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ABSTRACT. Phosphodiesterases (PDEs) modulate signaling by cyclic nucleotides in diverse processes such
as cardiac contractility, platelet aggregation, lipolysis, glycogenolysis, and smooth muscle contraction.
Cyclic guanosine monophosphate (cGMP) stimulated human phosphodiesterase 2 (PDE2) is expressed
mainly in brain and heart tissues. PDE2A is involved in the regulation of blood pressure and fluid
homeostasis by the atrial natriuretic peptide (ANP), making PDE2-type enzymes important targets for
drug discovery. The design of more potent and selective inhibitors of PDE2A for the treatment of heart
disease would be greatly aided by the identification of active site residues in PDE2A that determine
substrate and inhibitor selectivity. The identification of active site residues through traditional mutational
studies involves the time-consuming and tedious purification of a large number of mutant proteins from
overexpressing cells. Here we report an alternative approach to rapidly produce active site mutants of
human PDE2A and identify their enzymatic properties using a wheat germ in vitro translation (IVT, also
known as cell-free translation) system. We also present the crystal structure of the catalytic domain of
human PDE2A determined at 1.7 A resolution, which provided a framework for the rational design of
active site mutants. Using a rapid IVT approach for expression of human PDE2A mutants, we identified
the roles of active site residues Asp811, GIn812, 1le826, and Tyr827 in inhibitor and substrate selectivity
for PDE2A.

Cyclic nucleotide second messengers (cAMRd cGMP) the corresponding’ Hiucleoside monophosphaf®,(thereby
play central roles in signaling pathways that regulate physi- terminating the cyclic nucleotide signal. PDEs modulate
ological responses. Cellular responses to these signals occucellular levels of cAMP and/or cGMP in processes such as
within a narrow concentration range of cAMP and cGMP, cardiac contractility, platelet aggregation, lipolysis, glyco-
requiring precise control of the intracellular levels of these genolysis, smooth muscle contraction, ion channel conduc-
second messengers, 2) by cyclic nucleotide synthetases tance, and apoptosiS,(4).
and phosphodiesterases (PDE). Cyclic nucleotide phosphodi- The 21 PDEs in mammals can be subdivided into 11
esterases (PDEs) comprise a large family of metallophos-typilies named PDE1 to PDE11. Although the members of

phohydrolases (e.g., Mg and Zit) that cleave the '%'- each PDE family show a considerable divergence of amino
cyclic phosphate moiety of CAMP and/or cGMP to produce acig sequences, they are functionally related according to

their substrate and inhibitor specificities and the mechanism-
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(PDE2, PDES5, PDES®); (lll) membrane targeting sites (PDE4); EHNA and rolipram. We also report a three-dimensional
(IV) hydrophobic membrane association sites (PDE3); and structure of the catalytic domain of hPDE2A determined at
(V) phosphorylation sites for either the calmodulin-dependent a resolution of 1.7 A. A comparison of the human PDE2A
kinase (Il) (PDE2), the cAMP-dependent kinase (PDE1, crystal structure with the structure of PDE4D in complex
PDE3, PDE4), or the cGMP dependent-kinase (PDB5) ( with rolipram Q0) suggested key residues that might be

7).

responsible for the selective inhibition of PDE2A. Fourteen

Members of the PDE superfamily also differ substantially residues were mutated singly or in different combinations,
in their tissue distributions and expression levels, making and the mutant proteins were expressed in a wheat germ
them interesting therapeutic targets for a variety of diseases.extract based IVT system. The kiggged mutant proteins
It is of great pharmaceutical interest to understand the were partially purified by affinity capture, and their kinetic
biological meaning of this apparent complexity by developing parameters were measured and compared with those of the
specific inhibitors of various PDEs that can be used to wild-type protein. Several mutations affected inhibition by
evaluate their physiological functions in animal models. For rolipram and EHNA, and these residues are implicated as
example, PDES5 is one of the several PDEs degrading cGMPspecificity determinants of inhibitor potency. Our results

in corpus carvernosum tissug)( PDE5-specific inhibitors
such as sildenafil (Viagra, ¥g ~ 3.5 nM), vardenafil
(Levitra, 1G5 0.7 nM), and tadalafil (Cialis, 163 0.94 nM)

suggest that the IVT system is a convenient method to rapidly
generate proteins for mutational studies of their enzymatic
activities. The crystal structure of PDE2A and the models

lead to prolonged smooth muscle relaxant effects, confirming for binding of inhibitors EHNA and rolipram and both
that the NO-cGMP pathway in corpus cavernosum vascular substrates in the active site may not only elucidate the role
smooth muscle cells is predominately mediated by PDES5. of amino acids important for inhibitor selectivity but also
These inhibitors are now marketed as drugs for male erectiledetermine residues important for substrate specificity.

dysfunction 9). Furthermore, design of specific inhibitors
is also of great importance because the lack of specificity
could cause undesirable side effects through inhibition of

other PDEs.
Members of the PDE2 family function in cardiac a

EXPERIMENTAL PROCEDURES

Wheat Germ ExtractWheat germ was obtained from
Baystate Milling Company, Clifton, NJ. All procedures were
performed at £C unless otherwise stated. Typically 60 g

channel control and ANP stimulation, which regulates blood of wheat germ was frozen in liquid nitrogen and ground in
pressure and fluid homeostasis. PDE2 is highly expresseda mortar to fine powder with an equal amount of acid washed
in the brain and heart, but it is also found in lung, kidney, sand. The powder was mixed with 120 mL of extraction
and liver @0). Full length human PDE2A possesses two buffer (20 mM HEPES, 100 mM potassium acetate, 1 mM
N-terminal GAF domains (named for their presence in magnesium acetate, 6 mgtmercaptoethanol3¢ME), pH

cGMP-regulated PDE, adenylyl cyclases, andikeherichia

7.5), incubated for 2 min, and centrifuged at 30§®ar 10

coli protein Fh1A) in addition to the C-terminal catalytic min. The middle layer was carefully removed from the

domain (1, _12)). The first GAF domain promotes dimer-

supernatant and centrifuged again at 3@ 10 min. A

ization of PDE2A, and the second GAF domain allosterically buffer exchange (20 mM HEPES, 120 mM potassium acetate,

regulates catalytic activity in response to cGMR)( Full-

1 mM magnesium acetate, 6 mid-ME, pH 7.2) was

length PDE2A can hydrolyze both cAMP and cGMP, with performed on a Sephadex G25 column, and wheat germ

a slightly lower apparenk,, for cGMP. However, when

extract fractions were collected. The most active fractions

cGMP binds to the allosteric GAF domain, the enzyme (two-thirds of the extract) were pooled and stored-&0
undergoes a conformational change that results in a 10-fold°C. The average yield of crude wheat germ extract was 40

lower Ky, for CAMP.

PDEZ2A is selectively inhibited by EHNAetythro-9-(2-
hydroxy-3-nonyl)adenine) with an kgvalue of 1uM (3).
EHNA is the only PDE2-specific inhibitor that is com-

mL. The quality of each batch of wheat germ extract was
compared to the quality of a reference batch by in vitro
translation with a standarf8S-Met radiolabled protein using

band densitometry. Extract optimization was done to obtain

mercially available. Other inhibitors, like the PDE4-specific the highest yield for each batch by adjustifgME,

inhibitor rolipram (IGy 0.31 uM for PDE4) (13), possess
ICso values of 50 to 20@M and do not significantly inhibit
PDE2 (4—18). An inhibitor of PDE2A that is more potent

magnesium, and potassium ion concentrations.
In Vitro Translation Reaction and Affinity Capture of
Proteins.The in vitro translation reaction mixture contained

and selective than EHNA would be useful for identifying 20 mM HEPES, 1 mM ATP, 8&g/mL creatine phospho-
the biological functions in various tissues and understanding kinase, 8.4 mM creatine phosphate @1 GTP, 0.625 mM

the disease relevance of this enzym®)( A better under-

spermidine, 1.2 mM magnesium acetate, 1AL tRNA

standing of the specificity determinants within the PDE2A from wheat germ, 78.1 mM potassium acetateg®bamino
active site would greatly facilitate the design of potent acid mixture, 2.1 mM3-ME, and 25% wheat germ extract.
PDEZ2A inhibitors. However, generation of large numbers No RNase or protease inhibitors were added. Protein
of potential active site mutations and the production and translation was performed at 28 and pH 7.2 for 1 h after
characterization of these mutant proteins by conventional the addition of 6.8:g of capped mRNA. The mixture was
methods would make this a tremendously time-consuming then cooled to 4C, and 5«L of a standardized Pharmacia

effort.

nickel-chelating Sepharose suspension ingdOof assay

In the present study, site directed mutagenesis was useduffer (100 mM Tris-HCI, 5 mM magnesium chloride, 2 mM
in combination with an in vitro wheat germ protein transla- -ME, pH 7.5) was added to the translation mixture and
tion system to rapidly identify key residues of human PDE2A incubated with slow shaking for 90 min to allow binding of
that are important for the different inhibitory potencies of the Hig-tagged proteins. Beads were collected by centrifuga-
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tion, transferred to a clean tube, washed with assay buffer1826V 5-GAAAGATCGCGGAGCTGGTCTACAAAGAAT-
to remove endogenous unbound proteins, and stored on iceTCTTCT-3, D811A 3-GTGACCTCTCTGCCCAGACCAA-
Phosphodiesterase Acitly Assay.Phosphodiesterase ac- GGGC-3, Q812I 3-AGTTGTGACCTCTCTGACCAGAC-
tivity was assayed by the ZnSBa(OH), precipitation CAAGGGCTGGAAGACT-3, Q812P 5ACCTCTCTGAC-
method of Schilling et al. 1) in 96-well filter plates CCGACCAAGGGCTGG-3 M847L 5-GGCCGATGGA-
(Millipore, MHVBN4510) with modifications. The enzyme  GCTGATGGACCGGG-3 L858M 5-GGCCTATATCCCT-
produced by in vitro translation was immobilized or?Ni GAGATGCAAATCAGCTTCATG —5, L858S 5-GGCCT-
NTA resin and then incubated in assay buffer at@2with ATATCCCTGAGTTGCAAATCAGCTTCATG-3, L907A
either cGMP (Sigma-Aldrich)/[8H]cGMP (Amersham, 5-TTCACATCCGCGGCCTCCCAAGTAACAACTC-3
TRK392) or cAMP (Sigma-Aldrich)/[2,8H]cAMP (Amer- D811A/Q8121 5CTAGTTGTGACCTCTCTGCCATTACC-
sham, TRK498) as substrate. The enzyme beads were mixeARAGGGCTGGAAGACT-3, T819Y 5-CCAAGGGCTG-
continuously during the assay. Sample aliquots were takenGAAGACTTACAGAAAGATCGCGGAGCTG-3, and ph-
at the indicated times, quenched in a solution of 5.4 mM PDE2ACAT plasmid as template. All mutations were veri-
ZnSQ, and then precipitated with 4.4 mM of Ba(OfHpr fied by sequencing.
45 min. The plates were washed (Brandel, Microdispenser Transcription ReactionHigh quality mRNA was made
XRM) with 1 mL of wash buffer (1 mM NaOH, 100 mM  using the Message Machine Kit from Ambion (Austin, TX)
NaCl) per well and dried for 25 min on both sides under a with purified PCR products containing a T7 promoter. The
heat lamp. Following the addition of 44_ of scintillation mRNA was purified for further use from the inhibitory’@
fluid (Perkin-Elmer, Optiphase Supermix) per well, plates cap analogue by ethanol precipitation, resuspended ir.50
were read out on a Wallac Microbeta Trilux microplate liquid of RNase-free water (GIBCOBRL) and loaded onto a G-50
scintillation counter.K,, determinations for PDE2A were  gel filtration spin column (Amersham). mRNA concentra-
done at cGMP concentrations varying betweenM and tions were determined by UV spectroscopy. mRNA quality
100 uM and for cAMP between 2.xM and 100uM. Kn, was found to be uniform from batch to batch, and no
andVmax vValues were obtained from direct plots of the linear differences in translation efficiency could be detected.
initial velocity vo (total substrate conversion 10%) versus Plasmid Construction for Bacterial Expression and Protein
the substrate concentrati@eand are the result of triplicate  Purification of Human PDE2A (579921).Human PDE2A
measurements of at least two independent enzyme preparaicGSPDE; U67733) catalytic fragment (amino acids 579
tions. k.ot values were determined by dividingyax by the 921) was cloned into pET28A usimdhd and Sal restriction
molar concentration of enzyme, estimated as describedsites to link an additional thrombin cleaving site to the
below. 1G, values were measured at substrate concentrationsN-terminus of the protein. The following primers were
of 1/10 of theK, value with inhibitor concentrations varying used: Al617F 5GCAGCGGCCTGGTGCCGCGCGGCA-
from 1 uM to 3 mM for rolipram and 10 nM to 3@M for GCCATATGGCTAGC GACGATGAGTATACCAAACT-
EHNA. Due to the low solubility of rolipram in water, TCTCCATGATG-3, Al671R B-TTCCGCGGCCGCTATG-
measurements in the presence of rolipram were carried outGCCGACGTCGACTTATTACTCGTACTCCTCATCCA-
with 1% DMSO added to the reaction buffer. DMSO at this GGAAGTCCA-3. The resulting vector pET28hPDE2A579-
concentration did not interfere with enzymatic activity. 921 was transformed intg. coli. BL21(DE3). Expression
Protein Quantitation.Yields of mutant PDE2A proteins  of the catalytic domain was carried out in 60 mL of LB (100
obtained by IVT were determined by Western blotting with  mg/mL Amp) at 37°C for 3 h after induction with IPTG (1
chemiluminescent detection (Pierce Supersignal West Femto)mM final concentration) at OB, 0.7. The cells were
normalized to PDE2A purified from an overexpressing strain harvested by centrifugation and resuspended in 4 mL of lysis
of E. coli and quantitated by the Bradford metha2R), buffer containing 50 mM Tris-HCI, 150 mM NaCl, 1Q6y/
Typically, protein obtained in an in vitro translation reaction mL PMSF, and 4.5 mg/mL lysozyme, pH 8.0. After 45 min
was bound to beads. Beads were then boiled for 4 min at 93incubation on ice, the cells were sonicated (VirTis, Virsonic
°C with SDS-gel loading buffer containing 600 mBAME 100) 8 times for 45 s with intervals of 1 min on ice between
before loading onto a gel. Protein quantitation was done in each sonication step. The lysate was centrifuged at 3P000
triplicate. Total protein yields of in vitro translated wild- for 10 min, and the supernatant was loaded onto a column
type PDE2A and mutants were additionally compared by containing 35QuL of nickel-charged Sepharose beads that
band densitometry of incorporated radiolabfe®8-methion- had been pre-equilibrated in binding buffer (15 mM imida-
ine. zole, 300 mM NaCl, 50 mM KkKPQO,, pH 8.0). The beads
PCR Constructs for in Vitro Translation and Site Directed were washed 3 times with 3 mL of wash-buffer (40 mM
MutagenesisThe PCR products used for IVT contained an imidazole, 50 mM KHPQ,, 300 mM NaCl, pH 8.0) and
untranslated region of at least 80 base pairs upstream of theeluted with 1 mL of elution buffer (250 mM imidazole, 50
Kozak sequence to ensure strong translation efficie@8y ( mM KH,PO, 300 mM NaCl, pH 8.0). The buffer was
24). A Hisg-tag was added at the N-terminus foPNaffinity exchanged with storage buffer (5 mM MgC100 mM Tris-
capture of the translated proteins. PDE2A mutants were HCI, pH 7.5, 2 mMj-ME, 50% glycerol) using gravity-
prepared using the Quik Change kit (Stratagene) with flow Nap 10 columns (Amersham), and the protein was
corresponding mutagenic primers Y827ASGATCGCG- stored in aliquots at-80 °C. The enzymatic activity of

GAGCTGATCTACAAAGAATTCTTCTCCC-3, Y827V 5- bacterially expressed PDE2A was invariant for different
AAAGATCGCGGAGCTGATCGTCAAAGAATTCTTC- batches of purified enzyme.
TCCCAG-3, Y827F B-TCGCGGAGCTGATCTTCAAA- Plasmid Construction and Insect Cell Expressioh.

GAATTCTTCTCCCA-3, Y827M 5-GAAAGATCGCG- construct of human PDE2A was generated by PCR and
GAGCTGATCATGAAAGAATTCTTCTCCCAGGGA-3, subcloned into pFastBac-1 in order to generate recombinant
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baculovirus using the Bac-to-Bac system (GIBCOBRL). The
final protein encompasses the catalytic region starting at

Biochemistry, Vol. 44, No. 23, 20088315

Table 1: Diffraction Data and Structure Refinement Statistics for
the PDE2A Structure

Ser578 and extending to Glu919. The N-terminus of the
protein was modified to MetHisAla followed by the first
residue Ser578 of the PDE2A sequence. The protein was
expressed in SF21 insect cells infected with the recombinant
baculovirus at a MOI of 0.1 and harvested 72 h after
infection. Pellets of infected cells were frozen-a80 °C
prior to use.

Protein Purification of Human PDE2A (57819) from
Insect Cellslnsect cell paste was resuspended (3 mL/g) in
ice-cold lysis buffer (25 mM HEPES, pH 7.5; 5 mM tris-
(2-carboxyethyl)phosphine hydrochloride (TCEP; Fluka);
EDTA-free protease inhibitors (Roche Biochemicals; as per
manufacturer's recommendationsyd/mL leupeptin (Sigma);

1 mM PMSF (Roche Biochemicals); 1M E-64 (Roche
Biochemicals)) and lysed by one passage through a chilled
microfluidizer (M110L, Microfluidics International Corp.,
Newton, MA) at a chamber pressure of 18 kpsi. The lysate
was centrifuged at 430@0for 30 min at 4 °C. The
supernatant was concentrated 2-fold using an ultrafiltration
apparatus (10K MWCO hollow fiber filter; AG Technology

Data Collection

space group C222

unit cell dimensionsd, b, ¢ (A)] 90.0,102.5, 81.5

resolution (A) 500.6-1.7

total number of measurements 173939

redundancy 4

number of unique reflections 39 346

completeness (%) 97.1 (9221)

averagd/o 16.6 (2.2}

Rmerge 0.072 (0.48)°
Structure Refinement

R factor 0.21

Ruork/Riree 0.207/0.237

number of reflections
number of reflections used f6¥ce

37 389 (89.4%)
3413 (8.2%)

bonds (A) 0.004
angles (deg) 1.1
AverageB Factor (&)
all atoms 24.1
protein (321 residues) 22.3
Zn?* (1 atom) 18.9
Mg?" (1 atom) 12.9
water (272 molecules) 314

Corp., Needham, MA), and the buffer was subsequently
exchanged by filtration with 5 volumes of lysis buffer. The

aNumbers in parentheses refer to the highest resolution range{1.74
1.7R).*Rym = 3 (I — DVFOL R = 5 [[Fobd — K|Fcaid /S [Fobd-

filtrate was loaded onto an SP Sepharose column (Amersham

Biosciences XK50/20; 50 mm i.ck 20 cm) in tandem with

a Q XL Sepharose column (Amersham Biosciences XK50/
20; 50 mm i.d.x 20 cm) pre-equilibrated with lysis buffer.
After loading was complete and the columns had been
washed sufficiently to obtain a baseline absorbance of the
eluant, the SP Sepharose was disconnected from the serie
and protein was eluted from the QXL resin using 20 column
volumes at 1 mL/min with a©1 M NaCl linear gradient.
Fractions containing PDE2A activity$) were pooled and
bound to a Blue Sepharose 6 Fast Flow column (Amersham
Biosciences XK26/20; 26 mm i.ck 20 cm) pre-equilibrated
with lysis buffer. Material enriched for PDE2A was eluted
with lysis buffer containing 20 mM cGMP. The material
eluted from Blue Sepharose was further purified by a MonoQ
HR 1010 column (Amersham Biosciences) equilibrated in
lysis buffer and eluted over 20 column volumes with-al0

M NaCl gradient. PDE2A eluted in two peaks, which were

(Upton, NY). X-ray data were processed using the HKL2000
suite softwareZ6). X-ray data statistics are summarized in
Table 1. The structure was solved by molecular replacement
methods using the program EPMR7]. The search model
consisted of only the backbone atoms of PDE4 taken from
PDB entry 1F0JZ8), residues 152 to 461. A clear solution
to the rotation and translation function searches was found
using diffraction data limitedat 4 A resolution.

A homology model of PDE2A was then positioned
according to the top rotation/translation search and subjected
to refinement, followed by a combination of automatic and
manual refitting. Automatic refitting was carried out using
the program ArpWarp (http://www.arp-warp.org) in combi-
nation with Refmac 29). The refinement statistics are
summarized in Table 1. The final model was refitted in the
electron density with the program @G@) and refined with
CNX (29) against X-ray data extending to 1.7 A resolution

kept separate. Peak 2 fractions were pooled on the basis 0{500.0-1.7 A). The current model contains 332 out of 341

purity, as judged by SDSPAGE analysis, and they were
concentrated to 5 mL and loaded onto a Superdex HiLoad
1660 column (Amersham Biosciences) equilibrated in 25 mM
HEPES, pH 7.5; 5 mM TCEP; 1&M E64; 1 ug/mL
leupeptin; and 350 mM NacCl.

Crystallization of the Catalytic Domain of Human PDE2A.
Human PDE2A (residues 5#819) was purified from insect
cells and crystallized by vapor diffusion. Large crystals (0.2
x 0.3 x 0.4 mm) appeared after13 days when the PDE2A
protein at a concentration of 10 mg/mL was mixed with an
equal volume of reservoir (0.1 M Tris-HCI, pH 8.5, 0.2 M
MgCl,, 15% PEG 8000) at 22C.

X-ray Data Collection Structure DeterminationRefine-
ment of Human PDE2A, and Metal Bindiigites. Crystals
were transferred to a cryoprotectant solution made up of the
reservoir solution with 15% glycerol, and then they were

residues. Three residues at the N-terminus and 4 residues at
the C-terminus of the catalytic domain are disordered and
not included in the crystallographic model. Residues 900 and
901 are also disordered and hence were not built into the
model. In addition, the model contains 272 water molecules
and two bound metals. Based on tBdactor refinement, a
Zn?t and a M@* ion were assigned to density peaks in the
PDE2A structure. These metals are also present in PDES5.
The zinc ion is coordinated by His660 (2.23 A), His 696
(2.14 A), Asp697 (2.16 A), and Asp808 (2.25 A). The Mg

ion is coordinated by Asp697 (2.30 A) and two water
molecules. The metal binding site is surrounded by helices
oH6, aH7, aH8, aH10, aH11, andaH12 (Figure 2). The
catalytic domain fragment of PDE2A possesses a PDE-
specific motif *JHD(X) H(X)4N]"° and a metal binding
motif 85qH(X)3H(X).sE]%%° that are also present in PDE3,

flash-frozen in a stream of cold nitrogen gas at 100 K. A PDE4, and PDES5. The coordinates and structure factors for
full X-ray data set was collected from one frozen crystal at the catalytic domain of PDE2A have been deposited with
beamline X-25 of the National Synchrotron Light Source the Protein Data Bank accession code 1Z1L.
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Ficure 1: Chemical structures of inhibitors rolipram and EHNA
and substrates cGMP and cAMP. Rolipram is a specific inhibitor
for PDE4, and EHNA is a specific inhibitor for PDE2A. cAMP is

Iffland et al.

adjustments were made manually to relieve a few steric
clashes with nearby residues of the upper binding pocket.

RESULTS AND DISCUSSION

Wheat Germ IVT System for Characterization of Partially
Purified PDE2A EnzymesThe wheat germ IVT system
supports the translation of a variety of prokaryotic and
eukaryotic mRNAs. The system provides an alternative to
bacterial expression and was used as a tool for the rapid
expression of many PDE2A mutants in parallel followed by
affinity capture of the translated proteins in small scale
reactions. We first examined the enzymatic activity of the
catalytic domain of PDE2A produced by IVT toward both
cGMP and cAMP substrates and compared it to the identical
protein purified from an overproducing. coli strain. The
yield of protein produced by the IVT systems depends on
the size of the protein, the mRNA secondary structure, and
solubility of the translated protein as well as parameters of
the IVT system. Therefore protein yield may vary from
protein to protein. For the catalytic domain constructs of
PDE2A the yield is~280 ng per 10Q.L reaction in 25 min,
and this is consistent for all experiments. Bacterial cultures
produced~2—3 ug of protein per 10QuL culture volume

the preferred substrate for PDE4 whereas PDE2A is substrate(data not shown, for growth conditions see Experimental

specific for cGMP and cAMP.

FiGure 2: The structure of PDE2A shown as a ribbon representa-
tion. Bound ZA" and Mg* ions are shown as red and purple

spheres, and the phosphate ion is shown as a stick model. Helice

as well as N- and C- termini of the protein are labeled. To ease
visualization, residues are shown in different colors. Residues 578
613 are represented in yellow, residues-61@0 in green, residues
701-768 in red, residues 769898 in blue, and residues 96915

in pink. Blue dots mark the missing amino acids at the C-terminus.

Model GenerationModels of AMP and rolipram bound
in the active site of PDE2A were generated with Pymol
(version 0.97) by superimposing crystal structures of PDE4
complexed with rolipram or AMP onto the crystal structure
of PDE2A @0, 31). Models of cGMP and EHNA in the
active site of PDE2A were generated by utilizing the AMP

S

Procedures). PDE2A protein expressed from insect cells was
obtained with yields o~5 mg/L, and protein from insect
cells was 5-10 times more active than bacterially expressed
protein (data not shown, for growth conditions see Experi-
mental Procedures). The proteins obtained from bacterial or
IVT expression showed simild, values for cGMP (34
UMpacand 43uMt) and cAMP (32uMpac and 34uM ).
These values for the catalytic domain are in the range of
published literature values for full length PDE2A (CAMP
30—-50 uM, cGMP 10-50 uM) (32, 33). The bacterially
expressed catalytic domain of PDE2A exhibits a 14-fold
higher k.ot value for cGMP than for cAMP and a 12-fold
higherk../Kn value for cGMP than for cCAMP (Table 2). In
vitro translated protein showed a 5-fold higlkes value for
cGMP in comparison to cAMP and a 4-fold higher affinity
for cGMP. The slight differences k.o values of PDE2A
produced by IVT and bacterial expression might be caused
by the different purification procedures and/or differences
in the fraction of active molecules.

No background phosphodiesterase activity was detected
in association with Ni-NTA beads incubated with a mock
IVT reaction or with inactive mutants of PDE2A affinity
purified from wheat germ extracts. The enzymatic activity
of immobilized PDE2A was constant for at least 45 min
under these assay conditions at RT. The affinity purified
proteins could be stored for at least 2.5 h in reaction buffer
at 4°C without a significant loss of enzymatic activity (data
not shown). These results were highly reproducible, with
different batches of wheat germ extract producing similar
amounts of protein with comparable activities.

The IVT system was shown to be a convenient and
powerful tool for the initial survey of enzymatic activities.
By combining IVT expression with a rapid activity assay,

scaffold from the crystal structure of PDE4-AMP complex the enzymatic properties of a large number of PDE2A
as the basis for building either GMP or EHNA molecules. mutants could be quickly surveyed. This approach made use
These models were first superimposed onto the crystalof PCR-generated templates and affinity capture of the
structure of unliganded PDE2A using Pymol, and then slight translated products and thus avoided the time-consuming
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Table 2: Kinetic Parameters of Wild-Type hPDE2A Catalytic Domain (5321}

Km, uM Keay S7° KealKm, ST M™1(1073)
protein cGMP cAMP cGMP cAMP cGMP cAMP
in vitro translated 437 34+6 0.6+0.1 0.12+0.01 14+ 3 3.4+ 0.7
bacterially expressed M4 32+8 42+15 0.3+ 0.1 124+ 40 9.4+ 3.3

a Apparentk, values were determined from direct plotsseiversus [S]. The results represent the average of at least two independent determinations
measured in triplicate: standard deviation.

process of traditional cell based protein production and
purification. Wheat germ extract can be inexpensively
produced in large quantities, enabling large format experi-
ments to be pursued economically. The components of the
IVT reaction can be individually optimized for maximum
translation efficiency of a particular protein. We used this
approach to explore the specificity determinants of PDE2A,
using a crystal structure of the catalytic domain of PDE2A
as a guide to mutagenesis.

Crystal Structure of the Human PDE2A Catalytic Domain
and Its Comparison with PDE3DE4, and PDE5 Struc-
tures.The structure of the PDE2A catalytic domain (amino
acids 578-919) was determined and refined to 1.7 A
resolution in the space gro@222 (Ruork 21% andRyee 24%,
Table 1). The structure contains one protein molecule per
asymmetric unit, and the crystal packing arrangement gives
no indication of a physiologically relevant dimer. This is
consistent with the proposal that PDE2A dimerization is
mediated by the first GAF domaii{), which is not present &
?n the fragment t_hat was ‘?rySta”izeO_'- The (_:atalytic domain Ficure 3: Structure alignment of PDE2A with PDE4D. The
is composed of fifteen-helices and six 3 helices arranged  ppg4D structure is in complex with roliprar8). A total of about
in a compact fold. The nomenclature for helices in the crystal 234 equivalent Ca atoms are superimposed between PDE2A and
structure of PDEA4D was adopted for the PDE2A structure sPtIrDch?ursetrigcstﬁ(r)(\al\?n \ilr\gittrr]weas:rrl:/lesor(ijeiittz\?igﬁ ;; i%'éi '?\J'reTlh gnI;E(I)EkZ)ﬁad
lgFllcgj]urfe tﬁ) QO)'t 'Il'htr.ee dsubd'omglns'glre e\ggggélnkfgig;otem the same way. The PDE4D structure is colored salgmon, and inhibitor
0ld ot tne catalylic domain. kesldues ( ' rolipram bound to PDE4D is drawn as a turquoise space filling
colored in green in Figure 2 and Figure 3) form the first model. Mg and Zr#* are shown as violet and orange spheres,
subdomain, residues 76768 (H8-H11, colored in red in respectively. Blue dots mark the missing amino acids at the
Figure 2 and Figure 3) form the second subdomain, and C_-te_rminus. Red d_ashed lines indicate th_e location of _the lower
residues 769899 (H12-HL16, colored in blue in Figure 2 Pinding packet residues, yellow dashed lines the location of the
and Figure 3) form the third subdomain. No electron density
was observed for residues 900 and 901, which apparently The active site structure of PDE2A was compared with
comprise a flexible loop between helix 16 and the C-terminal the structure of PDE4D in complex with rolipran2Q)
residues (902915) colored in pink in Figure 2 and Figure (Figure 3). The active site lies mainly within the third
3. More than 230 equivalentaCatoms from PDE2A could  subdomain and is bounded by helices H15 and H14, the
be superimposed on structures of PDE4 (RMSD 1.4 A), C-terminus of H13, a3 helix between helices H13 and H14,
PDE3 (RMSD 1.2 A), and PDE5 (RMSD 0.98 A). The the C-terminus of H5, the N-terminus of H6, and the loop
overall structure of PDE2A is very similar to that of PDE3B, region between H5 and H6. The residues that line the
PDE4D, and PDESA. The sequence identities betweensubstrate binding pocket of PDE2A are Tyr655, His656,
PDE2A and PDE3B, PDE4D, and PDE5A are 21.3%, 25.1%, Leu809, Asp811, GIn812, Thr819, Ala823, 11826, Tyr827,
and 32.8%, respectively (Figures 4 and 5). However, the Phe830, Met847, Leu858, GIn859, Phe862, 11866, and
PDE3 and PDEA4 structures show localized differences from Leu907 (Figure 4). The binding pocket itself can be divided
PDEZ2A, mainly in the positions of helices HO and H3. It is into an upper and lower binding pocket. The upper binding
possible that the N-terminal truncation and absence of a GAF pocket consists of residues Leu809, Asp811, GIn812, Thr819,
domain in the proteins that were crystallized may compro- GIn859, Phe862, and 1le866. The lower binding pocket
mise packing interactions, causing these helices to becomeconsists of residues Ala823, Tyr655, 11e826, Tyr827, Phe830,
slightly dislocated. Additionally, PDE3 contains an insert of Met847, Leu858, and Leu907.

44 residues between helices H6 and H7 and a 52 residue Recently, the structures of PDE1, PDE3, PDE4, PDES,
insert between helices H15 and H16 that are not present inand PDE9 with products in the active site have been
PDEZ2A (Figure 4). Given the overall conservation of the published, and many determinants of substrate specificity
PDE structures across the PDE gene family and the absencéave been identified for these PDEXI{-38). A key residue

of a PDE2/inhibitor complex structure, we used liganded for substrate binding in the PDE family was identified as a
structures of other PDEs to identify potential specificity conserved glutamine residue. The equivalent residue in PDE2
determinants in PDE2A. is GIn859, which has the potential to form a hydrogen bond
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[ H3
PDE2A 578 ———SDDEYTKLLHDGIQPVAATDSNFASFTYTPRSLPE: DDTSMATLSMLADMN
PDE3B 655 QEVSLDLILVEEYDSLIEKMSNWNFP IFELVEKMGEKSGRILSQVMYTLFQDTG
PDE4D 381 TPRFGVKTEQEDVLAKELEDVNKWGLHVFRTAELS—GNRPLTVIMHTIFQERD
PDESA 538 ~———RELQSLAAAVVP—————SAQTLKITDFSFSDFELSDLETALCT IRMFTDLN
| He K
PDE2A 628 FINNYKIDCPTLARFCLMVKKGYR-DPPYHNWMHAFSVSHFCYLLYK-——————
PDE3B 709 LLEIFKIPTQQFMNYFRALENGYR-DIPYHNRIHATDVLHAVWYLTTRPVPGLQQIHNGC
PDE4D 433 LLKTFKIPVDTLITYLMTLEDHYHADVAYHNNTHAADVVQSTHVLLS
PDESA 584 LVQNFQUKHEVLCRWILSVKKNYRKNVAYHNWRHAFNTAQCMFAALK ——————————
PDE2A 674 NLELTNYLEDIETFALFTSCMCHDLDERG
PDE3B 768 GTGNETDSDGRINHGRIAYISSKSCSNPDESYGCLSSNIPALELMALYVAAAMHDYDHPG
PDE4D 480 TPALEAVFTDLETLAATFASATHDVDHPG
PDE5A 631 AGKIQNKLTDLEILALLTAALSHDLDHRG
BN N TR
PDE2A 703 TANSFQVASKSVLAALYSSEGSVMERHHFAQATATLNTHGC-NTFDHFSRKDYQRMLDLM
PDE3B 828 RTNAFLVATNAPQAVLYN-DRSVLENHHAASAWNLYLSRPEYNFLLHLDHVEFKRFRFLY
PDE4D 509 VSNQFLINTNSELALMYN-DSSVLENHHLAVGFKLLQEENCDIF-QNLTKKQRGSLRKMV
PDE5A 660 VNNSYIQRSEHPLAQLYCH--SVIMEHHHFDQCLMILNSPGNQILSGLSIEEYKTTLKII
12 N L H13
PDE2A 762 RDTILATDLAHHLRIFKDLQKMAEVG—————YDRNNKQHHRLLLCLLMTSCDLSDQT
PDE3B 887 IEAILATDLKKHFDFLAEFNAKANDVNSNGIEW——SNENDRLLVCQVCIKLADINGPA
PDE4D 567 IDIVLATDMSKHMNLLADLKTMVETKKVTSSGVL-LLDNYSDRIQVLQNMVHCADLSNPT
PDE5A 717 KQAILATDLALYIKRRGEFFELIRKNQ———FNLEDPHQKELFLAMLMTACDLSAIT
PDE2A 814 KGWKTTRKTAELIYKEFFSQGDLEKAM-GNRPMENMDREK-AYIPELQTSFMEHTAMPTY
PDE3B 943 KVRDLHLKWTEGIVNEFYEQGDEEANL—GLPISPFMDRSSPQ-LAKLQESFITHIVGPLC
PDE4D 626 KPLQLYRQWTDRIMEEFFRQGDRERER—GMETSPMCDKHNAS—VEKSQVGFIDYIVHPLW
PDE5A 770 KPWPIQQRIAELVATEFFDQGDRERKELNIEPTDLMNREKKNKIPSMQVGFIDAICLQLY
H15
PDE2A 872 KLLQDLFPK
PDE3B 1001 NSYDAAGLLPGQWLEAEEDNDTESGDDEDGEELDTEDEEMENNLNPKPPRRKSRRRI——
PDE4D 684 ETWADLVHP
PDE5A 830 EALTHVSED
PDE2A 881 AAELYERVASNREHWTKVSHKFTIRGLPSNNSLDFLDEE
PDE3B 1058 FCQLMHHLTENHKIWK
PDE4D 692 DAQDILDTLEDNREWYQSTIPQ
PDE5A 839 CFPLLDGCRKNRQKWQALAEQQ

Ficure 4: Structure based sequence alignment of PDE2A, PDE3B, PDE4D, and PDES. The PDEA4D structure is in complex with rolipram
(31). Superposition of this structure with PDE2A revealed residues in PDE2A that are in close proximity to rolipram. These residues define
the binding pocket of PDE2A and are colored red.

with the exocyclic amino group (NE2) of cAMP or the conserved Trp895 through van der Waals interactions and a
exocyclic carbonyl oxygen (OE1) of cGMP by switching possible hydrogen bond between the nitrogen of the tryp-
the orientation of the side chain. In PDE4, the conserved tophan and the hydroxyl group of threonine (distance of 3.7
glutamine forms a hydrogen bond with Tyr329 and stabilizes A after side chain rotation). Thr819 is too far from the
the tyrosine in a conformation appropriate for cAMP binding. conserved residue GIn859 for a hydrogen bonding interaction
The substrate specificity of PDE5 for cGMP is determined (distance of 4.5 A). The side chain of GIn859 is therefore
by a hydrogen bond between the conserved glutamine andfree to rotate, and could exchange the positions of the (OE1)
residue GIn77534). Thus, the different substrate specificities carbonyl oxygen and (NE2) amino group to accommodate
of PDE4 and PDES5 can be explained in part by different either cGMP or cAMP (Figure 6A). Additionally, GIn859
interactions of the conserved glutamine with nearby residuesmay form two hydrogen bonds to the N1 and O6 atoms of
of both enzymes. The dual substrate specificity of PDE1B purine cyclic nucleotides and could therefore stabilize either
is determined by a hydrogen bond network between the substrate in the binding pocket. As in other PDEs, the
neighboring residue His381 and residues His373 and Trp496.substrate specificity of PDE2A may also depend on an
None of these residues forms a hydrogen bond with the additional network of residues in the close neighborhood of
conserved GIn42134@). The equivalent residue to His381 the glutamine residue. Noteworthy is Tyr827, located in the
in PDE2A is Thr819. Thr819 might interact with the lower binding pocket of PDE2A, which is in hydrogen
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Ficure 5: Stereoview of the superposition of PDE2A (brown ribbon), PDE3B (turquoise ribbon), PDE4D (blue ribbon), and PDESA (red
ribbon) with rolipram (ball-and-stick) bound in the catalytic domain of PDE4. The metal ions are represented as green and yellow spheres.
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Ta19 Q812 D81
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Ficure 6: Models of GMP and AMP docked into the crystal structure of PDE2A. (A) In the crystal structure of unliganded PDE2A, the
side chain of GIn859 adopts an orientation that is compatible with binding to GMP. We have modeled the complex with GMP by superimposing
PDE2A onto the crystal structure of PDE4-AMP and modifying the AMP scaffold to GMP. In this orientation, the (OE1) carbonyl oxygen

of GIn859 can accept a hydrogen bond from the N1 atom of guanidine, whereas the (NE2) amino group of GIn859 can donate a hydrogen
bond to the O6 exocyclic carbonyl oxygen of the guanidine ring. The exocyclic amino group of the guanidine ring donates another hydrogen
bond to the (OE1) oxygen of Tyr827. The hydroxyl group of Tyr827 donates a hydrogen bond to the (OE1) carbonyl oxygen of GIn859.
We propose that GIn812 supports cGMP binding by donating a hydrogen bond to the O6 exocyclic carbonyl oxygen of the guanidine ring.
(B) The side chain of GIn859 could flip to accommodate cAMP. In this modeled conformation, the GIn859 side chain donates a hydrogen
bond to the N1 adenine nitrogen and accepts a hydrogen bond from the exocyclic N6 of adenine. Furthermore, an alternative conformation
of the Asp811 side chain termed Asp8idould enable a hydrogen bond to be donated to N7 of adenine.

bonding distance to GIn859 (distance of 3.1 A) and may form 3A). Using the aligned sequences of PDEs from different
a hydrogen bond with the (OE1) carbonyl oxygen of GIn859. functional families, specific amino acid substitutions were
Selection of Actie Site Residues for Mutation Analysis selected either to introduce a drastic change within the
An inspection of all superimposed residues of PDE2A and binding pocket or to mimic amino acid environments of other
PDEA4 that are in close contact with rolipram reveals a small PDEs in PDE2A.
structural difference in the upper binding pocket of PDE2A  Effects of Mutagenesis on PDE2A Adly. The wheat
(Figure 7A). The upper binding pocket of PDE2A is less germ IVT system was used to express the selected mutants
sterically restricted than PDE4, whereas the lower binding and compare their activities with that of wild-type PDE2A
pocket appears to be more encumbered. To analyze thgTable 3B). Most of the mutants showed decreased activity
involvement of residues from these two active site pockets toward both cAMP and cGMP. Some mutants were inactive
in catalysis and inhibition, a total of eight residues were toward cGMP, such as Leu907Ala, Met847Leu Tyr827Met,
selected for mutagenesis experiments. Three residues, Asp811ITyr827Ala, GIn812Pro, and Thr819Tyr. Others showed no
GIn812, and Thr819, from the upper binding pocket and five activity toward cAMP, such as Leu858Ser, Tyr827Met,
residues, 11e826, Tyr827, Met847, Leu858, and Leu907, from Tyr827Ala, Tyr827Val, Tyr827Phe/Leu907Ala, Thr819Tyr,
the lower binding pocket were chosen for mutagenesis (TableGIn812Pro, and GIn812Pro/Thr819Tyr. Presumably, these
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Ficure 7: (A) Rolipram interactions with active site residues of PDE2A. Rolipram is docked into the crystal structure of PDE2A by
superimposing the crystal structure of PDE4 complexed with rolipram on the crystal structure of PDE2A. A hypothetical hydrogen bond
to Tyr655 is represented as a dashed line. No equivalent residue is available for L907 in PDE4D. (B) Active site residues of crystal
structure of PDE4D in close proximity to rolipram.

mutations have disturbed the active site and interfere with the orientations of upper binding pocket residues to favor
substrate binding or the positions of catalytic groups. Only binding of cCAMP in preference to cGMP. Therefore we could
the 1le826Val mutant protein showed increased activity see a reduced activity for cGMP and no decrease in activity
toward cGMP (Table 3B). However, all of these mutants for cCAMP.
were expressed as soluble proteins, with yields similar to  Superposition of the crystal structure of PDE4D complexed
that of the wild-type protein as determined by Western blot with product AMP on PDE2A suggested that cAMP may
analysis. Due to the very low activity toward cAMP, we have slightly different binding interactions in the substrate
decided to use cGMP as a substrate for analyzing thepocket of PDE2A (Figure 6B). The adenine ring of cCAMP
inhibition profiles of the mutants. The, values for the least  could form two hydrogen bonds with GIn859 by rotating
and most active mutants were measured for substrates CAMRhe GIn859 side chain relative to its orientation in the
and cGMP, and there was no significant deviatiet2(0%) unliganded crystal structure. The model shows that GIn812
compared to th&, value of wild-type protein. Therefore, might be unable to interact with the exocyclic N6 amino
all mutants were measured at the same subsaturatinggroup of the adenine ring, providing an explanation for the
concentration of cGMP. unchanged activity of the mutant GIn812lle toward cAMP
Effects of Mutagenesis on Substrate Specificithe (Table 3B).
substrate specificities of different PDEs are thought to be  On the other hand, mutant Asp811Ala shows a reduced
correlated with the position of a conserved glutamine residue activity for cAMP, but its activity for cGMP is unaffected.
in the upper binding pockeB#). However, dual substrate In the apo structure of PDE2A Asp811 forms hydrogen
specificity is thought to result from a network of interactions bonds with Arg608 and Tyr655 (distance of 3.3 and 3.1 A).
involving residues around the glutamine that influence Our modeling suggests that Asp811 could make a hydrogen
catalytic activity. bond with cGMP and cAMP if its side chain were allowed
An initial screen for activity toward cGMP and cAMP  to rotate. The apo structure of PDE4 shows two hydrogen
revealed that the mutations GIn812lle, Asp811Ala, and bond interactions of Asn321 (Asp811 in PDE2A) with
[Asp811Ala/GIn812lle] strongly influenced substrate speci- Tyrl59 and Aspl167. A comparison with the crystal structure
ficity. These mutants all retained more than 50% activity of PDE4 with AMP bound in its active site and the PDE4
compared to wild-type PDE2A (Table 3B). The substituted apo structure shows that the side chain of Asn321 has rotated
residues are all located in the upper binding pocket, in close toward the adenine ring upon AMP binding to form hydrogen
proximity to the conserved residue GIn859 that strongly bonds with the exocyclic amino group and the N7 nitrogen
influences substrate binding specificity. The activity data for (28, 31, 39). Once a substrate enters the active site of PDE2A,
PDE2A mutants toward substrates cGMP and cAMP indi- Asp811 may forsake the hydrogen bond interaction with the
cates that GIn812 selectively affects cGMP conversion (Table positively charged arginine and instead rotate toward the
3B). The GIn812lle mutant showed a lower activity toward purine ring to interact with the N7 nitrogen, stabilizing the
cGMP, whereas its activity toward cCAMP was unaffected. interaction of the purine ring with the upper binding pocket.
We think that the upper binding pocket residues of PDE2A This is indicated with the alternative side chain conformation
may rotate their side chains upon binding for either of the Asp811 of Asp811 in Figure 6B. This would be in
substrates cAMP and cGMP. One of these side chainaccordance with the decreased activities of mutant Asp811Ala
rotations might be energetically more favorable for one of toward substrate cAMP (Table 3B). The double mutation
the substrates. Hence, the mutation of GIn812lle could bias[Asp811Ala/GIn812lle] should interrupt hydrogen bond
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Table 3: Sequence Alignment of the Human PDE Family and although no activity was observed with cAMP. The activity

Mutations in the Active Site of PDE2A and Their Activity toward one of the substrates might be influenced by the
Comparison rearrangement of the neighboring residues of GIn859. Tyr827
(A) Sequence Alignment of the Human PDE Farhily may form hydrogen bonds with either the amino group or

the carbonyl oxygen of the GIn859 side chain. The side chain

protein 811 812 819 826 827 847 858 907 ) ) : ! ‘
of the neighboring residue Thr819 does not interact with

Eggiﬁ a 8 L 'l_ \,\(,l ’l\_/' ; LM G]n859 in the apo structure. Hovyever, T_hr819 might interact
PDE3A G P H [ v F L G with Trp895 via van der Waals interactions. The loss of an
PDE4D N P Y I M M S L interaction with a tyrosine hydroxyl in the Tyr827Phe mutant
e A 8 v oono could allow GIn859 to shift toward the upper binding pocket
PDE7A N p S v T L | D and interact with Thr819, while preserving the interactions
PDESA N P c [ S Y S R of GIn859 with cGMP. In the Tyr827Phe mutant, the
EBE%A ’g '\5/ # 'I- '\-( ?A é 5\/ proposed interaction of GIn859 with Thr819 could partially
PDELIA A Vv v v T | L L compensate for the lost interaction with Tyr827, and it may
S o impair the rotation of GIn859 to accommodate CAMP,

(B) M“tat%‘:ir'rkgﬁlffgfm%ﬁiggﬁDEZA and explaining the loss of detectable activity toward this substrate

GMP cANP? (Table 3B). This mutation might also change the orientations

mutant 811 812 819 826 827 847 858 9@Etvity activity of residues in the lower binding pocket near the purine ring

PDE2A WT D QT I Y ML L of the substrqte.
D811A A On the basis of the structure of PDE2A and our model

= !
D811A/Q812F A | | | for GMP complexed in the active site, it appears that Tyr827

823:3 'P ltl W may play two important roles: it participates in a hydrogen
Q812P/T819¥ P v W W bonding network with the purine ring of cGMP, and it
T819Y Y W W sterically impinges on the lower binding pocket. A com-
1826V v f } parison of the aligned sequences of all PDEs showed that
XSZC C m fﬁ only two enzymes, PDE2 and PDE10, contain a tyrosine at
Y827M M W i this position (Table 3A). PDE10 similarly exhibits dual
Y827F F | W substrate specificity for cGMP and cAMP, with a 27-fold
L%i?’i”—gom P A fﬁ lff lower K, for CAMP vs cGMP and a 2-fold highe¥yay for
L858M M ! W cGMP (@40, 41). The higher enzymatic rates of PDE2A and
L858S S W W PDE10 toward cGMP relative to cAMP might be explained
L907A AW W by stabilizing contacts of the tyrosine that position cGMP

2 Residues selected for mutation studies are shéwmuble muta- for interaction with GIn812. However, Tyr827 apparently
tions. ® Mutant activity compared to wild-type based on equal amounts does not contribute to binding of the cAMP substrate.
of translated protein under saturating substrate conditisnsctivity Residue 11e826 is located in close proximity to Tyr827 in
similar to wild-type;! activity higher than wild-typey activity higher L .
than 50%} activity less than 2094} activity less than 10% or mutant the, Iower binding pocket. Qf PDEZ2A. Mutation of 11e826 to
inactive. Activities were determined in triplicate in two independent Valine increased the activity toward cGMP and decreased
experiments. the activity toward cAMP compared to the wild-type enzyme
(Table 3B). We assume that residue 11€826 influences
interactions with cGMP as well as with substrate cAMP. This substrate selectivity indirectly, by positioning the substrate
prediction is borne out by the lower enzymatic activities of within hydrogen bonding distance of residues in the upper
the double mutant [Asp811Ala/GIn812lle] toward both binding pocket, particularly GIn859. A smaller residue at
cGMP and cAMP (Table 3B). Although the loss of a position 826 may fail to stabilize substrate binding for
hydrogen bond might impact substrate binding affinity, optimal interactions with the upper binding pocket. This
nearby hydrophobic residues may also contribute interactionswould be in accordance with the observed decrease in cAMP
with the bound substrates and the loss of a hydrogen bondactivity and increased cGMP activity of the lle826Val mutant
might be compensated by a more hydrophobic environment(Table 3B).
in the mutant enzyme. Effects of Mutagenesis on Inhibitor Specificity and Selec-

We also focused on mutations of residue Tyr827 located tivity. We next explored how specific residues in the active
in the lower binding pocket of PDE2A. Tyr827 is the only site of PDE2A influence binding to the inhibitors EHNA
nearby residue that is capable of forming a hydrogen bond and rolipram. EHNA is a commercially available inhibitor
with the conserved residue GIn859 (distance of 3.1 A). Our that is specific for PDE2, with an kg value of 1uM (3).
docking model of GMP in the active site of PDE2A predicts The core structure of EHNA resembles cAMP, a substrate
another hydrogen bonding interaction of the hydroxyl group for PDE2. EHNA differs from cAMP, with a bulky hydro-
of Tyr827 with the exocyclic 2-amino group of GMP in  phobic carbon side chain replacing the ribose moiety (Figure
addition to hydrogen bond interactions contributed by GIn812 1). The inhibitor rolipram is specific for PDE4, and its overall
and GIn859 in the upper binding pocket (Figure 6A). structure is strikingly different from that of EHNA. Rolipram

We further investigated the influence of Tyr827 on the consists of a pyrrolidone group, a cyclopentyloxy group, and
activity toward cGMP by mutating this residue to alanine, a phenyloxy group, which all contribute to the hydrophobicity
valine, or methionine. These mutations eliminated activity of this compound (Figure 1). We chose rolipram over other
toward cGMP. However, the conservative Tyr827Phe muta- available inhibitors because of the structural similarity of
tion was compatible with low activity toward cGMP, PDE2A with PDE4D, which makes the crystal structure of
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Table 4: Potency of Selected PDE Inhibitors against hPDE2A
Wild-Type and Mutant Proteifs

ICs0, uM

protein EHNA rolipram
wild-type 0.61+0.15 150+ 23
D811A 3.64+ 0.52 80+ 47
D811A/Q812I 0.72£0.31 30+ 6
Q812l 0.89+ 0.17 79+ 29
1826V 32+11 250+ 55
Y827F 15+ 05 197+ 51
L858M 0.8+0.1 90+ 18

a|Cso values were determined at a cGMP concentration giV3

and 9 different inhibitor concentrations. The results represent the

average of at least two determinations (measured in triplicate)

Iffland et al.

for van der Waals interactions with rolipram. Additionally,
residue Val782 in PDE5 might influence the position of
rolipram more strongly than residue 11e826 of PDE2A or
the valine substituted in 1le826Val. Interestingly, the equiva-
lent residue to Val782 is 11e336 in PDE4 and is part of a
hydrophobic clamp pocket for pyrazole derivative®)(
However, the binding pocket of PDE5 might be too large to
interact favorably with rolipram because Val782 and Ala783
are smaller than their counterparts in PDE4 and PDE2. This
structural difference in the lower binding pocket could
explain why rolipram does not inhibit PDES5.

The mutation of Asp811 to alanine may have an additional
influence on rolipram binding in the active site (Table 4).

standard deviation from at least two independent wheat germ preparations.In our model, the phenyl group of rolipram occupies the

PDE4D complexed to rolipram a valuable guide to studies

of PDE2A. Additionally, the interactions of PDE4 family
members with rolipram and cAMP are well characterized
by mutation and crystal structure analys2s, @2, 43).

Inhibition by Rolipram.As expected, wild-type PDE2A
is insensitive to rolipram, with an kg value of 150uM.

neighborhood of Asp811. A change of Asp811 to alanine
would introduce an additional hydrophobic environment for
rolipram in the binding pocket formed by residues Leu809,
lle866, Phe862, and Thr818. Furthermore, the Asp811Ala
mutation may interrupt a hydrogen bond between Asp811
and Tyr655. Residue Tyr655 is located adjacent to the
pyrrolidone group of rolipram in the modeled complex
(Figure 7A). Loss of the hydrogen bond with Asp811 could

However, the double mutation Asp811AIa/GIn812IIe in the release Tyr655 and make more space for the pyrro“done
upper binding pocket caused a statistically significant 5-fold group of rolipram. The proposed movement of the Tyr655
reduction in the 16, value for rolipram (Table 4). Single  sjde chain could also decrease steric interference in the lower
mutations of both residues caused only a 2-fold decrease inpinding pocket of the active site. In our model of rolipram
ICso for rolipram. Replacement of GIn812 with isoleucine docked into the crystal structure of PDE2A (Figure 7A),
increases the hydrophobicity of the upper binding pocket Tyrg827 is in close proximity to the cyclopentyloxy group of

without changing the steric constraints on substrate androlipram and might interfere with the inhibitor binding. A

inhibitor binding. However, this hydrophobic residue sub-
stitution might improve rolipram binding and explain the
lowered 1Gp value. This conclusion is also in accordance
with the potent inhibition of PDE4 by rolipram, which has
a proline at the equivalent position of GIn812 in PDE2A
(Figure 7B) and is part of the hydrophobic clamp pocket
formed by Phe372 and 1le336 in PDE44). We predicted
that introduction of a proline at position 812 would mimic
the binding pocket of PDE4 and similarly decrease thg IC
for rolipram. However, the proline substitution for GIn812
in PDE2A resulted in loss of detectable activity toward both
cGMP and cAMP (Table 3B). One possible explanation is

methionine occupies this position in PDE4, where it en-
croaches on the lower binding pocket (Figure 7B).

To investigate the influence of Tyr827 on inhibitor
binding, this residue was mutated to alanine, valine, and
phenylalanine. Only the conservative substitution Tyr827Phe
retained detectable enzymatic activity, but this did not affect
rolipram binding (Figures 3B and 4). In fact, thesk@alue
for Tyr827Phe is similar to that of wild-type PDE2A. In an
effort to create the same amino acid environment that exists
in PDE4, Tyr827 was also mutated to methionine. However,
this mutation caused a complete loss of activity toward
cGMP (Table 3B). This finding suggests that Tyr827

that the GIn812Pro mutation opened up the binding pocket sterically interferes with rolipram binding to PDE2A by

of PDE2A even more, compromising the binding affinity of
the substrate.

Interestingly, PDE5 is not significantly inhibited by

limiting space for the cyclopentyloxy group. The double
mutation [Asp811Ala/GIn812Ile] may enhance rolipram
binding not only by increasing hydrophobicity of the pocket

rolipram, and it possesses hydrophobic residues Ala767 andout also by removing the steric interference of Tyr827 with
lle768 as corresponding residues to Asp811 and GIn812 inrolipram.

PDE2A. However, the environment of PDE5 contains other

Inhibition by EHNAWe also analyzed the effects of active

residues that might influence inhibitor binding. Residues that site mutations on the inhibitory potency of EHNA. Wild-

differ from PDE2A are GIn775, Val782, and Ala783

type PDE2A expressed by IVT was inhibited by EHNA{C

(Thr819, Val826, and Tyr827 in PDE2A). These residues = 0.61uM), in accord with previously reported value3) (

would be in close contact to rolipram. GIn775 forms

The mutations Asp811Ala and lle826Val were the only

hydrogen bonds with the conserved residue GIn817 andamino acid substitutions that significantly affected inhibition
residue Trp853 determining substrate specificity for PDE5 by EHNA (Table 4). The mutation of Asp811 to alanine

(34). Therefore, it might not take part in inhibitor binding.

Although residues Ala767 and 11e768 create a more hydro-

increased the 1§ value for EHNA 6-fold. The lle826Val
mutant was inhibited by EHNA with 5-fold lower potency

phobic environment for rolipram in PDES, these two residues than wild-type PDE2A (Table 4). Since the structure of

alone are obviously not sufficient for rolipram binding.
Tyr827 in PDE2A may strongly influence rolipram binding,
by sterically hindering rolipram from accessing the active

site. The equivalent residue in PDES5 is an alanine (Ala783),

EHNA bears resemblance to AMP, a comparison of PDE2A
with the crystal structure of AMP bound to PDE4D may
suggest how these residues affect the Malues.

The crystal structure of AMP complexed with PDE4D

which may be too small to shape the lower binding pocket shows a conformational change, and four interactions (with
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Ficure 8: Docking model of EHNA with PDE2A residues.
Hydrogen bonds are shown in black for EHNA interactions with
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similarity to PDES within the catalytic domain. PDE10 is
specifically inhibited by dipyridamole, with an kgvalue

of 1.2 uM (41). Ser667 of PDE10 is equivalent to Asp811
in PDE2A, one of four residues (Asp811, GIn812, Gly858,
and Trp907) that are different in the catalytic domains of
PDE2A and PDE10 (Table 3A). Two of these four residues
are in the upper binding pocket (Asp811, GIn812), and two
are in the lower binding pocket (Gly858, Trp907). The
residues in the lower binding pocket may lie too far away
for interaction with the inhibitor and therefore might be
irrelevant for EHNA selectivity. Despite the very similar
amino acid sequences of PDE2A and PDE10, EHNA does
not inhibit PDE10 (IGo > 100uM) (40). Therefore, one or
both residues in the upper binding pocket that differ in
PDEZ10 should have an influence on the inhibitor specificity
for EHNA. In contrast to PDE2A, we assume that Tyr514
of PDE10 (equivalent to Tyr655 of PDE2A) does not accept
a hydrogen bond from Ser667. Hence, if rotation of the
Tyr514 side chain is unencumbered, this side chain could
sterically interfere with EHNA binding.

The other distinguishing residue in the upper binding

conserved PDE2A residue GIn859 and an interaction between anpocket of PDE2A is GIn812, which is analogous to Val668

alternative modeled conformation of Asp811, Asp@&ahd the N7
nitrogen of adenine.

N1, N7, and the exocyclic N6 positions) of the adenine ring
of AMP contributed by GIn369 and Asn3231, 34, 39). In
fact, our docking model of EHNA in the active site of
PDE2A shows that EHNA may interact with the analogous
active site residues of PDE2A, GIn859, and Asp8(the
modeled conformation of the Asp811 side chain), to form
hydrogen bonds (Figure 8). EHNA is in close proximity to
GIn859, which could donate two hydrogen bonds to the N1

in PDE10. Hypothetically, the (OE1) carbonyl oxygen of
GIn812 could accept a hydrogen bond from the exocyclic
amino group of the adenine of cCAMP by rotating its side
chain (Figure 8). However, this hypothesis is not supported
by the fact that the GIn812lle mutation retains full activity
toward cAMP, and the 16 value for EHNA is unchanged
(Tables 3B and 4). Taking into account that PDE10A
possesses a valine at this position and a 27-fold higher
affinity for cAMP, we conclude that GIn812 does not directly
take part in EHNA binding, although GIn812 might play an

and N6 nitrogens of the adenine ring. On the other side of IMportant role in binding the cGMP substrate.

the binding pocket, Asp811 (equivalent to Asn321 in PDE4)

The second important mutation is lle826Val. It leads to a

could donate another hydrogen bond to N7 of the adenine7-fold increased 1€ value for EHNA compared to wild-

ring in order to stabilize the bound inhibitor. This hypothesis

type PDE2A (Table 4). As for the interaction with rolipram,

is supported by the observation that the Asp811Ala mutant 11e826 is positioned below the purine ring of EHNA and

has decreased activity toward cAMP, whereas activity toward thereby limits the space for EHNA. Since EHNA resembles
cGMP was unchanged (Table 3B). Interestingly, the ad- the substrate cAMP, a comparison of the enzymatic activities
ditional mutation of GIn812lle restores the inhibitory potency of mutant Ile826Val toward substrates cAMP and cGMP
of EHNA in the [Asp811Ala/GIn812lle] double mutant might elucidate the increasedd{hange for EHNA. The
(Table 4). One explanation for this is that the hydrophobic lle826Val mutant exhibits decreased activity toward cAMP
residue substitutes in the upper binding pocket of the double compared to the wild-type enzyme, and it is the only mutant

mutant provide favorable van der Waals interactions with
EHNA. Although hydrogen bond interactions with Asp811
might be eliminated by alanine, the more hydrophobic
environment counterbalances this effect.

Asp811 may also form a hydrogen bond with Tyr655
(distance of 3.3 A). The Asp811Ala mutation would elimi-
nate a hydrogen bond with Tyr655, freeing the tyrosine
hydroxyl group to accept another hydrogen bond from the
hydroxyl group of EHNA. The loss of the interaction
between Asp811 and Tyr655 could allow the side chain of
Tyr655 to rotate away from the purine ring of EHNA. The

with higher activity toward substrate cGMP (Table 3B).
Substitution with a smaller valine could increase the space
for inhibitor EHNA and cause the loss of hydrogen bonding
with residues in the upper binding pocket, while improving
hydrogen bonding with the lower binding pocket. This shift
in interactions could destabilize binding of the adenine ring
of EHNA, accounting for the higher kgvalue. Furthermore,
the crystal structure of PDE4 in complex with the nonspecific
inhibitor 3-isobutyl-1-methylxanthine (IBMX) shows that the
equivalent residue in PDE4 (1le336) is in close contact to
the xanthine ring of IBMX and is one of several other

hydrogen bonding distance would therefore increase andresidues that define the subpocket of PDB#)(We think

EHNA binding might be destabilized, resulting in a higher
ICsgo value.

Our results indicate that Asp811 plays an important role
in EHNA selectivity for PDE2A (Table 4). A comparison
to PDE10 could elucidate the basis of this effect. PDE10

that 11e826 may therefore sterically position the ligand in
the active site. Alternatively, a smaller residue at this position
could also induce a conformational change with neighboring
residues, e.g., Tyr655 and Tyr827. These residues may
encroach on the active site of PDE2A and thereby limit the

possesses 42% sequence similarity to PDE2A and 47%access of substrate and inhibitor in the upper binding pocket.
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CONCLUSIONS
The ability to rapidly produce and identify enzymatically

active proteins makes the wheat germ IVT system a powerful 13-

tool for structure-activity analyses of enzymes. This inex-

pensive and simple system combines the advantages of rapid
generation of multiple protein variants by PCR and the
parallel expression and affinity capture of these proteins for 14

functional characterizations.

The mutations reported here provide a rational explanation

for the potent inhibition of PDE2A by EHNA, and the
inefficacy of rolipram, as well as insights into the dual

substrate specificity of PDE2A enzymes. The 200-fold

greater difference in potency of EHNA and rolipram for

inhibition of PDE2A can be ascribed to the steric constraints
of the lower binding pocket and polar characteristics of the
upper binding pocket of PDE2A, a less fitting environment

for rolipram in PDE2A.

In summary, our mutational and structural studies suggest
that the inhibitor specificity and selectivity determinants of
PDE2A are closely linked to the shape and hydrophobicity
of two patches of residues within the substrate binding

pocket.
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