crystalliza-
tion buffer. This ion shows variable occupancy and makes
only three water-mediated contacts with the protein.
Anomalous difference density at the site of the third metal
ion (shown in cyan) was observed in data collected at A =
1.0 A but not in data collected at A = 1.4 A, which is
consistent with an arsenate ion. The position of the arsen-
ate ion, 2.6 A above the water that bridges the two metal
atoms, suggests a possible binding site for phosphate, or a
phosphate-containing species in the active site.
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1731, where I is the observed intensity and (/) is the average intensity from observations of
[V S(|Foyl + [Fol), where F, and F,, are the structure factor
iPhasnng power of isomorphous (iso)

second Oy of Asp?” (2.4 A). It further inter-
acts with the water molecule (2.4 A) that
binds to the first metal ion. Four additional
water molecules complete the distorted octa-
hedral geometry of the second metal site.
These water molecules in turn form hydrogen
bonds with residues His??8, Glu3%4, His3?7,
and Ser# of the enzyme. The preferred in
vivo ion cannot be determined from this
study. Others have shown that many ions are
capable of supporting enzymatic activity (19,
20); however, it is likely that either Mn2™* or
Mg2* is the relevant physiological ion (21).
MEI1 and ME2 coordinate several of the res-
idues found in the two highly conserved PDE
sequence motifs His-Asn-X-X-His (residues
234 to 238) and His-Asp-X-X-His (residues
274 to 278), each of which was previously
considered to form a separate metal binding
site (22).

The two metal ions are ~3.9 A apart and
constitute a binuclear motif similar to that
found in other enzymes that catalyze the hy-
drolysis or formation of amide or phosphate
bonds. The motif in PDE is particularly sim-
ilar to that found in the active site of 3',5’-
exonuclease of DNA polymerase I Klenow
fragment, which contains Zn?* and Mg?*
ions with similar coordination spheres (23).
Little else about the active site of PDE4
resembles these enzymes.

A model of cAMP docked in the
PDE4B2B active site (Fig. 4) shows that a
water molecule coordinated to one or both
metal jons could act as the nucleophile in the
hydrolysis reaction. The metal ions would
also serve to stabilize the transition state. The
strictly conserved His?3*4 is positioned to ac-
complish the protonation of the O3’ leaving
group. The position of His?** is maintained
by a hydrogen bond between its Ny and a
carboxylate oxygen of Glu*!'3, which is itself
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Fig. 4. Model of cAMP bound
to PDE4. A molecular docking
procedure was used to fit
cAMP into the proposed active
site (34). The preferred model
is shown in which cAMP adopts
the anti conformation with the
adenine base inserted into a
lipophilic pocket formed by
Leu3?3, Pro3%, Ile*1°, Phe*14,
and Phe*¢. The cyclic phos-
phate group binds to ME1 and
ME2, replacing the observed
arsenate ion shown in Fig. 3.
The 1-N and 6-NH, groups
form hydrogen bonds with the
side chain of Gln*43, while the
7-N position forms a more dis-
torted hydrogen bond with
Asn39. The ribose rin§ binds
loosely against Met3*” and
Leu3%3, with a hydrogen bond
between His?3* and the O3’
oxygen, but with no obvious

REPORTS

interaction to the 0O2’, 04/,
and OS5’ atoms. Consistent

with our model, an experimental synthetic cAMP analog study found that PDE4 makes important
interactions with the 1-N, 6-NH,, and 7-N positions, but not with the 2’-OH (35).

stabilized by hydrogen bonds between the
other side-chain oxygen and two backbone
amides (Tyr?** and His?*%). The ring of
His?34 is stacked against the ring of His?"®
and with the edge of the aromatic ring of
Tyr?33, These stacking and hydrogen bond
interactions to three other conserved residues
further stabilize the position of His?** and
probably alter the pK, of the N, so it more
closely matches that of the O3’ phosphate
ester. The enzyme appears to have committed
four amino acids to donate a proton, which
speaks to the importance of this protonation
step in the evolution of this enzyme to cata-
lyze cAMP hydrolysis.

The proposed binding mode of cAMP
(Fig. 4) also offers insight into cAMP and
cGMP specificity within the PDE super-
family. Compared with adenine, guanine
has a 1-NH, a 2-NH,, and a 6-CO group on
the purine base. The hydrogen-bonding
character at the 1- and 6- positions is thus
essentially reversed. GIn**3, which “reads”
the 1- and 6- position groups in the anti
conformation model, is conserved in all 10
PDE gene families. However, this glu-
tamine could accommodate the 1- and 6-
position groups in cGMP by rotating its
amide group by 180°. The reversible hydro-
gen-bonding character of glutamine should
thus permit hydrolysis of both cAMP and
c¢GMP, as occurs in dual-specificity PDEs.
In PDE4, Tyr*’® forms a hydrogen bond
with GIn**?* and provides additional steric
constraints that may be responsible for the
cAMP specificity. Residues proximal to
GIn**® in the other PDEs may likewise
influence its orientation and optimize the
shape of the pocket to favor binding of
specific nucleotides.

The PDE4 structure further clarifies the
functions of many other residues that were
characterized in the PDE family. For exam-
ple, mutations of residues in rat PDE3 corre-
sponding to PDE4 His3*®? and Thr**> com-
pletely diminished the enzyme activity (24).
His*°7 and Thr3#° are in the cAMP binding
pocket and serve a critical function by form-
ing water-mediated interactions to the second
metal ion, positioning it for efficient cataly-
sis. Other studies have implicated several
residues on helix 14 in cAMP-cGMP speci-
ficity (25). One of these residues (Thr*’7)
makes direct contacts with the nucleotide
base in our docked substrate model, whereas
the other residue (Tyr*®3) appears to play a
key role in orienting GIn*43,

Previous studies have shown that roli-
pram, an efficient inhibitor of PDE4, is a
competitive inhibitor (26) and binds with a
stoichiometry of 1:1 within the catalytic do-
main (27). Well-characterized mutations that
affect rolipram binding (28) are primarily
located in the binding pocket, and many of
these residues are predicted to be in contact
with the cAMP substrate in our model. It is
likely that many of the known PDE inhibitors
bind within the active-site pocket. The
PDE4B2B crystal structure, as a representa-
tive of this therapeutically important class of
enzymes, will assist the drug discovery pro-
cess by providing binding and specificity in-
formation based on the crystal structure.
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Signaling Specificity by Frizzled
Receptors in Drosophila
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Whnt-Frizzled (Fz) signaling pathways play recurring important roles during the
development and homeostasis of vertebrates and invertebrates. Fz receptors
can signal through B-catenin—dependent and —independent pathways. In Dro-
sophila, Fz and Fz2 are redundant receptors for Wg. In addition, Fz conveys
signals through a distinct pathway to organize planar polarization of epithelial
structures. We demonstrate that the cytoplasmic sequences of Fz2 and Fz
preferentially activate the 3-catenin and planar polarity cascade, respectively.
Both receptors activate either pathway, but with different efficiencies. Intrinsic
differences in signaling efficiency in closely related receptors might be a general
mechanism for generating signaling specificity in vivo.

Pattern formation in multicellular organisms
relies on specific inductive signaling events.
Many evolutionarily conserved signaling
pathways are used at multiple times during
development to induce tissue- and cell type—
specific responses (/). Despite the impor-
tance of context-dependent signaling speci-
ficity, the underlying mechanisms have re-
mained elusive.

Frizzled (Fz) proteins act as receptors for
Wnt ligands. Most Wnt-Fz signal transduction
pathways involve the posttranslational stabili-
zation of the intracellular protein 3-catenin (B-
cat/Arm) (2, 3). However, some Fz receptors
can also signal through pathways independent
of the Wnt—B-cat (Wg-Arm) cascade (4-38).
Both pathways use Dishevelled (Dsh) as a
transduction component, raising the intriguing
question of how two structurally related recep-
tors signal through a common protein into dis-
tinct effector pathways. In Drosophila, Fz and
Fz2 are redundant receptors for Wg, activating
the Wg-Arm cascade (9-/3). Nevertheless,
functional differences between Fz and Fz2 in
Wg-Arm signaling remain. Fz2 has a higher
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affinity for Wg than Fz (12, 14), and removal of
either Fz or Fz2 has subtle, but different, effects
on the patterning of the embryonic nervous
system (9). Moreover, only Fz is specifically
required for epithelial planar polarity by signal-
ing through a Wg-Arm—independent pathway
“,6,7).

Fz overexpression during Drosophila eye
development (/5) causes a gain-of-function
(GOF) planar polarity phenotype (4, 16).
Overexpression of Fz2 in the developing
wing activates Wg-Arm targets (/4, 16). To
compare the functional equivalence of Fz and
Fz2 (we will refer to Fz as Fz1) for activating
either the planar polarity or Wg-Arm path-
ways, Fzl and Fz2 were expressed with tis-
sue-specific enhancers (/7) in imaginal discs
during Drosophila development (/8). Where-
as Fzl overexpression in eye (Fig. 1A) (4,
16) and wing discs (/9) resulted in planar
polarity phenotypes, Fz2 expression led to
planar polarity defects with only very low
penetrance (<1%) (Fig. 1B). Conversely,
overexpression of Fz2 in wing imaginal discs
led to formation of ectopic bristles [a wg
GOF phenotype (14, 16, 19)], whereas Fzl
overexpression did not affect bristle forma-
tion (16, 19). Thus, Fz receptors have distinct
signaling abilities in imaginal discs, despite
their redundant role for Wg-Arm signaling in
loss-of-function (LOF) analysis (9-13).

To assess Wnt—{3-cat signaling in a quantifi-
able in vitro assay, we injected both receptors
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into Xenopus embryos and analyzed Wnt target
induction in animal cap explants (20-23). In this
heterologous assay, Fz2 induced strong activa-
tion of the Wnt—B-cat targets Xnr-3 and Siamois
(Sia), whereas Fzl induced a much weaker re-
sponse (Fig. 1C). Thus, taken together with the
imaginal disc phenotypes, Fz2 is a strong acti-
vator of Wnt—f3-cat signaling, and Fzl is a po-
tent activator of the planar polarity pathway.
However, both receptors retain a low intrinsic
potential to cross-activate either pathway.
Differential Dsh localization may deter-
mine Fz signaling specificity, whereby Fzl,
but not Fz2, can induce recruitment of Dsh to
the membrane in Xenopus (6). At normalized
protein levels for Fz1 and Fz2, however, we
did not observe differences in their ability to
recruit Dsh (Fig. 1D). Titration experiments
with Fzl and Fz2 RNA concentrations
showed very similar threshold levels for ei-
ther receptor in Dsh membrane localization
(24). Thus, differential Dsh recruitment is
unlikely to be the mechanism by which speci-
ficity between these Fz receptors is generated.
Fz receptors are serpentine transmem-
brane proteins composed of an extracellular
ligand-sequestering domain (CRD), a seven-
pass transmembrane segment, and a COOH-
terminal cytosolic tail (25, 26) (Fig. 2). To
determine which domains in Fz1 and Fz2 are
required for directing signaling into either
pathway, we constructed chimeric and trun-
cated receptors (Fig. 2) (27). These chimeric
proteins were tested for their signaling poten-
tial in Drosophila imaginal disc development
in wings and nota (with apGal4) (28), eyes
(15), and legs (29) for their ability to induce
either GOF Wg-Arm signaling (Figs. 2 and 3)
or planar polarity phenotypes (Figs. 2 to 4).
Both Fz1-2 and Fz1-1-2 chimeric proteins
activated a Wg-Arm target (Ac) in the wing
imaginal disc (Fig. 3B), induced ectopic mar-
ginal bristles (Figs. 2 and 3, G to I), and showed
wg-associated effects in the leg (29). However,
they had no significant effect on planar polarity
signaling in the eye, the wing, or the notum
(Figs. 2, 3, G to I, and 4, C and F). Thus, the
Wg-Arm signaling outcome corresponded with
the presence of the Fz2 cytoplasmic tail. In
contrast, GOF planar polarity phenotypes were
observed with chimeric Fz2-1 receptors in the
wing (Fig. 3K), the notum (28), and the eye
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