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Summary

Phosphodiesterases (PDEs) are key enzymes that control the cellular concentrations of the second
messengers cCAMP and cGMP. The mechanism for selective recognition of substrates CAMP and
cGMP by individual PDE families remains a puzzle. To understand the mechanism for substrate
recognition by PDE enzymes, the crystal structure of the catalytic domain of an inactive D201N
mutant of PDE4D2 in complex with substrate CAMP has been determined at 1.56 A resolution. The
structure shows that GIn369 forms only one hydrogen bond with the adenine of cCAMP. This finding
provides experimental evidence against the hypothesis of two hydrogen bonds between the invariant
glutamine and the substrate cAMP in PDE4, and thus suggests that the widely circulated “glutamine
switch” model is unlikely the mechanism for substrate recognition by PDEs. A structure comparison
between PDE4D2-cAMP and PDE10A2-cAMP reveals an anti configuration of CAMP in PDE4D2
but syn in PDE10A2, in addition to different contact patterns of CAMP in these two structures. These
observations imply that individual PDE families have their characteristic mechanisms for substrate
recognition.
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Cyclic nucleotide phosphodiesterases (PDEs) regulate the cellular concentrations of the second
messengers cAMP and cGMP and play important roles in many biological processes (1-7).
The human genome encodes twenty-one PDE genes that are categorized into eleven families.
Alternative mRNA splicing of the PDE genes produces about one hundred proteins (1,3).
Selective inhibitors against individual PDE families have been widely studied as therapeutics
for treatment of various human diseases (8-15). For example, the PDES5 selective inhibitor
sildenafil has been approved for treatment of male erectile dysfunction and pulmonary
hypertension (16,17).

Individual PDE families have different specificities in hydrolysis of substrates cAMP and
cGMP. Thus, PDE families of 4, 7, and 8 prefer to hydrolyze cAMP while PDES5, 6, and 9 are
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cGMP specific. The remaining PDE families 1, 2, 3, 10, and 11 utilize both cAMP and cGMP
as substrates, but have slightly different catalytic efficacies. Understanding substrate
specificity is important not only for illustration of the catalytic mechanism, but also for
development of PDE inhibitors for treatment of human diseases. On the basis of the crystal
structures of PDE4 and PDES5 in complex with products AMP and GMP, a “glutamine switch”
mechanism was proposed for substrate specificity (18) and is now widely circulated in the field
of PDE research. However, a couple of lines of evidence suggest that the invariant glutamine
may not be the key for the substrate recognition. First, the invariant glutamine forms a hydrogen
bond with a tyrosine in the crystal structures of dual-substrate specific PDE2 (19) and PDE10
(20) and is thus unlikely to freely switch its conformation for recognition of the different
substrates. Second, the recent PDE10-substrate structures show that cAMP and cGMP have
the same syn configuration, but different orientations and interactions (20), suggesting that
CAMP and cGMP are recognized by the different contact patterns in PDE10. Thus, it is of
interest to know if CAMP in PDE4 has the same contact pattern and configuration as that in
PDE10 and whether PDE4 and PDE10 have a similar mechanism of substrate recognition.
Also, it is not known if product AMP simulates binding of substrate cAMP in PDE4 as what
the glutamine switch mechanism suggested. To address these questions, we constructed an
inactive D201N mutant of PDE4D2 (D201N) and determined the crystal structure of the
catalytic domain of the mutant in complex with substrate CAMP.

Protein expression, crystallization and structure determination

The cDNA for expression of the catalytic domain of the wild type PDE4D2 was purchased
from ATCC (American Type Culture Collection, ATCC #5654749) and subcloned into
PET15b, as described previously (21). The plasmid pET-PDE4D for expression of the wild
type PDE4D?2 (residues 86-413) was mutated to pET-D201N with the QuickChange site-
directed mutagenesis kit (Stratagene) using the PCR primers of 5'-
GCCAGTGCAATACATAATGTAGATCATCCTGG-3' and 5'-
CCAGGATGATCTACATTATGTATTGCACTGGC-3'. Protein overexpression and
purification of the D201N mutant followed the protocol for the wild type PDE4D2 (22). Briefly,
the plasmid pET-D201N was introduced into E. coli BL21-CodonPlus (Invitrogen). The E
coli cell was grown in LB medium at 37°C to absorption A600 = 0.7 and then 0.1 mM isopropyl
B-Dthiogalactopyranoside was added to induce overexpression at 15°C for 40 hours. To purify
the recombinant protein of D201N, the cell lysate was passed through a Ni-NTA affinity
(Qiagen) column. The eluted protein was cleaved with thrombin and further purified by passing
through the columns of Q-sepharose (Amersham Biosciences) and Sephacryl S300 (Amersham
Biosciences). A typical purification yielded about 50 mg PDE4D2 D201N mutant from 2 liters
of cell culture. The purified D201N protein showed a single band in SDS-PAGE and was
estimated to be > 95% pure.

The 30mg/ml unliganded D201N mutant was stored in a buffer of 20 mM Tris.base, pH 7.5,
50 mM NaCl, 1 mM B-mercaptoethanol, 1 mM EDTA and crystallized at 4°C by hanging drop
against a well buffer of 0.1 M HEPES pH 7.5, 0.1 M MgCl,, 12% PEG3350, 30% ethylene
glycol, and 10% isopropanol. The D201N-cAMP complex was prepared by soaking the
unliganded crystals in the crystallization buffer plus 20 mM cAMP for one hour and then flash-
frozen in liquid nitrogen. Diffraction data were collected on beamline X29 at Brookhaven
National Laboratory and processed by program HKL (Table 1) (23). The D201N mutant
structure was solved by molecular replacement, using the wild type PDE4D?2 as the initial
model. The atomic model was rebuilt by program O (24) and refined by program CNS (Table
1) (25).
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Enzymatic activity and structure of the D201N mutant

The D201N mutant has a Ky, of 1.8 uM, comparable to that of the wild type PDE4D2, but its
keat Of 6.8 x 1074 s71 is 4 magnitudes lower than 3.9 s of the wild type enzyme (22). The
structure of the PDE4D2 D201N mutant contains sixteen a-helices (Fig. 1) that are folded into
an entity as other PDE families (4). Superposition of the D201N mutant over the wild type
PDE4D? yielded a root-mean-squared deviation (RMSD) of 0.47 A for Ca atoms in the entire
catalytic domain (residues 87-410), indicating no significant conformational changes caused
by the mutation. In addition, the graphic display of the superimposed structures shows no
substantial conformational changes of the active site residues upon cAMP binding (Fig 1B).
However, the D201N mutation causes loss of the magnesium ion binding and thus loss of
catalytic activity. This loss is understandable because Asp201 is the only residue that the
magnesium ion binds in the wild type PDE4D2.

Cyclic AMP binds PDE4D2 in anti configuration

The adenine of cAMP binds to the substrate recognition pocket or so called S-pocket (20). The
cyclic phosphate group of cAMP orients toward the metal binding pocket, but neither directly
contacts the zinc ion in this structure nor the second metal site generated from the structural
superposition (Fig. 2). Substrate cAMP forms only two hydrogen bonds with PDE4D2, which
occur between N1 of the adenine of cAMP and Ne2 of GIn369 and between a phosphate oxygen
of cCAMP and Ne2 of His160 (Fig. 2). The D201N-cAMP structure shows that Ng of adenine
of CAMP is 3.78 A away from Oel of GIn369. This distance represents a weak van der Waals'
interaction and is much longer than the ideal length of 2.9 A fora hydrogen bond. Four water
molecules bind the phosphate oxygens and ribose O2' of CAMP. For the hydrophobic
interactions, adenine of cCAMP stacks against the highly conserved Phe372 in the PDE families
(except tryptophan in PDE11) on one side and contacts 11e336 and Phe340 on another side. In
addition, cCAMP forms van der Waals' interactions with residues Tyrl59, Met273, Leu319,
Asn321, Thr333, and Met357.

The bound cAMP has an anti configuration for the adenine and a 3'-endo puckering for the
ribose (Fig. 2a), thus suggesting that the anti conformer of cCAMP is the genuine substrate of
PDE4, although cAMP has a syn/anti equilibrium of 30:70 in free solution (26). Our
observation is consistent with the topological mapping experiments, in which the anti
conformer of CAMP was the preferable substrate for PDE4 (27). However, the topological
mapping predicted a hydrogen bond of the invariant glutamine with N7 of cCAMP (27), in
contrast to N1 in our crystal structure.

Product AMP does not simulate binding of substrate cAMP

The superposition of PDE4D2-cAMP over PDE4D-AMP and PDE4B-AMP (18,21,28) yielded
the small RMSDs of 0.26-0.73 A, indicating overall similarity of the structures. In addition,
the structural comparison shows some features shared by AMP and cAMP. For example, both
substrate and product have the same anti configuration and interact with a similar set of amino
acids. However, the hydrogen bonding patterns of CAMP and AMP in the structures of
PDE4D2-cAMP and PDE4-AMP are totally different (Fig. 2c). First, a phosphate oxygen of
AMP bridges two divalent metal ions, but cAMP does not directly contact the metal ions.
Second, the side chain of Asn321 in the PDE4-product complexes (18,21,28) changes its
conformation to form two hydrogen bonds with Ng and N7 of AMP. In comparison, Asn321
in the PDE4D2-cAMP complex retains its conformation in the unliganded state and does not
form hydrogen bonds with cAMP. Finally, two hydrogen bonds are formed between N1 and
Ng of AMP and Ne2 and Oel of GIn369 in the PDE4-product complexes (18,21,28). In contrast,
GIn369 in the PDE4D2-cAMP structure forms only one hydrogen bond with N1 of cAMP, and
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the distance of 3.78 A between Oel of GIn369 and Ng of CAMP indicates their weak van der
Waals' interaction. Therefore, the structural comparison suggests that the product does not
simulate substrate binding in PDEA4.

For the same chemical formulae, the nucleoside portions of the products AMP and GMP have
been assumed to have the same configuration and interaction as those of the substrates cAMP
and cGMP. This belief has led to the widely circulated “glutamine switch” mechanism for
substrate specificity of PDEs (18). On the basis of the crystal structures of PDE4-AMP and
PDE5-GMP, the invariant glutamine (GIn369 in PDE4D2) was assumed to have two hydrogen
bonds with cAMP but only one with cGMP in the cAMP-specific PDE families and vice versa
in the cGMP-specific families. For dual-substrate specific PDE families, the invariant
glutamine is expected to switch its side chain conformation to form two hydrogen bonds with
CAMP and cGMP (18).

Several lines of evidence suggest that the “glutamine switch” is unlikely the mechanism for
the recognition of substrates. First, a hydrogen bond between the invariant glutamine and a
scaffolding tyrosine in the structures of dual substrate specific PDE2 and PDE10 (19,20) will
block free rotation of the glutamine side chain and thus prohibit gain of two hydrogen bonds
with cCAMP or cGMP. In fact, the structures of PDE10AZ2 in complex with both substrates show
that the invariant GIn726 forms two hydrogen bonds with cAMP, but one with cGMP (20). A
structural model shows that GIn726 will retain one hydrogen bond with cGMP even after
switching the side chain conformation of the invariant glutamine (20). Secondly, the Q817A
mutation in PDE5A1 reduced the cGMP affinity by 60-fold, but did not significantly impact
cAMP affinity, suggesting that the glutamine is not a key residue to differentiate substrates
(29). Finally, only one hydrogen bond between GIn369 and cAMP in our D201N-cAMP
structure provides experimental evidence against the glutamine switch mechanism that
hypothesizes two hydrogen bonds between the glutamine and cAMP in the cAMP-specific
PDE families (18). Thus, the invariant glutamine appears to be important for substrate affinity,
but less critical for differentiation of substrates. Most likely, the substrate differentiation is
achieved through variation of amino acids in the substrate recognition pocket (20).

Different mechanisms for substrate recognition in PDE4 and PDE10

The binding of cAMP in PDE4D?2 is significantly different from that in PDE10A2 (Fig. 3).
First, the adenine rings of cAMP in the two structures have about 180° orientation difference
and show positional difference of about 2 A between their N9 atoms, although both adenines
stack against a phenylalanine. Second, cCAMP has an anti configuration in PDE4D2, but both
cAMP and cGMP in PDE10AZ2 have a syn configuration (20). Finally, cAMP forms one
hydrogen bond with GIn369 of PDE4D2, but two with the invariant glutamine in PDE10AZ2.
These differences suggest that individual PDE families possess characteristic recognition
mechanisms for substrate specificity.

In the dual-substrate specific PDE10, the substrates are distinguished through different
orientations and interactions of cCAMP and cGMP (20). One extra hydrogen bond of cAMP
with GIn726 of PDE10A2 in comparison to cGMP may contribute to the 70-fold affinity
difference, as shown by Ky, of 56 nM for cAMP and 4.4 uM for cGMP (20). However,
explanation for the preference of CAMP over cGMP by PDE4 is not obvious. To observe the
interaction of cGMP with PDE4, we collected a data set from a crystal of the PDE4D2 D201N
mutant, which had been soaked in 30 mM cGMP and the same buffer for preparation of the
D201N-cAMP complex. However, no cGMP binding was observed in the structure. This result
is consistent with the enzymatic data that PDE4 has a Ky, of 1 mM for cGMP, in comparison
to 1.5 uM for cAMP (22). If the position and conformation of cCAMP is taken as the model of
cGMP, N, of cGMP will be about 2.5 A away from Ce of Met357. This distance is too close
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for the van der Waals' interaction and will push the guanine away so as to eliminate the
hydrogen bond between the invariant glutamine and cGMP. Thus, the substrate specificity in
PDE4 appears to be the consequence of a poor fit of cGMP to the active site.

In general, we believe that the substrate specificity is determined by multiple elements and
individual PDE families have characteristic mechanisms. The amino acid variation in the
nucleotide binding pocket across PDE families and the shape/size of the pocket are two factors
determining the binding affinity. Substrates cAMP and cGMP may take similar or different
orientations to fit the pocket with different affinity in dual substrate specific PDE families.
Meanwhile, PDE families with unique substrate specificity may have a perfect match with one
substrate such as cAMP in PDE4, but unfavorable interactions with another substrate.
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Fig. 1.

Structure of the PDE4D D201N catalytic domain. (A) Ribbons diagram. The large red ball
represents a zinc ion. The green sticks are the residues at the active site of the PDE4D2 D201N
mutant. (B) Superposition of the active site residues of the wild type PDE4D2 (blue sticks)
over those of the D201N mutant. The zinc ion has the same position in the wild type and D201N
structures. The magnesium ion is from the wild type PDE4D2.
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Fig. 2.

Nucleotide binding. (A) Interactions of cAMP with residues of PDE4D2. Dotted lines represent
hydrogen bonds or metal coordinations. Isolated purple balls are bound water molecules. (B)
The electron density for cAMP, which was calculated from the omitted structure and contoured
at 3 sigmas. (C) Structural superposition between PDE4D2-cAMP and PDE4D2-AMP. The
color codes for bonds are green for residues of PDE4D2-cAMP, white for cAMP, gold for
AMP, and blue for residues of PDE4D2-AMP.
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. M357

Fig. 3.

Structural superposition of PDE4D2-cAMP (green bonds and labels) over PDE10A2-cAMP
(blue bonds and labels, and gold for cAMP). The bound cAMP has the anti configuration in
PDE4D2 and syn in PDE10A2.
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Table 1
Statistics on diffraction data and structure refinement
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Data collection D201N-cAMP
Space group P2,2,2,
Unitcell (a, b, ¢, A) 57.8,81.0, 163.6
Resolution (A) 30-1.56
Total measurements 1,429,939
Unique reflections 108,849
Completeness (%) 98.9 (90,02
Average l/c 105(24)
Rmerge 0.072 (0.43)
Structure Refinement
R-factor/R-free 0,212/0,231(10%)¢
Reflections 104,214
RMS deviation for

Bond (A) 0.0043

Angle . 1.07°
Average B-factor (A%)

Protein 224 (5280)§

cAMP 23.0

Waters 315 (528)§

Zn 22.3(2)8

*
The numbers in parentheses are those at the highest resolution shell.

iThe percentage of reflections omitted for calculation of R-free.

§The number of atoms in the crystallographic asymmetric unit.
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