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Background: The cyclic nucleotide phosphodiesterases PDE10 and PDE11 contain putatively regulatory GAF domains with

unknown function.

Results: Synthetic GAF domain ligands can activate both PDEs.

Conclusion: PDE10 is activated by cAMP, whereas the physiological ligand of the PDE11 GAF domains remains unknown.
Significance: This is the first demonstration of a functional role of the PDE10 and PDE11 GAF domains.

The most recently identified cyclic nucleotide phosphodies-
terases, PDE10 and PDEL11, contain a tandem of so-called GAF
domains in their N-terminal regulatory regions. In PDE2 and
PDES5, the GAF domains mediate cGMP stimulation; however,
their function in PDE10 and PDE11 remains controversial.
Although the GAF domains of PDE10 mediate cAMP-induced
stimulation of chimeric adenylyl cyclases, cAMP binding did not
stimulate the PDE10 holoenzyme. Comparable data about
cGMP and the PDE11 GAF domains exist. Here, we identified
synthetic ligands for the GAF domains of PDE10 and PDE11 to
reduce interference of the GAF ligand with the catalytic reaction
of PDE. With these ligands, GAF-mediated stimulation of the
PDE10 and PDE11 holoenzymes is demonstrated for the first
time. Furthermore, PDE10 is shown to be activated by cAMP,
which paradoxically results in potent competitive inhibition of
cGMP turnover by cAMP. PDE11, albeit susceptible to GAF-de-
pendent stimulation, is not activated by the native cyclic nucle-
otides cCAMP and cGMP. In summary, PDE11 can be stimulated
by GAF domain ligands, but its native ligand remains to be iden-
tified, and PDE10 is the only PDE activated by cAMP.

Phosphodiesterases (PDE)? play important roles in the con-
trol of cyclic nucleotide signaling. To date, 11 families of PDEs
differing in regulation and catalytic properties have been iden-
tified. With the exception of the photoreceptor PDES, all PDEs
are homodimers with conserved C-terminal catalytic domains
and different N-terminal regulatory regions (for reviews, see
Refs. 1-3).

PDE10 and PDEI11 are the most recently discovered PDE
families, and both hydrolyze cAMP and cGMP (4-9). Each of
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these enzymes is encoded by one gene giving rise to several
splice variants. For PDE10, 12 splice variants characterized by
unique N- and C-terminal sequences have been described (10).
The predominant forms are the membrane-bound PDE10A2
and a cytosolic form, PDE10A1 or PDE10A3 in humans or rats,
respectively (11). For PDE11, four splice variants differing in the
length of their N termini were found (9). Only PDE11A4 con-
tains a complete tandem of GAF domains (see below); the other
splice variants are truncations thereof (8).

Kinetically, PDE10 exerts a higher affinity but a 2—5-fold
lower V., for cAMP compared with cGMP, whereas PDE11
has little preference for either nucleotide (49, 12). Both PDEs
display a rather restricted expression pattern. Immunofluores-
cence studies of brain found PDE10A predominantly in
medium spiny neurons of the striatum (13). Relatively high lev-
els of PDE10 mRNA were also found in testis (4, 6). PDE11 has
been suggested to be prominent in skeletal muscle and prostate;
however, because of the lack of appropriate antibodies against
PDE11, the tissue distribution of this isoform is a matter of
debate (7, 14-16). In situ hybridization demonstrated expres-
sion in the hippocampus, subiculum, and amygdalohippocam-
pal area (17).

Several PDEs (PDE2, -5, -6, -10, and -11) contain a tandem of
so-called GAF domains in their N-terminal regions. GAF
domains are small ligand binding domains identified in many,
mostly bacterial proteins (18-22). The acronym GAF is
deduced from the proteins in which GAF domains were first
discovered (cGMP-specific and -stimulated phosphodies-
terases, Anabaena adenylyl cyclases, and Escherichia coli FhlA).
In mammals, PDEs are the only proteins containing GAF
domains. PDE2 and -5 are stimulated by binding of cGMP to
their GAF domains (23-26).

PDE10 and PDE11 also contain tandem GAF domains. How-
ever, stimulation of PDE10 and PDE11 by cAMP or cGMP has
not been demonstrated yet. Moreover, a recent publication
claimed that binding of cyclic nucleotides to the PDE10 and
PDE11 GAF domains does not stimulate catalytic activity (27).
In another experimental approach, the PDE10 and -11 GAF
domains fused to the catalytic domain of a bacterial adenylyl
cyclase were studied. In these chimeric constructs, cAMP
increased adenylyl cyclase activity of the PDE10 GAF fusion
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protein, whereas the PDE11 GAF-containing construct was
responsive to cGMP (28).

Here, we used fluorophore-tagged tandem GAF domains of
PDE10 and PDEI11 to identify synthetic GAF ligands. Using
these ligands, GAF-mediated stimulation of PDE10 and PDE11
is demonstrated. Moreover, our results show that cAMP acti-
vation of PDE10 enhances competitive inhibition of cGMP
turnover by cAMP and that PDE11, despite its activation by
synthetic GAF ligands, is not stimulated by the physiological
cyclic nucleotides cAMP and cGMP.

EXPERIMENTAL PROCEDURES

Expression of PDE10 and PDEI11 Holoenzymes and GAF
Domain FRET Constructs— The open reading frames of human
PDE10A1 (GenBank gi 4894715; Ref. 5) and PDE11A4 (gi
10716052; Ref. 9) were amplified by PCR from human cDNA
and subcloned to pcDNA3 (Invitrogen). Using these con-
structs, fragments encoding the tandem GAF domains of
PDE10 (Lys®'~Tyr*?®) and PDE11 (Ala'"*~Val®*°) were ampli-
fied by PCR and subcloned into pcDNA3 between the open
reading frames of CFP and YFP as described previously (29).
HEK 293 cells were grown in 75-cm? flasks (30) and transfected
as described (31). Two or 3 days post-transfection, cells were
harvested and lysed by sonication (Branson) in 500 ul of buffer
(either 50 mm NaCl, 1 mm EDTA, 50 mM triethanolamine/HCI,
pH 7.4 for expression of PDE holoenzymes or 25 mM trietha-
nolamine/HCI, pH 7.4 for FRET constructs with both buffers
containing 2 mM DTT and mammalian protease inhibitor cock-
tail (Sigma-Aldrich)). Lysates were cleared by centrifugation
(100,000 X g for 40 min at 4 °C), and protein contents were
determined by the Bradford method (Bio-Rad).

FRET Analysis of Isolated GAF Domains—FRET constructs
of PDE10 tandem GAF domains obtained as described above (5
wl of cleared lysates) were analyzed in a total volume of 100 ul
(25 mM triethanolamine/HCI, pH 7.4 containing 2 mm DTT
and 10 mm MgCl,) in white half-area 96-well plates (Greiner)
using a Cary Eclipse spectrofluorometer and a microplate
accessory (Varian). For screening, nucleotides were added at a
100 uM concentration, and fluorescence was recorded for 30
min (excitation, 436 nm; emissions, 475 and 525 nm corre-
sponding to CFP and YFP, respectively; excitation and emission
slits, 5 nm). Subsequently, 0.5 um cAMP was added to identify
potential GAF domain antagonists, and fluorescence was again
recorded for 30 min. Values of a water-containing well were
subtracted for background correction, and ratios of emissions
at 525 and 475 nm were calculated. EC, values and 95% confi-
dence intervals were obtained by recording nucleotide effects at
concentrations between 0.1 and 100 pm.

Smaller FRET changes of the PDE11 tandem GAF domain
FRET constructs necessitated analysis in more sensitive
cuvettes instead of microplates; moreover, the larger volume of
the cuvettes required reduction of the nucleotide concentra-
tions because of limited availability. Cleared lysates (30 ul) con-
taining the FRET constructs of the PDE11 GAF domains were
analyzed in a Cary Eclipse spectrofluorometer (Varian) in
cuvettes containing a total volume of 800 ul (25 mm triethanol-
amine/HCI, pH 7.4 containing 2 mm DTT and 10 mm MgCl,).
Fluorescence was continuously recorded (values as above);

JANUARY 6, 2012+VOLUME 287 +NUMBER 2

Activation of PDE10 and PDE11

after establishing a base line, nucleotides were added to a final
concentration of 10 uM, fluorescence was recorded for at least 5
min, and subsequently 0.1 and 1 um cGMP were added to iden-
tify potential GAF domain antagonists followed by further
recording for 5 min. EC,, values and 95% confidence intervals
were obtained by recording cumulative concentration response
curves between 0.1 and 100 uMm nucleotides.

PDE Assays—Cleared lysates of HEK cells expressing either
PDE10A1 or PDE11A4 (0.1-16 ug; enzyme amount adjusted to
obtain maximally 20% substrate conversion) were incubated for
5 min at 37 °C with the indicated concentrations of either
[**P]cGMP or [**P]cAMP (approximately 3 kBq), 3 mm MgCl,,
and 1 unit of calf intestinal alkaline phosphatase (Sigma-Al-
drich) in a total volume of 100 ul of 50 mM triethanolamine/
HCI, pH 7.4 containing 0.5 g X liter "' bovine serum albumin
and 3 mM DTT. Incubations were stopped by addition of 900 ul
of charcoal suspension (30% (v/v) in 50 mm KH,PO,, pH 2.3),
and following centrifugation, formed **P was determined as
Cerenkov radiation in the supernatant.

Generation of PDE10 and PDE11 Antibodies—PCR-ampli-
fied fragments encoding the PDE10 and PDE11 tandem GAF
domains (see above; without the fluorophores) were subcloned
into pPR-IBA (IBA, Gottingen Germany) for bacterial expres-
sion of N-terminally Strep-tagged GAF domains. E. coli
BL21(DE3)pLysS (Invitrogen) were transformed with the
respective plasmid and grown to an A, of 0.6 (12 X 250 ml).
Expression was induced by addition of 0.5 mm isopropyl 1-thio-
B-Dp-galactopyranoside and carried out for 20 h at 20 °C. Bacte-
ria were harvested by centrifugation, frozen at —70 °C or in
liquid nitrogen, and resuspended after thawing in 0.25 g X
liter " lysozyme (Boehringer) in 100 ml of 50 mm NaCl, 50 mm
triethanolamine/HCI, pH 8.5 containing 1 mm EDTA and 2 mm
DTT. After lysis, DNase I (Roche Applied Science) and MgCl,
(final concentrations, 0.02 g X liter ' and 100 mm, respectively)
were added, and lysates were cleared by centrifugation
(100,000 X g for 40 min at 4 °C) and applied to 10 ml of Strep-
Tactin-Sepharose (IBA). After elution with desthiobiotin, size
exclusion chromatography was performed (Hiload 26/60
Superdex, 200 pg, Amersham Biosciences; running buffer, 25
mM triethanolamine/HCI, pH 7.4), and fractions containing the
GAF domains were concentrated (Amicon centrifugal filter
units, 10 kDa, Millipore) and stored at —70 °C. Polyclonal anti-
sera were obtained by immunizing rabbits with purified GAF
domains using standard protocols.

Analysis of PDE10 and PDE11 Tissue Distribution—Mouse
organs and brain regions were homogenized in 4—10 volumes
(w/v) of 50 mm NaCl, 2 mMm DTT, 1 mm EDTA, 50 mM trietha-
nolamine/HCI, pH 7.4 containing mammalian protease inhibi-
tor cocktail (Sigma-Aldrich) using a glass/Teflon Potter-Elve-
hjem homogenizer. After centrifugation to remove nuclei
(800 X gfor 10 min at 4 °C), protein concentrations were deter-
mined by the Bradford method (Bio-Rad), and 20 ug of proteins
were separated by SDS-PAGE and transferred to nitrocellulose
membranes (Protran BA-85, Schleicher & Schuell/Whatman).
After blocking (Roti-Block, Carl Roth, Karlsruhe, Germany),
PDE10 and PDEI11 antisera (see above) were applied in a
1:10,000 dilution and detected by secondary peroxidase-
coupled anti-rabbit antibodies (Pierce). Chemiluminescence
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detection was performed using SuperSignal West Dura chemi-
luminescent substrate (Pierce) and a charge-coupled device
(CCD) camera-based detection system (GDS 8000, UVP). The
specificity of signals was checked by addition of purified antigen
(4 wg/ml) to the primary antibody solution.

Preparation of Leydig Cells and Measurement of Testosterone
Release—Adult mice were sacrificed, and testes were removed
and stripped from connective tissue (tunica albuginea). Tissue
was suspended in Dulbecco’s modified Eagle’s medium and
mechanically disrupted by aspirating three times into a 50-ml
syringe. Seminiferous tubes and non-disrupted cells were
allowed to settle for 10 min followed by centrifugation of the
remaining supernatant (10 min at 250 X g at room tempera-
ture). The pellet was resuspended in 1 ml of buffer L (10 mm
HEPES, 154 mMm NaCl, 5.6 mm KCl, 2 mm CaCl,, 1 mm MgCl,,
3.6 mm NaHCOj,, 5.6 mm glucose, pH 7.4), layered onto 1 ml of
Percoll (1.124 g X ml™!; Biochrom, Berlin, Germany), and cen-
trifuged (15 min at 900 X g at room temperature). The Leydig
cell layer remaining on top of the Percoll layer was resuspended
in 1 ml of buffer L, and cell number (usually ~4 X 107 cells/
mouse) was determined using an improved Neubauer
hemocytometer.

Testosterone release was measured by incubating 10° Leydig
cells in 400 ul of buffer L for 3 h at 34 °C with agitation (1000
rpm; Thermomixer 5436, Eppendorf) with luteinizing hor-
mone (National Hormone and Peptide Program) and TP-10
(Pfizer) as indicated. Subsequently, cells were removed (900 X g
for 15 min), and testosterone was measured in the supernatant
by radioimmunoassay (Diagnostic Systems Laboratories).

Measurement of PDEIO in Striatal Homogenates—Striata of
two mice were isolated and immediately homogenized by 15
strokes with a glass/glass Potter-Elvehjem homogenizer using
10 volumes of ice cold buffer (50 mm triethanolamine/HCI, pH
7.4, 50 mm NaCl, 1 mm EDTA, 2 mm DTT, Sigma mammalian
protease inhibitor cocktail). The homogenate was centrifuged
at 800 X g for 10 min at 4 °C to remove cellular debris and
nuclei. Of the resulting supernatant, 0.05 ul was used for PDE
assays.

Fractionation of Mouse Hippocampi—Hippocampi of 10
mice were homogenized in 3 ml of buffer A (25 mm NaCl, 25
mM triethanolamine/HCI, pH 7.4 containing 1 mM EDTA, 2 mm
DTT, 0.4 mm phenylmethylsulfonyl fluoride, 0.2 mm benzami-
dine, and 1 uMm pepstatin A) using 20 strokes of a glass/Teflon
Potter-Elvehjem homogenizer. After centrifugation (100,000 X
g for 40 min at 4 °C), the cytosolic fraction was applied to an
anion exchange column (0.5-cm inner diameter X 5 cm = 1-ml
column volume; Source Q, GE Healthcare) and eluted using a
40-ml gradient to 300 mm NaCl in 2-ml fractions. 20 ul of each
fraction and the cytosol were applied to Western blots; 10
wml/incubation were used for phosphodiesterase assays per-
formed as described above.

RESULTS

Five of the 11 PDE families contain a tandem of regulatory
so-called GAF domains. The GAF-containing PDE2 and PDE5
are allosterically activated by cGMP. In contrast, GAF-depen-
dent activation of PDE10 and PDE11 has not been demonstrat-
ed; this may be partially due to the fact that the nucleotide
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FIGURE 1. PDE10 GAF domains bind cAMP, and PDE11 GAF domains bind
c¢GMP. FRET constructs containing the GAF domains of either PDE10 (A) or
PDE11 (B) sandwiched between the fluorescent proteins CFP and YFP were
expressed in HEK 293 cells, and changes of emission ratios between YFP and
CFP elicited by the indicated concentrations of cAMP and cGMP were
recorded in vitro as outlined in detail under “Experimental Procedures.”
Means = standard error of the mean of at least three experiments are
depicted.
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serving as the GAF ligand is also degraded as a substrate. There-
fore, we decided to screen for synthetic GAF ligands using
FRET constructs in which the respective tandem of GAF
domains is sandwiched between CFP and YFP.

Screening for GAF Ligands of PDE10 and PDE11 with FRET
Constructs—Fig. 1 depicts the cAMP and cGMP binding prop-
erties of the FRET constructs containing the tandem GAF
domains of PDE10 or PDE11. The PDE10 GAF domains bound
cAMP with an EC,, of ~0.3 uM but displayed a much lower
affinity for cGMP (~30 um). The PDE11 GAF domains almost
exclusively bound cGMP (EC,, ~ 0.1 um); cAMP only elicited
an ~30% response even at a concentration of 1 mm.

Because of the clear preference of the PDE10 FRET construct
for cAMP, 33 cAMP analogues (100 uMm; Table 1) were tested
for their ability to elicit cCAMP-like FRET changes indicating
agonistic properties. Subsequently, potential antagonistic
properties of the analogues were analyzed by adding a half-
maximally effective cAMP concentration (0.5 um). However,
none of the tested substances blocked or reduced the cAMP-
induced changes, and therefore, no antagonists were identified.
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TABLE 1

Characteristics of CAMP analogues as tested on isolated PDE10 GAF
domains as FRET construct

Half-maximally effective concentrations (EC,,) of different cAMP analogues to
elicit conformational changes of the PDE10 GAF domains are given. Conforma-
tional changes of the GAF domains were determined by FRET measurements in
vitro as outlined under “Experimental Procedures.” EC,, values are from at least
three independent determinations performed in duplicate; 95% confidence intervals
are given in parentheses. —, no FRET change detectable at 100 um. Full chemical
names and structures of the analogues are listed in supplemental Table 1 and sup-
plemental Fig. 1.

Analogue EC,,
M

cAMP 0.28 (0.14-0.58)
1-NO-cAMP 17 (11-28)
2-DMA-cAMP >100
Rp-cAMPS 40 (25-64)
Sp-cAMPS 40 (23-71)
8-N;-cAMP —
2-Aza-e-cAMP —
2-AHA-cAMP >100
Ara-cAMP 4.0 (2.0-7.7)
8-N,-e-cAMP —
2'-NH,-cAMP 37 (27-50)
8-Br-cAMP 54 (32-93)
6-Bn-cAMP —
6-Bnz-cAMP >100
8-BT-cAMP —
cCMP —
6-Cl-cPuMP 10 (6-18)
8-Cl-cAMP 41 (30-57)
8-CPT-cAMP —
2-Cl-cAMP 1.1 (0.6-2.0)
2-ClI-MA-cAMP —
2'-dcAMP 0.95 (0.51-1.77)
7-CH-cAMP 0.59 (0.22—-1.5)
2'-F-cAMP —
e-cAMP 5.5 (3.4-9.0)
8-OH-cAMP —
8-MA-cAMP —
6-MB-cAMP 10 (5-20)
2'-O-Me-cAMP —
6-DMA-cPuMP —
6-MA-cPuMP —
6-Phe-cAMP —
cTMP —
cUMP >100

Of the identified agonists, two displayed an EC, of less than 1
uM; for three further analogues, an EC,, of less than 10 um was
determined.

The PDE11 tandem GAF construct displayed smaller FRET
changes than the PDE10 construct. Therefore, the screen had
to be performed in cuvettes instead of microplates, which
required 10-fold higher assay volumes. Because of limited avail-
ability, the analogue concentration was therefore reduced to 10
puM. Of the 31 cGMP analogues tested for agonistic properties,
eight elicited ¢cGMP-like FRET changes with EC,, values
between 1 and 10 um. None of the analogues displayed antago-
nistic features (tested in the presence of 0.1 and 1 um cGMP).

PDE10 Stimulation by GAF Domain Ligands—Next, we used
the identified GAF ligands to study activation of PDE10 recom-
binantly expressed in HEK cells. Measurements were per-
formed with freshly prepared cytosolic fractions because cGMP
stimulation of PDE5 has been reported to be impaired after
storage or purification (24).

First, 7-CH-cAMP was chosen as the most promising agonist
for PDE1O0 as it displayed the lowest EC,, value in the FRET
analyses. The PDE10 GAF domains bind cAMP with high affin-
ity (see above). To avoid an effect of the substrate on the GAF
domains, we first analyzed cGMP-hydrolyzing PDE activity. At
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FIGURE 2. PDE10 stimulation by cAMP analogue 7-CH-cAMP. cGMP- (A)
and cAMP (B)-hydrolyzing activities of recombinantly expressed PDE10
holoenzyme were determined in the presence of increasing concentrations
of the cAMP analogue 7-CH-cAMP at the indicated substrate concentrations.
cAMP concentrations greater than 0.03 um stimulate the enzyme, thereby
hiding 7-CH-cAMP-mediated stimulation. C, cAMP effects on cGMP-hydrolyz-
ing activity of PDE10 in the presence of different substrate concentrations
were measured at the indicated cAMP concentrations. cAMP at 0.1 um stim-
ulates the enzyme by up to 25%. Values are means = standard error of the
mean of three determinations performed in duplicate, normalized to the
activity determined in the absence of 7-CH-cAMP (A and B) or cAMP (C) at
the indicated substrate concentration. stim., stimulation.

0.1 and 1 uM cGMP, 7-CH-cAMP activated PDE10 3-fold (Fig.
2A). At higher cGMP concentrations of 10 and 100 uM, stimu-
lation by 7-CH-cAMP was reduced or abolished, respectively,
indicating that cGMP in high concentrations also binds to the
GAF domains, thereby prestimulating the enzyme and reduc-
ing the maximally achievable stimulation factor. Next, the stim-
ulatory effect of 7-CH-cAMP on cAMP-hydrolyzing activity
was analyzed. At a substrate concentration of 0.03 um cAMP,
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the analogue stimulated PDE10 ~3-fold (Fig. 2B), which is
comparable with the maximal stimulation observed with cGMP
as substrate and demonstrates that cAMP binding to the GAF
domains was negligible at the lowest cAMP concentration.
However, already at 0.1 um cAMP, the 7-CH-cAMP-induced
activation was reduced (to 1.5-fold), indicating that the GAF
domains were half-saturated by cAMP at this concentration.
Activation by 7-CH-cAMP was abolished at 1 and 10 um cAMP.
The EC,, value for 7-CH-cAMP stimulation of the holoenzyme
was about 0.05 uMm, which is 10-fold lower than the value
observed in the FRET constructs. The concentration-response
curves were bell-shaped, indicating that higher concentrations
of 7-CH-cAMP also bound to the catalytic domains and thereby
inhibited substrate turnover. Other GAF domain ligands with a
reasonable affinity in the FRET assays, such as 2'-dcAMP, were
tested with regard to their stimulatory properties on the
holoenzyme; however, none of them displayed higher stimula-
tion factors.

cAMP Stimulates and Inhibits PDEI10-catalyzed cGMP
Hydrolysis—The 50% reduction of 7-CH-cAMP-mediated
stimulation at a substrate concentration of 0.1 um cAMP dem-
onstrated that cAMP activated PDE10 with an EC,, of ~0.1 um
(see Fig. 2B). To directly assess cCAMP stimulation of the PDE10
holoenzyme, the effect of CAMP on cGMP turnover was meas-
ured (Fig. 2C). cAMP elicited a biphasic effect on cGMP turn-
over: a low cAMP concentration (0.1 um) caused a very slight
(up to 25%) albeit significant stimulation of cGMP turnover.
However, 1 um cAMP already led to a pronounced inhibition of
c¢GMP turnover. Interestingly, the cAMP-induced inhibition of
c¢GMP turnover was nearly independent of the cGMP concen-
tration as it was almost indistinguishable at the different cGMP
substrate concentrations (0.1-10 um) used. The results thus
demonstrate that PDE10 nearly exclusively hydrolyzes cAMP
independently of the cGMP concentration present in case
cAMP reaches low micromolar concentrations.

PDEI11 Stimulation by GAF Domain Ligands—The bulky
cGMP analogue Rp-8-pCPT-PET-cGMPS that displayed a low
micromolar EC, in the FRET screens (see Table 2) was ana-
lyzed with regard to its stimulatory properties on the PDE11
holoenzyme. The analogue at a concentration of 30 um stimu-
lated PDE11-catalyzed cAMP or cGMP turnover up to 5-fold
(Fig. 3, A and B). Unexpectedly, maximal stimulation by the
analogue was only observed at the highest cAMP or cGMP sub-
strate concentration of 100 um. At lower cAMP or cGMP con-
centrations (0.1-10 um), the stimulation factor concentration-
dependently declined to between 2.5- and 1.5-fold stimulation.
The reduced stimulation factors can be explained by competi-
tion of the analogue with the substrate at the catalytic domain
that is overcome at high substrate concentrations. Accordingly,
100 pm analogue caused robust inhibition of substrate turn-
over. Other analogues with similar, low micromolar EC,, val-
ues in the FRET screen (see Table 2) were tested regarding their
stimulatory properties but did not cause higher stimulation fac-
tors (data not shown).

The finding of highest analogue-mediated stimulation in the
presence of high substrate concentrations demonstrates that
neither cGMP nor cAMP acted as ligands at the analogue bind-
ing site. This is in stark contrast to the observations made for
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TABLE 2

Characteristics of cGMP analogues as tested on isolated PDE11 GAF
domains as FRET construct

Half-maximally effective concentrations (EC,) of different cGMP analogues to
elicit conformational changes of the PDE11 GAF domains are given. Conforma-
tional changes of the GAF domains were determined by FRET measurements in
vitro. ECy, values are from at least three independent determinations; 95% confi-
dence intervals are given in parentheses. —, no FRET change detectable at 10 uMm.
Full chemical names and structures of the analogues are listed in supplemental
Table 2 and supplemental Fig. 2.

Analogue

EC,,

cGMP
2-NH,-cPuMP

M
0.32 (0.15-0.65)
>10

8-AET-cGMP —
8-APT-cGMP
1-NH,-cGMP
2'-AHC-cGMP
Sp-2'AHC-cGMPS
8-Br-cGMP
Rp-8-Br-cGMPS
Sp-8-Br-cGMPS
8-pCPT-cGMP
Rp-8-pCPT-cGMPS
Sp-8-pCPT-cGMPS
Rp-8-pCPT-PET-cGMPS
Sp-8-pCPT-PET-cGMPS
5,6-DM-cBIMP
DB-cGMP
5,6-DCl-cBIMP
Sp-5,6-DCl-cBIMPS
2'-dcGMP

Rp-cGMPS

Sp-cGMPS
MANT-cGMP
2'-O-MS-cGMP
2'-O-MS-TME-cGMP
2'-O-ME-cGMP
PET-cGMP
8-Br-PET-cGMP
Rp-8-Br-PET-cGMPS
Sp-8-Br-PET-cGMPS
cPuMP

cXMP

'S

4 (2.5-7.9)

4(2.8-11)
2(0.9-5.1)

[S=eal

S

(1.6-11)
9 (1.6-15)

S

2)
9)

3.6 (L.2-11)

Vo
A S
°33
-
o w
O N

PDEI10 (see above) and for PDE2 and PDE5 (31). Here, ana-
logue-mediated stimulation is observed only at low concentra-
tions of the physiological nucleotides; higher concentrations of
the physiological nucleotides led to stimulation of the enzymes
by themselves, thereby masking stimulation by the respective
analogue. Because it is reasonable that the analogue Rp-8-
pCPT-PET-cGMPS acted via the GAF domain, binding of
cGMP to the GAF domain appears unlikely. On the other hand,
the analogue might theoretically stimulate PDE11 by a site dif-
ferent from a putative cGMP stimulatory site. However, no evi-
dence for cGMP stimulation of PDE11 has been obtained.

¢GMP Inhibits PDE11-catalyzed cAMP Turnover—Because
¢GMP bound to the PDE11 FRET construct and has been
shown to activate chimeric adenylyl cyclases containing the
PDE11 GAF domains (28), the effect of cGMP on PDE11 cAMP
turnover was analyzed. The experiments displayed a classical
competitive inhibition of cAMP hydrolysis by cGMP with a
rightward shift of the cGMP concentration-response curves at
increasing cAMP concentrations. These results are compatible
with the assumption that the cyclic nucleotides compete at the
catalytic domain. Both nucleotides displayed a similar affinity
to the catalytic domains as equimolar cGMP concentrations (1,
10, and 100 um) led to an ~50% inhibition of CAMP turnover at
the different cCAMP substrate concentrations (1, 10, and 100
uM), respectively.
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FIGURE 3. PDE11 is stimulated by cGMP analogue but not by cGMP. Stim-
ulation (stim.) of recombinant PDE11 holoenzyme by the cGMP analogue
Rp-8-pCPT-PET-cGMPS was assessed at the indicated concentrations of the
substrates CAMP (A) and cGMP (B). High cAMP or cGMP concentrations (100
um) did not impair the 4-5-fold stimulation by the GAF domain ligand. C,
measurement of cCAMP hydrolysis at the indicated substrate concentrations
in the presence of increasing concentrations of cGMP reveals no stimulation
but only competitive inhibition. Means = standard error of the mean of three
independent experiments performed in duplicates are shown after normal-
ization to the activity observed in the absence of Rp-8-pCPT-PET-cGMPS (A
and B) or cGMP (C) at the substrate concentrations indicated.

Distribution and Properties of Native PDE10—As the current
knowledge on the tissue distribution of PDE10 is mostly based
on mRNA distribution, we analyzed PDE10 protein expression
in Western blots. For generation of antibodies, the tandem GAF
domains of the FRET constructs but without the fluorophores
were expressed in E. coli, purified, and used for immunization
of rabbits. Subsequently, distribution of PDE10 in mice was
analyzed in Western blots. The antibody recognized an 85-kDa
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FIGURE 4. PDE10 expression is confined to testis and striatum. Mouse
organs (A) and brain regions (B) were homogenized and analyzed in Western
blots using a newly generated antiserum raised against the GAF domains of
PDE10. Recombinant human PDE10A1 was applied as a positive control.
Shown is one representative blot of three. Larger sections of Western blots
are shown in supplemental Fig. 3. C, primary murine Leydig cells (10°) were
stimulated by the indicated concentrations of luteinizing hormone in the
absence or presence of the PDE10 inhibitor TP-10, and testosterone release (3
h at 34 °C) was measured by radioimmunoassay. (*, p < 0.05; **, p < 0.01.) D,
stimulation of cAMP-degrading activity in homogenates of murine striatum
by increasing concentrations of the GAF domain ligand 7-CH-cAMP was
assessed at a substrate concentration of 0.03 um cAMP. Values are means =
standard error of the mean.

protein compatible with the size of PDE10 in testis (Fig. 4A4) and
brain (Fig. 4B). Analysis of the distribution in brain revealed a
prominent expression in striatum. The results confirm earlier
results obtained using Northern blots, in situ hybridization, and
immunohistochemistry (4 -6, 13).

Because of the prominent expression of PDE10 in testis, we
asked whether the enzyme is involved in regulation of testos-
terone production. Testosterone production by Leydig cells is
stimulated by luteinizing hormone (LH), and this stimulatory
effect is mediated by cAMP (32). First, the PDE10 inhibitor
TP-10 (33) was used to analyze the relative contribution of
PDE10 to cAMP hydrolysis. In homogenates of murine Leydig
cell preparations, cAMP-hydrolyzing activity was inhibited by
approximately 30% by 1 um TP-10 when measured at substrate
concentrations between 10 nM and 1 um cAMP (data not
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FIGURE 5. PDE11 is restricted to brain and predominantly expressed in
hippocampus. A newly generated antiserum against the PDE11 GAF
domains was used to identify PDE11 expression in organs (A) and brain
regions (B) of mice in Western blots. Human PDE11A4 (105 kDa) served as a
positive control. Preabsorption of the antiserum with purified GAF domains
(+ antigen; 4 ug X ml~") was performed to check signal specificity and abol-
ished PDE11A4 signals in hippocampus, medulla, and eminentia mediana. No
indication was found that the 80-kDa signal in aorta and lung is related to
PDE11 (see “Results”). Shown is one representative blot of three. Larger sec-
tions of Western blots are shown in supplemental Figs. 4 and 5.

shown). Next, the effect of PDE10 inhibition on LH stimulation
of testosterone production was assessed. TP-10 increased tes-
tosterone production, although the effect was not very pro-
nounced (Fig. 4C). Especially in the absence of LH or in the
presence of a low LH concentration (0.1 ng/ml), PDE10 inhibi-
tion increased testosterone production by approximately 50%.

To exclude the possibility that stimulation by the GAF ago-
nist 7-CH-cAMP is solely a property of the recombinantly
expressed enzyme, homogenates of mouse brain striatum that
displayed a relatively high PDE10 content in Western blots
were prepared. Therein, 7-CH-cAMP caused a 1.6-fold stimu-
lation of cAMP-degrading activity as compared with the 3-fold
stimulation observed with the recombinant enzyme under the
same conditions (Fig. 4D). The EC, value in the range of 30 nm
7-CH-cAMP was comparable with that of the recombinant
enzyme. These findings demonstrate that the native enzyme
from mouse brain striatum is subject to GAF domain-triggered
stimulation and show that PDE10 represents a substantial por-
tion of cAMP-degrading activity in this brain region at the
tested nanomolar cAMP concentrations.

PDEI1 Displays Predominant Expression in Hippocampus—
To analyze tissue distribution of PDE11, antibodies were gen-
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erated by using purified PDE11 GAF domains. The obtained
antibody recognized two major proteins (Fig. 5), one at the
expected molecular mass of PDE11A4 at 105 kDa and a smaller
protein at 80 kDa (see below). PDE11A4 (105 kDa) was found
almost exclusively in brain (Fig. 5B). Detailed analysis of brain
regions demonstrated highest expression levels in hippocam-
pus and slightly lower amounts in medulla and median emi-
nence. The smaller protein at 80 kDa produced much stronger
signals and was found in lung and aorta. The size of this protein
is compatible with the predicted molecular mass of PDE11A3
(8). However, on the mRNA level, PDE11A3 has been exclu-
sively found in testis and has never been described to occur in
lung or aorta (9). On the other hand, the signals obtained in lung
and aorta seemed to be specific as tested by competition with
the purified GAF domains used for immunization. Hence, the
respective protein was purified from mouse lung by immuno-
affinity chromatography using the antiserum, but the purified
protein neither showed cyclic nucleotide-degrading activity
nor yielded any peptide related to phosphodiesterases in mass
spectrometry analyses. The 80-kDa signal thus has to be con-
sidered to be nonspecific. Taken together, substantial levels of
PDE11 were only found in brain especially in hippocampus.

Activation of Native PDE11 from Hippocampus—The PDE11
enzyme expressed in HEK cells was not stimulated by either
cAMP or cGMP but only by a heavily modified cyclic nucleotide
analogue. We wondered whether the native PDE11 in hip-
pocampus might contain a post-translational modification or
an interaction/dimerization partner that enables cGMP stimu-
lation. Therefore, we tested whether the analogue stimulates
cyclic nucleotide-degrading activity in hippocampal homoge-
nates. However, the analogue did not have any effect in homo-
genates probably due to the minor contribution of PDE11 to
total PDE activity in hippocampus. Hence, mouse hippocampi
were fractionated by anion exchange chromatography to sepa-
rate the PDEs. Fractions were analyzed in Western blots, and
c¢GMP PDE activity was measured in the absence and presence
of the GAF ligand Rp-8-pCPT-PET-cGMPS (Fig. 6A4). As
judged by Western blot, PDE11 eluted between 10 and 16 ml.
These fractions displayed a rather low cGMP-hydrolyzing
activity in the absence of the GAF ligand but the highest PDE
activity in the presence of the GAF ligand with a maximal stim-
ulation factor of 5. In concentration-response curves for the
GAF ligand (Fig. 6C), cAMP- and cGMP-degrading activities
were stimulated slightly less than observed with the recombi-
nant enzyme (compare with Fig. 3, A and B), and ~10-fold
higher concentrations of the analogue were required. Never-
theless, also the native PDE11 enzyme was stimulated by the
GAF domain ligand in the presence of 100 um cAMP or cGMP,
reinforcing the conclusion that the native cyclic nucleotides did
not activate the enzyme.

DISCUSSION

The GAF domain-containing PDE10 and PDE11 were iden-
tified nearly 10 years ago, but the only experimental data in
favor of cyclic nucleotides acting as GAF domain ligands of
these PDEs were derived from chimeric proteins composed of
PDE tandem GAF domains and the catalytic domains of
Anabaena adenylyl cyclases. In these chimeric proteins, the
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FIGURE 6. GAF-mediated stimulation of PDE11 enriched from hippocam-
pus. A, hippocampi from mice were fractionated by anion exchange chroma-
tography, and fractions were analyzed in Western blots. B, cGMP-hydrolyzing
activity in the fractions was measured at a substrate concentration of 100 um
c¢GMP in the absence (control) and the presence (stim) of the GAF domain
agonist Rp-8-pCPT-PET-cGMPS (100 um). Highest stimulation factors (5-fold)
were observed in the fractions containing PDE11 in Western blots. C, in the
fraction with the highest PDE11 content, concentration-response curves for
the GAF domain ligand were obtained by measuring cAMP- and cGMP-de-
grading activities at substrate concentrations of 100 um. Values are means *=
standard error of the mean.

PDE10 GAF domains conferred cAMP stimulation, whereas
the PDE11 GAF domains mediated cGMP stimulation (28). In
contrast, a later study of the PDE10 and PDE11 holoenzymes
claimed that binding of cAMP and cGMP does not stimulate
PDE10 and PDEL11, respectively (27). In our study, synthetic
GAF domain ligands were identified using FRET constructs of
the tandem GAF domains of PDE10 or PDE11. With the iden-
tified agonists, GAF-mediated stimulation of these enzymes is
demonstrated for the first time.

Stimulation of PDE10—The most potent PDE10 GAF ago-
nist (7-CH-cAMP) stimulated the holoenzyme 3-fold. Full
stimulation of the enzyme was only observed at the lowest sub-
strate concentration (30 nm) at which allosteric binding of the
substrate to the GAF domains can be considered to be negligi-
ble. More importantly, the finding that stimulation by the ana-
logue was abolished by higher cAMP substrate concentrations
demonstrates stimulation of PDE10 by cAMP itself (EC, ~ 0.1
UM).

A stimulation factor of 3 does not appear very impressive at
first glance. On the other hand, the GAF agonist inhibited cat-
alytic turnover at slightly higher concentrations than those
required for stimulation. Thus, the observed 3-fold stimulation
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by the analogue probably does not represent the stimulation
factor of PDE10 but is limited by competition at the catalytic
domain.

In an earlier study, 7-CH-cAMP was reported to bind to
PDEI10 without activating the enzyme (27). However, even the
positive control displayed an only 4-fold activation (PDE2 acti-
vation by 5,6-DM-cBIMP), which is much lower than the
40-fold activation observed in our laboratory (31). This indi-
cates severely impaired enzymes and/or suboptimal assay con-
ditions; possibly the addition of N-terminal His tags or storage
at —20 °C impaired stimulation of the holoenzymes while pre-
serving their ability to bind cyclic nucleotides. In analogy, PDE5
was termed “cGMP-binding, cGMP-specific PDE” for decades
because cGMP stimulation of the enzyme was obviously lost
during storage or purification (24).

Because cAMP activated PDE10, it was interesting to analyze
how cAMP affects cGMP breakdown by PDE10. cAMP slightly
stimulated cGMP hydrolysis (by 25% at 0.1 um cAMP); how-
ever, slightly higher cAMP concentrations completely inhibited
c¢GMP turnover (IC;, ~ 0.7 um). Interestingly, the inhibitory
potency of cAMP was almost independent of the cGMP sub-
strate concentration; this is apparently in contrast to plain com-
petition at the catalytic domain and suggests that cAMP bind-
ing to the GAF domains increased the preference of the
catalytic domain for cAMP. However, the measured cAMP
inhibition curves can roughly be obtained when cGMP catalytic
rates are calculated from the published &,, and V, . values of
PDE10.2 On the other hand, the affinity of cAMP to the cata-
lytic domains cannot be determined without stimulating the
enzyme via its GAF domains, and the published enzymatic con-
stants already account for the GAF-mediated cAMP effects.
The similarity of the EC,, for GAF-mediated cAMP stimula-
tion (0.1 um) and the published k,, values suggests that the
published k,,, values are substantially determined by the under-
lying GAF-mediated cAMP stimulation.

PDE10 binds cAMP at its second GAF domain, termed
GAF-B (27, 28), which is reminiscent of PDE2 in which cGMP is
bound to GAF-B as well (19). Based on the crystal structure of
PDE2, a general mechanism for GAF-dependent PDE activa-
tion has been proposed (34). In the basal, non-activated state,
the catalytic pockets of the dimerized catalytic domains are
packed against each other. Binding of cGMP to GAF-B rotates
the catalytic domains with further subtle conformational
changes (“swing-out of the Hloop”), thereby enabling substrate
access. It is tempting to speculate that such a conformational
change in PDE10 may also increase the preference of the cata-
lytic domain for cAMP. However, as structural information
about PDE10 is limited to isolated catalytic or GAF domains
(35, 36), definitive conclusions await resolution of the stimu-
lated and unstimulated holoenzyme structures, which may be
facilitated by the GAF agonist identified in the present study.

PDE10 is predominantly expressed in testis and the striatum.
In testis, the isobutylmethylxanthine-insensitive PDE8 has
been shown to be a major regulator of LH-induced testosterone
production (37), and the small effect elicited by the PDE10

3k, (CGMP) ~ 10 um; k,,, (CAMP) ~ 0.1 um; V..., (CGMP) ~ 5 X V... (CAMP).
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inhibitor in our study suggests that PDE10 accounts for a frac-
tion of the remaining isobutylmethylxanthine-sensitive PDEs
in this pathway. In striatum, the stimulation of cAMP-degrad-
ing activity by the cAMP analogue 7-CH-cAMP demonstrates
that GAF-mediated stimulation is a feature of the native PDE10
too and that PDE10 is responsible for a substantial amount of
cAMP-degrading activity in striatum.

In summary, PDE10 is potently stimulated by cAMP, and the
GAF-mediated stimulation alters the enzymatic parameters
such that the enzyme acts as a cAMP-specific phosphodiester-
ase. Only in cells with extremely low cAMP concentrations,
PDE10 can contribute to cGMP degradation. In those cells, a
small increase in cAMP to 1 um could inhibit cGMP breakdown
by PDE10.

Stimulation of PDE11—The GAF domains of PDE11 mediate
stimulation of the enzyme. With the cGMP analogue Rp-8-
pCPT-PET-cGMPS, an up to 5-fold stimulation of cGMP or
cAMP hydrolysis is observed. Interestingly, the stimulatory
effect of Rp-8-pCPT-PET-cGMPS occurs at high substrate
concentrations (100 uM cAMP or ¢cGMP). The data therefore
imply that the enzyme is not activated by the physiological
nucleotides cAMP and cGMP. If cAMP or cGMP had activated
PDE11 via the GAF domains, stimulation by the GAF agonist
should not be detectable at such high substrate concentrations
as was shown for PDE2, PDE5, and PDE10 (Ref. 31 and above).
In accordance with the conclusion that cGMP does not activate
PDE11, cAMP hydrolysis was not activated by cGMP. Rather, a
plain competitive inhibition of cAMP breakdown by equimolar
c¢GMP concentrations was observed. Why did the GAF ligand
of PDE11 yield lower stimulation factors at lower substrate con-
centrations? Obviously, the GAF ligand also has some affinity to
the catalytic domain as can be seen from the bell-shaped con-
centration-response curves and inhibits substrate turnover
more efficiently at lower substrate concentrations, thereby
diminishing the stimulation factor (see Fig. 3, A and B).

The identification of an analogue stimulating PDE11 only at
high substrate concentrations is reminiscent of the stimulation
of the photoreceptor PDE6 by the PDE inhibitors dipyridamole
and M&B 22,948 at high substrate concentrations (38). How-
ever, the paradoxical stimulatory effect of PDE inhibitors under
millimolar substrate conditions observed for PDE6 required
preincubation of PDE6 with the inhibitors in the absence of
c¢GMP, whereas the presence of cGMP during the preincuba-
tion abolished the stimulatory effect. This is in contrast to the
effect of the cGMP analogue on PDE11, which did not require
access to the enzyme in the absence of cGMP but exerted its
action in the presence of cGMP or cAMP during the PDE
assays. Hence, the paradoxical stimulation of PDE6 by compet-
itive inhibitors is a distinct phenomenon that is unrelated to the
Rp-8-pCPT-PET-cGMPS-mediated stimulation of PDE11.

Why did cGMP bind to the FRET constructs with a reason-
ably high affinity (EC;, ~ 0.3 um) but fail to stimulate PDE11
holoenzyme? PDE11A4 contains a relatively long N terminus
preceding the GAF domains (197 amino acids). In chimeric
proteins composed of the N-terminal part of PDE11A4 includ-
ing the GAF domains and the catalytic domain of Anabaena
adenylyl cyclases, the N-terminal part preceding the GAF
domains had a tremendous effect on the ability of cGMP to
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stimulate the chimera. Truncation of 196 N-terminal amino
acids increased the cGMP affinity 20-fold (39). However, dele-
tion of these 196 amino acids in the PDE11A4 holoenzyme
abolished stimulation by the cGMP analogue but did not enable
cGMP stimulation (data not shown). Irrespective of the uncer-
tainty resulting from conclusions based on mutant proteins, it
stands to reason that the different protein environments of the
GAF domains in Anabaena adenylyl cyclases, FRET constructs,
or the PDE11 holoenzyme strongly determine the GAF domain
function.

The observation that the GAF domains are capable of stim-
ulating PDE11 but do not mediate stimulation by cGMP raises
the question whether the enzyme is regulated by the GAF
domains in vivo. On the one hand, GAF domains of other pro-
teins have been reported to mediate regulation by other small
molecules (21); therefore, PDE11 may well be activated by
another so far unidentified small molecule. On the other hand,
a post-translational modification or an additional interaction
partner as a prerequisite for PDE11 activation by cGMP cannot
be ruled out, although even the native PDE11A4 enriched from
mouse hippocampi was not stimulated by cGMP but only by the
c¢GMP analogue identified in this study. In summary, GAF
domains, despite their homology, confer a variety of regulatory
properties to PDEs: fast and sustained cGMP-induced activa-
tion to PDE2 and PDES5, respectively; cAMP-mediated inhibi-
tion of cGMP turnover to PDE10; and hypothetically activation
by non-cyclic nucleotide ligands to PDE11.
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