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Cyclic nucleotide phosphodiesterase (PDE) is an important regulator of the cellular concentrations of the
second messengers cyclic AMP (cAMP) and cGMP. Insulin activates the 3B isoform of PDE in adipocytes in
a phosphoinositide 3-kinase-dependent manner; however, downstream effectors that mediate signaling to
PDE3B remain unknown. Insulin-induced phosphorylation and activation of endogenous or recombinant
PDE3B in 3T3-L1 adipocytes have now been shown to be inhibited by a dominant-negative mutant of the
serine-threonine kinase Akt, suggesting that Akt is necessary for insulin-induced phosphorylation and acti-
vation of PDE3B. Serine-273 of mouse PDE3B is located within a motif (RXRXXS) that is preferentially
phosphorylated by Akt. A mutant PDE3B in which serine-273 was replaced by alanine was not phosphorylated
either in response to insulin in intact cells or by purified Akt in vitro. In contrast, PDE3B mutants in which
alanine was substituted for either serine-296 or serine-421, each of which lies within a sequence (RRXS)
preferentially phosphorylated by cAMP-dependent protein kinase, were phosphorylated by Akt in vitro or in
response to insulin in intact cells. Moreover, the serine-273 mutant of PDE3B was not activated by insulin when
expressed in adipocytes. These results suggest that PDE3B is a physiological substrate of Akt and that
Akt-mediated phosphorylation of PDE3B on serine-273 is important for insulin-induced activation of PDE3B.

Akt is a protein serine-threonine kinase that contains a
pleckstrin homology domain and whose kinase domain has
structural similarity with those of protein kinase C (PKC)
isozymes and cyclic AMP (cAMP)-dependent protein kinase
(PKA) (9, 21). Thus, Akt has also been termed protein kinase
B. Akt was originally shown to be activated by growth factors
such as platelet-derived growth factor and insulin, but later the
enzyme was also found to be activated by cytokines and ligands
for G protein-coupled receptors (21, 33, 34). Moreover, ex-
pression of polyomavirus middle T antigen as well as cellular
stresses such as hyperosmolarity, heat shock, and fluid shear
stress also induces activation of Akt (17, 27, 42). However, the
mechanisms by which Akt is activated by these diverse stimuli
are not fully understood. The activation of Akt by growth
factors or cytokines is blocked by pharmacological or molecu-
lar biological inhibitors of phosphoinositide (PI) 3-kinase (7,
19, 24), indicating that PI 3-kinase is an upstream regulator of
Akt, although PI 3-kinase-independent stimuli that induce ac-
tivation of Akt also appear to exist (27, 33, 38).

Akt is a general mediator of cell survival and protection
from apoptosis (9, 21). It has also been suggested to participate
in meiosis in oocytes (3), in endocytosis elicited by RAS (5), in
differentiation of adipocytes (25), and in various metabolic
actions of insulin (23, 25, 44, 45). In spite of the potential
importance of Akt in such diverse biological activities, only a
few proteins have been identified as physiological substrates of
this enzyme. The first identified substrate of Akt was glycogen
synthase kinase 3b (GSK3b). Akt phosphorylates GSK3b on
Ser9 and thereby inactivates it both in vitro and in intact cells
(11, 46), an action that likely results in stimulation of glycogen

synthase activity (10). BAD, a member of the BCL2 family of
proteins, is another cellular substrate of Akt. Akt phosphory-
lates BAD on Ser136, resulting in an increase in its affinity for
14-3-3 proteins and consequent suppression of apoptosis and
promotion of cell survival (12).

The cyclic nucleotides cAMP and cGMP are important sec-
ond messengers that mediate a variety of biological activities.
Cyclic nucleotide phosphodiesterase (PDE), which catalyzes
the hydrolysis of cAMP and cGMP, contributes to regulation
of the cellular concentrations of these nucleotides (6, 30). A
large family of structurally related PDE enzymes, encoded by
at least 17 different genes, has been identified (6, 14, 30).
Several hormones, including insulin and leptin, activate the
PDE3B isoform (also known as cGMP-inhibited PDE) of this
family of enzymes in adipocytes or pancreatic b cells (13, 48),
subsequently resulting in prevention of lipolysis or in inhibition
of insulin secretion (18, 48). Although the mechanism by which
the activity of PDE3B is regulated by these hormones remains
unclear, the observation that wortmannin, a relatively specific
blocker of PI 3-kinase (40), inhibits activation of PDE3B (35,
48) suggests that PDE3B activity is regulated by this lipid
kinase.

Phosphorylation of PDE3B is also implicated in its activa-
tion (13, 41). PDE3B is phosphorylated in response to expo-
sure of cells to insulin, and wortmannin prevents this effect
(35). The correlation between the extents of phosphorylation
and activation of PDE3B supports the hypothesis that the
activity of this enzyme is stimulated directly by a serine-threo-
nine kinase that acts downstream of PI 3-kinase. Although
mitogen-activated protein kinase and p70 S6 kinase are down-
stream elements of PI 3-kinase, these protein kinases appear
not to contribute to the regulation of PDE3B (47). We there-
fore designed the present study to determine (i) whether sig-
naling downstream of Akt is responsible for phosphorylation
and activation of PDE3B, (ii) whether Akt is necessary for
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insulin-induced phosphorylation and activation of PDE3B, and
(iii) whether phosphorylation of PDE3B is indeed important in
regulation of its enzymatic activity. For these investigations, we
used a constitutively active and a dominant-negative mutant of
Akt as well as various mutants of PDE3B containing substitu-
tions at putative phosphorylation sites.

MATERIALS AND METHODS

Cloning of mouse PDE3B cDNA and construction of PDE3B mutants. We
amplified an ;490-bp cDNA fragment by PCR with sense and antisense primers
corresponding to nucleotides 826 to 849 and 1308 to 1329 of rat PDE3B cDNA
(43), respectively, and cDNA synthesized from RNA extracted from mouse
3T3-L1 adipocytes as a template. We then used the resulting PCR product as a
probe to screen a mouse fat cell cDNA library (Clontech) and obtained a clone
that contained a full-length (3.6-kb) mouse PDE3B cDNA, including a 3,300-bp
open reading frame encoding a protein of 1,100 amino acids. The deduced amino
acid sequence of the encoded protein revealed that mouse PDE3B has 95.3 and
80.1% overall identity with rat (43) and human (31) PDE3B, respectively. Mouse
PDE3B was tagged with the hemagglutinin (HA) epitope (YPYDVPDYA) at its
NH2 terminus with the use of PCR. Ser273, Ser274, Ser296, or Ser421 of HA-tagged
mouse PDE3B (PDE3B-WT) was replaced by alanine with the use of a Quick
Change site-directed mutagenesis kit (Stratagene), and the resultant mutants
were termed PDE3B-S273A, PDE3B-S274A, PDE3B-S296A, and PDE3B-
S421A, respectively.

Cells and antibodies. 3T3-L1 preadipocytes were maintained and induced to
differentiate into adipocytes, as described previously (39). To establish CHO-IR
cells that stably express PDE3B-WT, PDE3B-S273A, PDE3B-S274A, PDE3B-
S296A, or PDE3B-S421A, we transfected CHO-IR cells with pSV40-hgh, which
confers resistance to hygromycin, and an SRa vector encoding HA epitope-
tagged wild-type or mutant mouse PDE3B enzymes. Transfected cells were
selected and cloned as described previously (23), and the resultant cell lines were
termed CHO-IR/PDE3B-WT, CHO-IR/PDE3B-S273A, CHO-IR/PDE3B-
S274A, CHO-IR/PDE3B-S296A, and CHO-IR/PDE3B-S421A.

Monoclonal antibodies to the HA epitope tag were obtained from Boehringer
Mannheim. Monoclonal antibodies to PKCl were obtained from Transduction
Laboratories. Polyclonal antibodies to Akt were as described previously (23).
Polyclonal antibodies to PDE3B were generated against a peptide corresponding
to amino acids 424 to 440 (RRSSGASGLLTSEHHSR) of rat PDE3B. These
polyclonal antibodies both precipitate mouse PDE3B and recognize the protein
on immunoblot analysis.

Construction of adenovirus vectors. Adenovirus vectors encoding a dominant-
negative mutant of the p85 subunit of PI 3-kinase (AxCADp85) (39), HA
epitope-tagged wild-type Akt (AxCAAkt-WT), a mutant Akt in which Thr308 and
Ser473 are replaced by alanine (AxCAAkt-AA), or a mutant Akt in which Lys179

in the kinase domain was replaced by asparatate (AxCAAkt-K179D) (23) or
dominant-negative (AxCAlDNKD) or constitutively active (AxCAlDPD) mu-
tants of PKCl (29) were described previously. An adenovirus vector encoding
b-galactosidase (AxCALacZ) was kindly provided by I. Saito. The SRC myris-
toylation signal sequence (GSSKSKPKDPSQR) was added to the NH2 terminus
of rat Akt1 or bovine p110a, a catalytic subunit of PI 3-kinase, with the use of
PCR; the resultant myristoylated Akt and myristoylated p110 were termed Myr-
Akt and Myr-p110, respectively. Complementary DNAs encoding PDE3B-WT,
PDE3B-S273A, PDE3B-S274A, PDE3B-S296A, PDE3B-S421A, Myr-Akt, or
Myr-p110 were subcloned into pAxCAwt (32), and adenovirus vectors containing
these cDNAs were generated with an adenovirus expression kit (Takara, Tokyo,
Japan) as described previously (23, 39). The resulting adenoviruses were termed
AxCAPDE3B-WT, AxCAPDE3B-S273A, AxCAPDE3B-S274A, AxCAPDE3B-
S296A, AxCAPDE3B-S421A, AxCAMyr-Akt, and AxCAMyr-p110, respectively.
3T3-L1 adipocytes were infected with adenovirus vectors at the indicated mul-
tiplicity of infection (MOI), as described previously (23, 39). The cells were
subjected to experiments at 24 to 48 h after infection.

In vitro phosphorylation of PDE3B by Akt. A baculovirus that encodes the
catalytic subunit of PI 3-kinase (p110a) (22) was kindly provided by M. D.
Waterfield. To construct a baculovirus encoding a fusion protein of Akt with
glutathione S-transferase (GST), we transfected Sf9 cells with a full-length rat
Akt1 cDNA (26) subcloned into a pAcGHLT vector (Pharmingen) with the use
of a Bacvector 2000 transfection kit (Novagen). Sf9 cells coinfected with bacu-
loviruses encoding the Akt-GST fusion protein and p110a were lysed, and the
lysates were incubated with glutathione-conjugated beads; the beads were then
washed, and the activated Akt-GST was eluted from the beads with reduced
glutathione.

PDE3B-WT, PDE3B-S273A, PDE3B-S274A, and PDE3B-S296A proteins
were immunoprecipitated with antibodies to HA from the corresponding trans-
fected CHO-IR cells, and the immunoprecipitates were incubated for 5 min at
30°C with or without 1 mg of activated Akt in 30 ml of a reaction mixture
containing 20 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 25 mM unlabeled ATP,
1 mM protein kinase inhibitor, and 3 mCi of [g-32P]ATP. The reaction was
terminated by washing the immunoprecipitates with ice-cold HEPES-buffered
saline (pH 7.5), and they were then subjected to sodium dodecyl sulfate-polyac-

rylamide gel electrophoresis (SDS-PAGE); the extent of 32P incorporation into
PDE3B proteins was assessed with an image analyzer.

In vivo labeling of PDE3B with 32P. 3T3-L1 adipocytes or CHO-IR cells were
deprived of serum for 16 h, washed twice with KRH buffer (25 mM HEPES-
NaOH [pH 7.4], 119 mM NaCl, 4.95 mM KCl, 2.54 mM CaCl2, 0.3 mM potas-
sium phosphate, 1.19 mM MgSO4) containing 1% bovine serum albumin (BSA),
and then incubated for 2 h at 37°C with KRH buffer containing 3% BSA and
[32P]orthophosphate (0.5 mCi/ml). After subsequent incubation in the absence
or presence of 100 nM insulin or 1 mM isoproterenol for 15 min, the cells were
washed twice with KRH buffer containing 1% BSA and lysed in a solution con-
taining 50 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 1 mM EDTA, 0.2 mM EGTA,
1% Thesit, 3 mM benzamidine, 10 mM sodium pyrophosphate, 50 mM NaF,
1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM dithiothreitol, leupeptin
(10 mg/ml), and pepstatin A (10 mg/ml). The lysate was centrifuged (15,000 3 g
for 20 min), and the resulting supernatant was subjected to immunoprecipitation
with polyclonal antibodies to PDE3B or with monoclonal antibodies to HA. The
immunoprecipitates were washed five times with 0.1 M sodium phosphate buffer
(pH 7.5) containing 1% N-lauroylsarcosine, boiled in SDS sample buffer, and
subjected to SDS-PAGE on a 7% gel; incorporation of radioactivity into PDE3B
was visualized with a Fuji BAS2000 image analyzer.

Assay of PDE3B. The activity of endogenous PDE3B in the membrane fraction
of cells was measured with the PDE3B assay described by Rahn et al. (35), with
modifications. 3T3-L1 adipocytes cultured in 35-mm plates were deprived of
serum for 16 h, incubated first for 30 min in KRH buffer containing 5 mM
glucose and bacitracin (0.5 mg/ml) and then for 15 min in the presence or
absence of insulin (100 nM) or isoproterenol (1 mM), and then immediately
frozen with liquid nitrogen. The frozen cells were homogenized in 500 ml of
homogenization buffer {50 mM TES [N-tris(hydroxymethyl)methyl-2-aminoeth-
anesulfonic acid] [pH 7.0], 250 mM sucrose, 1 mM EDTA, 0.1 mM EGTA, 3 mM
benzamidine, 10 mM sodium pyrophosphate, 50 mM NaF, 1 mM sodium or-
thovanadate, 1 mM PMSF, leupeptin [10 mg/ml], pepstatin A [10 mg/ml]} by
passing them 15 times through a 22-gauge needle attached to a syringe. The
homogenate was centrifuged at 100,000 3 g for 45 min, and the resultant pellet
(membrane fraction) was resuspended in 500 ml of a solubilization buffer (50 mM
Tris-HCl [pH 7.6], 5 mM MgCl2, 1 mM EDTA, 0.1 mM EGTA, 100 mM NaBr,
1% Thesit, 3 mM benzamidine, 10 mM sodium pyrophosphate, 50 mM NaF,
1 mM sodium orthovanadate, 1 mM PMSF, leupeptin [10 mg/ml], pepstatin A
[10 mg/ml]) and maintained on ice for 30 min to complete extraction of PDE3B.
The extract was centrifuged at 15,000 3 g for 30 min, and 100 ml of the resulting
supernatant was mixed with 100 ml of a reaction mixture containing 50 mM
Tris-HCl (pH 8.0), 5 mM MgCl2, 2 mM EGTA, BSA (0.1 mg/ml), and 0.4 mM
[8-3H]cAMP. After incubation for 10 min at 30°C in the absence or presence of
0.5 mM cilostamide, the reaction was terminated by boiling the mixture for 5 min.
Twenty micrograms of snake venom (V7000; Sigma) was added, and the mixture
was incubated for 10 min at 37°C, after which 1 ml of distilled water was added
and the sample was applied to a column of cation-exchange resin (AG 50W-W8
prepacked column; Bio-Rad). After extensive washing of the column with dis-
tilled water, [3H]adenosine was eluted with 1.5 ml of 3 M ammonium hydroxide
and the amount of radioactivity in the eluate was determined with a liquid
scintillation counter.

Assay of cAMP. 3T3-L1 adipocytes cultured in 35-mm plates were deprived of
serum for 16 h and incubated first for 20 min with or without 5 mM forskolin. The
medium was then aspirated, and the cells were incubated for an additional 10
min in the presence or absence of 100 nM insulin, following which the cells were
immediately frozen with liquid nitrogen. The frozen cells were homogenized in
500 ml of ice-cold 6% (wt/vol) trichloroacetic acid, and the homogenate was
centrifuged at 2,000 3 g for 15 min at 4°C to remove insoluble materials. After
extraction of trichloroacetic acid with water-saturated diethylether, the superna-
tant was dried at 60°C and dissolved in 100 ml of a solution containing 50 mM
acetate (pH 5.8) and 0.02% BSA and then assayed for cAMP concentration with
the use of a cAMP enzyme immunoassay kit (Amersham).

Nucleotide sequence accession number. The nucleotide sequence data deter-
mined in this study have been submitted to the EMBL database under accession
no. AJ132271.

RESULTS

Role of PI 3-kinase in insulin-induced phosphorylation of
endogenous and recombinant PDE3B in 3T3-L1 adipocytes.
We labeled 3T3-L1 adipocytes with [32P]orthophosphate, incu-
bated them in the absence or presence of insulin, and subjected
cell lysates to immunoprecipitation with antibodies to PDE3B.
The immunoprecipitates were then subjected to SDS-PAGE
and autoradiography. Insulin induced a twofold increase in the
extent of 32P incorporation into PDE3B (Fig. 1A). We con-
firmed the effect of insulin on phosphorylation of PDE3B in
3T3-L1 adipocytes expressing HA-tagged PDE3B. Fully differ-
entiated 3T3-L1 adipocytes were thus infected with an adeno-
virus encoding HA-tagged wild-type PDE3B (AxCAPDE3B-
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WT), labeled with [32P]orthophosphate, incubated in the absence
or presence of insulin, lysed, and subjected to immunoprecipi-
tation with antibodies to HA. The resulting precipitates were
then subjected to SDS-PAGE and autoradiography. Insulin
induced an approximately threefold increase in the extent of
phosphorylation of recombinant PDE3B in the adipocytes
(Fig. 1A). Insulin-induced phosphorylation of both endoge-
nous and recombinant PDE3B was abolished by pretreatment
of cells with wortmannin (Fig. 1A), a relatively specific inhib-
itor of PI 3-kinase, suggesting that this effect of insulin is
mediated by PI 3-kinase. We further examined this hypothesis
with the use of a dominant-negative mutant of the p85 regu-
latory subunit of PI 3-kinase. We have previously shown that
infection of 3T3-L1 adipocytes with an adenovirus vector en-
coding this mutant protein (AxCADp85) resulted in inhibition
of the insulin-induced increase in the amount of PI 3-kinase
activity associated with immunoprecipitates prepared with an-
tibodies to phosphotyrosine (39), as well as in inhibition of
various biological actions of insulin, including stimulation of
glucose transport (39) and activation of Akt (23) or of PKCl
(29). Infection of 3T3-L1 adipocytes with AxCADp85 at an
MOI of 30 PFU per cell, a virus dose sufficient to inhibit almost
completely the insulin-induced increase in Akt activity (23),
abolished the effect of insulin on phosphorylation of PDE3B
(Fig. 1B). In contrast, infection of the cells with a control virus
that encodes b-galactosidase (AxCALacZ) had no effect on
insulin-induced phosphorylation of PDE3B. To further inves-
tigate the role of PI 3-kinase in the regulation of PDE3B
phosphorylation, we examined the effect of a constitutively

active mutant of this enzyme. Myr-p110, a chimeric protein
consisting of the catalytic subunit of PI 3-kinase ligated to a
myristoylation signal sequence at its NH2 terminus, was ex-
pressed in 3T3-L1 adipocytes with the use of an adenovirus
vector (AxCAMyr-p110). Infection of the cells with AxCAMyr-
p110 resulted in a marked increase in the phosphorylation of
PDE3B (Fig. 1C). These results with Dp85 and Myr-p110 in-
dicate that PI 3-kinase is necessary and sufficient for insulin-
induced phosphorylation of PDE3B in 3T3-L1 adipocytes.

Role of Akt in insulin-induced phosphorylation of PDE3B.
Because Akt is a downstream effector of PI 3-kinase, we next
examined whether Akt contributes to insulin-induced phos-
phorylation of PDE3B. A mutant Akt containing a myristoyl-
ation signal sequence showed a kinase activity that was at least
15 times that of wild-type Akt precipitated from quiescent
cells (data not shown). Coinfection of 3T3-L1 adipocytes with
AxCAPDE3B-WT and an adenovirus vector encoding myris-
toylated Akt (AxCAMyr-Akt) resulted in marked phosphory-
lation of HA-tagged wild-type PDE3B in quiescent cells (Fig.
1D), suggesting that signaling through Akt is sufficient for
phosphorylation of PDE3B.

To investigate further the role of Akt in phosphorylation of
PDE3B, we examined the effects of a dominant-negative mu-
tant (Akt-AA) of Akt (23, 29). Infection of adipocytes with
AxCAAkt-AA at an MOI of 200 PFU/cell, a virus dose suffi-
cient to prevent insulin activation of Akt (23), almost com-
pletely prevented insulin-induced phosphorylation of both
endogenous (Fig. 1B) and recombinant (Fig. 1D) PDE3B.
Moreover, infection of the cells with an adenovirus encoding

FIG. 1. Effects of wortmannin and various mutant signaling proteins on insulin-induced phosphorylation of PDE3B in 3T3-L1 adipocytes. (A) Effect of wortmannin
on insulin-induced phosphorylation of PDE3B. Cells infected (right panel) or not infected (left panel) with AxCAPDE3B-WT at an MOI of 30 PFU/cell were labeled
with [32P]orthophosphate, incubated in the absence or presence of 100 nM wortmannin for 30 min, and then stimulated (or not) with 100 nM insulin for 15 min. The
cells were lysed and subjected to immunoprecipitation with polyclonal antibodies to PDE3B for endogenous PDE3B (left panel) or with monoclonal antibodies to HA
for recombinant PDE3B (right panel). The immunoprecipitates were then subjected to SDS-PAGE, and 32P-labeled PDE3B was visualized by autoradiography. (B)
Effects of Dp85 and Akt-AA on insulin-induced phosphorylation of endogenous PDE3B. Cells that had been infected (or not) with AxCALacZ, AxCADp85, or
AxCAAkt-AA at MOIs of 200, 20, and 200 PFU/cell, respectively, were labeled with [32P]orthophosphate, and the effect of insulin on phosphorylation of endogenous
PDE3B was assayed as for panel A. (C and D) Effects of Myr-p110, mutant Akt, and mutant PKCl proteins on insulin-induced phosphorylation of recombinant PDE3B.
Cells were infected with AxCAPDE3B-WT at an MOI of 30 PFU/cell, and, after 12 h, they were infected again (or not) with AxCAMyr-p110, AxCAAkt-AA,
AxCAAkt-K179D, AxCAMyr-Akt, AxCAlDNKD, or AxCAlDPD at MOIs of 20, 200, 200, 20, 150, and 150 PFU/cell, respectively. The cells were labeled with
[32P]orthophosphate, incubated in the absence or presence of 100 nM insulin for 15 min, lysed, and subjected to immunoprecipitation with monoclonal antibodies to
HA. The immunoprecipitates were then subjected to SDS-PAGE and autoradiography. Data are representative of two (C) or three (D) independent experiments.
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Akt-K179D (AxCAAkt-K179D), a kinase-defective mutant of
Akt in which Lys179 in the kinase domain is replaced by ala-
nine, also inhibited insulin-induced phosphorylation of PDE3B
(Fig. 1D), whereas expression of Akt-WT at a level similar to
that of Akt-AA or Akt-K179D did not inhibit insulin-induced
phosphorylation of PDE3B (data not shown). These results
suggest that Akt is required for insulin-induced phosphoryla-
tion of PDE3B.

Role of PKCl in insulin-induced phosphorylation of PDE3B.
Atypical PKC, which comprises PKCl and PKCz isoforms, also
acts as a downstream effector of PI 3-kinase (1, 29). We have
recently shown that PKCl, but not PKCz, is expressed in
3T3-L1 adipocytes and that PKCl is activated by insulin in
these cells in a PI 3-kinase-dependent manner (29). We thus
investigated whether PKCl participates in insulin-induced
phosphorylation of PDE3B. Infection of 3T3-L1 adipocytes
with AxCAlDPD, an adenovirus that encodes a constitutively
active mutant of PKCl (29), induced an ;1.5-fold increase in
the extent of phosphorylation of PDE3B (Fig. 1D). However,
infection of the cells with AxCAlDNKD, an adenovirus that
encodes a dominant-negative mutant of PKCl, did not inhibit
insulin-induced phosphorylation of PDE3B even at an MOI of
150 PFU/cell (Fig. 1D), a virus dose sufficient to prevent insu-
lin activation of PKCl and to inhibit markedly insulin stim-
ulation of glucose uptake in 3T3-L1 adipocytes (29). These
results suggest that PKCl is not required for insulin-induced
phosphorylation of PDE3B, although PKCl appears to be able
to transmit signals that result in phosphorylation of PDE3B
under certain conditions.

Phosphorylation of PDE3B on Ser273 by Akt both in vivo and
in vitro. Akt preferentially phosphorylates substrates that con-
form to the sequence RXRXXS (2). Because Ser273 of mouse
PDE3B is present within such a motif, we examined whether
this serine residue is phosphorylated by Akt. We constructed a
mutant PDE3B in which Ser273 was replaced by alanine
(PDE3B-S273A) and, as controls, mutants in which Ser296 or
Ser421 was replaced by alanine (PDE3B-S296A and PDE3B-
S421A, respectively). The latter two serine residues are each
located within a general consensus motif (RRXS) preferen-
tially phosphorylated by PKA.

CHO-IR cells that stably express HA-tagged wild-type or
mutant PDE3B proteins were labeled with [32P]orthophos-
phate, incubated in the absence or presence of insulin, lysed,
and subjected to immunoprecipitation with antibodies to HA.
The resulting immunoprecipitates were then examined for
PDE3B phosphorylation by SDS-PAGE and autoradiography.
The extents of expression of wild-type and mutant PDE3B
proteins were virtually identical, as assessed by immunoblot
analysis (Fig. 2A). Insulin induced a three- to fourfold increase
in the extent of phosphorylation of PDE3B-WT, PDE3B-
S296A, and PDE3B-S421A. In contrast, the extent of insulin-
induced phosphorylation of PDE3B-S273A was minimal (Fig.
2B and C). We performed similar experiments with 3T3-L1
adipocytes. The adipocytes were infected with adenovirus vec-
tors encoding wild-type or mutant PDE3B proteins, and the
effects of insulin on the phosphorylation of these proteins were
assayed by in vivo labeling with [32P]orthophosphate. Insulin
induced an approximately threefold increase in the extent of
phosphorylation of PDE3B-WT or PDE3B-S296A in 3T3-L1
adipocytes, but it had no effect on 32P incorporation into
PDE3B-S273A in these cells (Fig. 2D and E). These results
suggest that Ser273 of PDE3B is a phosphorylation site targeted
by insulin in intact cells.

Ser273 of mouse PDE3B is present within the sequence
RPRRRS273S274. It was thus possible that Ser274 is phosphor-
ylated in response to exposure of cells to insulin and that

substitution at Ser273 disrupts the native conformation of
PDE3B and prevents phosphorylation of Ser274. To exclude
this possibility, we constructed a mutant PDE3B in which
Ser274 was replaced by alanine (PDE3B-S274A). Insulin in-
creased 32P incorporation into PDE3B-S274A to an extent
similar to that observed with PDE3B-WT both in CHO-IR
cells (Fig. 3A and B) and in 3T3-L1 adipocytes (Fig. 3C and
D), suggesting that Ser274 of PDE3B is not phosphorylated in
response to insulin in intact cells.

b-Adrenergic agonists were also known to stimulate phos-
phorylation of PDE3B in adipocytes (13). Isoproterenol in-
duced an approximately two- to threefold increase in the ex-
tent of phosphorylation of PDE3B-WT, PDE3B-S273A, and
PDE3B-421 in 3T3-L1 adipocytes (Fig. 3E and F). In contrast,
isoproterenol-induced 32P incorporation into PDE3B-S296A
was minimal (Fig. 3E and F), suggesting that Ser296 of PDE3B
is a phosphorylation site targeted by isoproterenol in intact
cells.

We next investigated whether Akt directly phosphorylates
PDE3B. Wild-type or various mutants of PDE3B were immu-
noprecipitated from quiescent CHO-IR cells stably expressing
the corresponding protein and were then incubated in the
absence or presence of activated recombinant Akt isolated
from Sf9 cells that had been coinfected with baculoviruses
encoding a catalytic subunit of PI 3-kinase and wild-type Akt.
Incorporation of 32P from [g-32P]ATP into wild-type PDE3B
was observed on incubation in the presence of Akt but not in
the absence of Akt (Fig. 4), indicating that PDE3B is phos-
phorylated by Akt. Substitution of Ser273 by alanine markedly
reduced the extent of Akt-mediated incorporation of 32P into
PDE3B. In contrast, PDE3B-S274A, PDE3B-S296A (Fig. 4),
and PDE3B-S421A (data not shown) were phosphorylated in
vitro by Akt to extents similar to that observed with the wild-
type protein. Thus, Akt appears to catalyze the phosphoryla-
tion of PDE3B at Ser273 both in vitro and in intact cells.

Association of Akt with PDE3B in intact cells. Both BAD
and GSK3b, putative in vivo substrates of Akt, have been
shown to associate with Akt in intact cells (12, 46). To inves-
tigate whether PDE3B associates with Akt, we lysed CHO-IR
cells expressing PDE3B-WT (HA-tagged wild-type PDE3B)
that had been infected with AxCAAkt-WT, which encodes
HA-tagged wild-type Akt, and subjected the lysate to immu-
noprecipitation with polyclonal antibodies to Akt, polyclonal
antibodies to PDE3B, or control serum. The immunoprecipi-
tates were then subjected to immunoblot analysis with anti-
bodies to HA. A 140-kDa protein that reacted with antibodies
to HA was immunoprecipitated with antibodies to Akt but not
with control serum (Fig. 5A). Conversely, an ;60-kDa protein
that reacted with antibodies to HA was apparent in the immu-
noprecipitate prepared with antibodies to PDE3B but not in
that prepared with control serum (Fig. 5A). These results indi-
cate that Akt associates with PDE3B in intact cells. Further-
more, PDE3B appeared to associate with Akt-AA and with
Akt-K179D (Fig. 5B). Treatment of cells with insulin or wort-
mannin did not affect the association of Akt with PDE3B (Fig.
5C).

Effects of various mutant proteins on insulin-induced acti-
vation of PDE3B. We next investigated whether insulin-in-
duced activation of PDE3B is mediated by Akt. Membrane
fractions were prepared from 3T3-L1 adipocytes that had been
incubated in the absence or presence of insulin, and solubilized
extracts of these fractions were assayed for PDE activity. PDE
activity in the extracts prepared from both insulin-treated and
nontreated cells was inhibited by ;80% by 0.5 mM cilostamide
(Fig. 6A), a specific inhibitor of PDE3A and PDE3B (30).
Because PDE3A is not expressed in 3T3-L1 adipocytes (43),
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these data suggest that ;80% of PDE activity in the membrane
fraction of these cells is attributable to PDE3B. Insulin in-
duced an ;1.5-fold increase in cilostamide-sensitive PDE ac-
tivity, and this effect was completely inhibited by 100 nM wort-
mannin (Fig. 6A), suggesting that insulin-induced activation of
PDE3B is mediated by PI 3-kinase.

To evaluate directly the effect of insulin on PDE3B activity,
we infected 3T3-L1 adipocytes with AxCAPDE3B-WT and
then assayed PDE activity in the solubilized membrane frac-
tion prepared from these cells. The amount of PDE activity in
the membrane fraction prepared from the cells infected with
AxCAPDE3B-WT was at least 25 times that in the correspond-
ing fraction from uninfected cells (Fig. 6B), indicating that
most of the PDE activity in the membrane fraction of the
infected cells was attributable to recombinant PDE3B. The
activity of the recombinant PDE3B showed an ;1.5-fold in-
crease in response to insulin (Fig. 6B).

We next examined the effects of various mutant proteins on
insulin-induced activation of endogenous PDE3B. Even in the
absence of insulin, PDE3B activity in cells expressing Myr-Akt
was about twice that in control cells treated with insulin (Fig.
6D), indicating that Myr-Akt was able to activate PDE3B.
Moreover, infection of cells with AxCAAkt-AA at an MOI of
200 PFU/cell, a virus dose sufficient to prevent insulin-induced
phosphorylation of PDE3B (Fig. 1B and C), almost completely
blocked insulin activation of PDE3B (Fig. 6D). In addition,
infection of cells with AxCAAkt-K179D, a virus that also in-
hibited insulin-induced phosphorylation of PDE3B (Fig. 1C),
also prevented activation of PDE3B by insulin (Fig. 6D). Ex-
pression of mutant Akt proteins did not affect the amount of
PDE3B proteins in the cells (Fig. 6C). These results suggest
that insulin-induced activation of PDE3B is mediated by Akt.
In contrast, expression of lDPD, a constitutively active mutant
of PKCl, did not increase PDE3B activity (Fig. 6F) whereas
this mutant stimulated phosphorylation of PDE3B (Fig. 1C).
Furthermore, a dominant-negative mutant of PKCl, lDNKD,
did not interfere with the effect of insulin on PDE3B activity
(Fig. 6F). Expression of neither lDPD nor lDNKD affected
the amount of PDE3B protein (Fig. 6E). These results suggest
that PKCl does not contribute to insulin-induced activation of
PDE3B.

Lack of effect of insulin on the activity of PDE3B-S273A. We
examined whether Akt-mediated phosphorylation of PDE3B is
indeed important for activation of PDE3B. 3T3-L1 adipocytes
that had been infected with AxCAPDE3B-WT, AxCAPDE3B-
S273A, AxCAPDE3B-S274A, or AxCAPDE3B-S296A were
incubated in the absence or presence of insulin, after which
PDE activity was assayed in solubilized membrane fractions.
Although insulin induced an ;1.5-fold increase in the activity
of PDE3B-WT, it had no effect on PDE activity in the mem-
brane fraction prepared from the adipocytes expressing
PDE3B-S273A (Table 1). In contrast, insulin increased PDE
activity in the membrane fractions prepared from the cells

FIG. 2. Effects of insulin on phosphorylation of various mutant PDE3B pro-
teins in CHO-IR cells and 3T3-L1 adipocytes. (A) Expression of mutant PDE3B
proteins in CHO-IR cells. CHO-IR cells stably expressing wild-type or various
mutant PDE3B proteins were lysed and subjected to immunoblot analysis with
antibodies to HA. (B and C) Effects of insulin on phosphorylation of mutant
PDE3B proteins in CHO-IR cells. CHO-IR/PDE3B-WT, CHO-IR/PDE3B-
S273A, CHO-IR/PDE3B-S296A, and CHO-IR/PDE3B-S421A cells were labeled
with [32P]orthophosphate, incubated in the absence or presence of 100 nM

insulin for 15 min, and lysed. The lysates were subjected to immunoprecipitation
with antibodies to HA, the resulting precipitates were subjected to SDS-PAGE,
and 32P incorporation into PDE3B was visualized (B) or quantitated (C) with an
image analyzer. (D and E) Effects of insulin on phosphorylation of mutant
PDE3B proteins in 3T3-L1 adipocytes. Adipocytes that had been infected with
AxCAPDE3B-WT, AxCAPDE3B-S273A, or AxCAPDE3B-S296A at an MOI of
20 PFU/cell were labeled with [32P]orthophosphate, incubated in the absence or
presence of 100 nM insulin for 15 min, and lysed. The lysates were subjected to
immunoprecipitation with antibodies to HA, the precipitates were subjected to
SDS-PAGE, and 32P incorporation into PDE3B was visualized (D) or quanti-
tated (E) with an image analyzer. All data are representative of three indepen-
dent experiments.
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expressing either PDE3B-S274A or PDE3B-S296A to an ex-
tent similar to that observed with PDE3B-WT (Table 1). Fur-
thermore, isoproterenol also induced an ;1.5-fold increase in
the activity of PDE3B-WT, PDE3B-273A, and PDE3B-421A,
whereas the isoproterenol-induced increase in the activity of
PDE3B-S296A was minimal. These results suggest that phos-
phorylation of PDE3B at Ser273 and Ser296 is important for
activation of PDE3B induced by insulin and isoproterenol,
respectively (Table 1).

Effect of a dominant-negative mutant of Akt on the insulin-
induced decrease in cAMP. Finally, we investigated the effect
of a dominant-negative mutant of Akt (Akt-AA) on insulin-
induced lowering of the level of cAMP. Insulin was known to
lower the cellular cAMP level that had been elevated by b-ad-
renergic agonists (8, 28), of which receptors are coupled to
adenylate cyclase. Treatment of 3T3-L1 adipocytes with fors-
kolin, a direct activator of adenylate cyclase, caused an approx-
imately sixfold increase in the level of cAMP, and incubation of
the cells with insulin resulted in an ;60% decrease in cAMP
within 10 min (Fig. 7). Infection of the cells with AxCAAkt-AA
inhibited the effect of insulin in a dose-dependent manner (Fig.
7), suggesting that Akt is required for the insulin-induced de-
crease in cAMP.

DISCUSSION

With the use of immunoprecipitation of endogenous or
epitope-tagged recombinant proteins, we have shown that in-
sulin induces phosphorylation of PDE3B in 3T3-L1 adipocytes.
Insulin-induced phosphorylation of PDE3B was prevented by
expression of a dominant-negative mutant of the regulatory
subunit of PI 3-kinase (Dp85), and expression of a constitutive-
ly active mutant of PI 3-kinase (Myr-p110) stimulated phos-
phorylation of PDE3B in the absence of insulin. Furthermore,
a mutant Akt in which the sites of ligand-induced phosphory-
lation were replaced by alanine (Akt-AA), which prevents in-
sulin activation of Akt (23), abolished insulin-induced phos-
phorylation of PDE3B, and expression of a constitutively active
mutant of Akt (Myr-Akt) resulted in phosphorylation of PDE3B
in quiescent 3T3-L1 adipocytes. These data suggest that the PI
3-kinase–Akt pathway is necessary and sufficient for insulin-
induced phosphorylation of PDE3B.

Akt-K179D or similar kinase-deficient mutants of Akt that
contain a substitution at Lys179 in the kinase domain have little
effect on growth factor-induced activation of Akt (23, 46).
However, such mutants block certain biological effects that are
likely mediated by Akt, including growth factor-induced phos-
phorylation of PHAS1 (4E-BP1) (20), growth factor-induced
phosphorylation of BAD and consequent protection of cells
from apoptosis (12), and insulin-induced activation of glycogen
synthase (44). We have now shown that Akt-K179D inhibited
insulin-induced phosphorylation of PDE3B. One possible ex-
planation for these observations is that Akt-K179D and similar
kinase-deficient mutants of Akt compete with endogenous Akt
for cellular substrates of the enzyme and thereby exert domi-
nant-negative effects on various biological activities.

FIG. 3. Effects of insulin and isoproterenol on the phosphorylation of various
mutant PDE3B proteins. CHO-IR/PDE3B-WT, CHO-IR/PDE3B-S273A, and
CHO-IR/PDE3B-S274A cells (A and B) and 3T3-L1 adipocytes that had been

infected with AxCAPDE3B-WT, AxCAPDE3B-S273A, or AxCAPDE3B-S274A
at an MOI of 20 PFU/cell (C and D) or with AxCAPDE3B-WT, AxCAPDE3B-
S273A, AxCAPDE3B-S296A, or AxCAPDE3B-S421A at an MOI of 20 PFU/cell
(E and F) were labeled with [32P]orthophosphate, incubated (or not) with 100
nM insulin (A to D) or with 1 mM isoproterenol (E and F) for 15 min, and lysed.
The lysates were subjected to immunoprecipitation with antibodies to HA, the
immunoprecipitates were subjected to SDS-PAGE, and 32P incorporation into
PDE3B was visualized (A, C, and E) or quantitated (B, D, and F) with an image
analyzer. Data are representative of three independent experiments.
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We have shown that Akt associates with PDE3B when these
proteins are overexpressed in CHO cells. It is noteworthy that
not only wild-type but kinase-deficient mutants of Akt form a
complex with PDE3B, indicating that the interaction is inde-
pendent of the kinase activity of Akt. This result is consistent
with the finding that both wild-type and a kinase-inactive mu-
tant of Akt make a complex with BAD (12). Moreover, treat-
ment of the cells with insulin or wortmannin did not affect the
interaction. We do not know why Akt and PDE3B form a
constitutive complex in cells whereas PDE3B primarily resides
in the membrane fraction and Akt translocates from cytosol to
plasma membrane in response to insulin (4). One possibility is
that overexpression of these proteins may result in “overflow”
from their authentic intracellular compartments and that this
overflow may cause constitutive complex formation. It remains
to be investigated under what conditions endogenous PDE3B
and Akt interact in intact cells.

Several proteins have been shown to be phosphorylated by
Akt in vitro or in intact cells. These proteins include GSK3b,
BAD, and phosphofructose-2-kinase (Fig. 8) (11, 12, 15, 16).
On the basis of studies with peptides derived from these pro-
teins, it has been suggested that Akt preferentially phos-
phorylates substrates that conform to the sequence RXRXXS.
Substitution of alanine for Ser273 of mouse PDE3B, a serine
residue that resides in such a consensus motif, almost com-
pletely prevented the effect of insulin on the phosphorylation
of this protein in intact cells, supporting the hypothesis that
PDE3B is a physiological substrate of Akt. We also showed that
PDE3B underwent phosphorylation on incubation with Akt in
vitro and that, again, replacement of Ser273, but not of other
serine residues, with alanine markedly reduced the extent of
Akt-mediated phosphorylation of PDE3B. These results sug-
gest that Akt directly phosphorylates PDE3B on Ser273.

Rahn et al. (36) showed that insulin increased incorporation
of 32P into a specific phosphopeptide generated by tryptic
digestion of PDE3B that had been immunoprecipitated from
32P-labeled rat adipocytes. They also showed that the mobility
of this peptide on two-dimensional gel electrophoresis was

FIG. 4. Direct phosphorylation of PDE3B at Ser273 by Akt in vitro. PDE3B-
WT, PDE3B-S273A, PDE3B-S274A, and PDE3B-S296A were immunoprecipi-
tated (IP) with antibodies to HA from CHO-IR cells stably expressing the
corresponding protein and were then either subjected to immunoblot analysis
with antibodies to HA (A) or incubated for 5 min at 30°C with or without 1 mg
of activated Akt prepared as described in Materials and Methods (B). The
immunoprecipitates from panel B were then subjected to SDS-PAGE, and 32P
incorporation into PDE3B proteins was visualized by autoradiography. Data are
representative of three independent experiments.

FIG. 5. Association of Akt with PDE3B in intact cells. (A and B) CHO-IR/
PDE3B-WT cells that had been infected with AxCAAkt-WT, AxCAAkt-AA, or
AxCAAkt-K179D at an MOI of 20 PFU/cell were lysed and subjected to immu-
noprecipitation (IP) with polyclonal antibodies to Akt (aAkt), polyclonal anti-
bodies to PDE3B (aPDE3B), or control serum (NRS). The immunoprecipitates
were then subjected to immunoblot analysis with antibodies to HA (aHA), to Akt,
or to PDE3B, as indicated. (C) CHO-IR/PDE3B-WT cells that had been infected
with AxCAAkt-WT were deprived of serum for 16 h, incubated in the absence or
presence of 100 nM wortmannin for 30 min, and then stimulated (or not) with
100 nM insulin for 15 min; then, association of Akt with PDE3B was assayed as
in panels A and B. Data are representative of three independent experiments.
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similar to that of a tryptic peptide generated from recombinant
PDE3B that had been phosphorylated by PKA in vitro. Be-
cause the latter peptide contained only one serine residue
(Ser302, which corresponds to Ser296 of the mouse enzyme),
these investigators concluded that the site of insulin-induced
phosphorylation in PDE3B is identical to that targeted by PKA

FIG. 6. Effects of wortmannin and various mutant proteins on insulin-in-
duced activation of PDE3B in 3T3-L1 adipocytes. (A) Effect of wortmannin on
insulin activation of PDE3B. Cells were incubated in the absence or presence of
100 nM wortmannin for 30 min and then with or without 100 nM insulin for 15
min. PDE activity in solubilized membrane fractions was assayed in the absence
or presence of cilostamide as described in Materials and Methods. Open columns
show cilostamide-sensitive PDE activity, and closed columns show cilostamide-
insensitive PDE activity. (B) Comparison of the activities of endogenous and
recombinant PDE3B. Cells that had been infected (or not) with AxCAPDE3B-
WT at an MOI of 30 PFU/cell were incubated in the absence or presence of
insulin, after which solubilized membrane fractions were prepared as described
in Materials and Methods and diluted 1:50 with solubilization buffer. The diluted
samples were then assayed for PDE3B activity. (C to F) Effects of various mutant
proteins on insulin activation of endogenous PDE3B. Cells that had been in-
fected with AxCAAkt-AA (200 PFU/cell), AxCAAkt-K179D (200 PFU/cell), or
AxCAMyr-Akt (30 PFU/cell) (C and D), or with AxCAlDNKD (150 PFU/cell)
or AxCAlDPD (150 PFU/cell) (E and F), were incubated in the absence or
presence of 100 nM insulin for 15 min, after which total cell lysates (C and E) or
solubilized membrane fractions (D and F) were prepared and then subjected to
immunoblot analysis (C and E) or assayed for cilostamide-sensitive PDE activity
(D and F). Quantitative data are means 6 standard errors from three indepen-
dent experiments.
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in vitro. However, we have now shown that substitution of
Ser296 of mouse PDE3B does not affect insulin-induced phos-
phorylation of the enzyme. In contrast, phosphorylation of
PDE3B induced by isoproterenol, a reagent that increases
cellular cAMP concentration and subsequently activates PKA,
was markedly attenuated by substitution of Ser296. These re-
sults suggest that Ser296 of mouse PDE3B is phosphorylated in
response to isoproterenol but not insulin.

Previous studies have suggested that phosphorylation of
PDE3B correlates with its catalytic activity (13, 41). Indeed, we
have now shown that insulin activation of PDE3B was inhibited
by wortmannin or by Akt-AA, both of which also prevented
insulin-induced phosphorylation of PDE3B. Furthermore, the
importance of phosphorylation of PDE3B for its enzymatic
activity was directly evaluated with the use of various mutants
of PDE3B containing substitutions for various serine residues.
When expressed in 3T3-L1 adipocytes, PDE3B-S273A was not
activated in response to insulin, whereas mutant PDE3B pro-
teins containing substitutions at Ser274 or Ser296 were activat-
ed normally. These results indicate that phosphorylation of

PDE3B on Ser273 is required for insulin-induced activation of
the enzyme. The activity of PDE3B-S273A in quiescent cells
was similar to that of the wild-type enzyme (data not shown),
indicating that phosphorylation of Ser273 of PDE3B is not
important for basal catalytic activity.

Because PKCl, an atypical isoform of PKC, acts as a down-
stream effector of PI 3-kinase (1, 29), we examined the possible
role of this enzyme in the phosphorylation and activation of
PDE3B. We have recently shown that expression of lDPD
promotes glucose transport in quiescent 3T3-L1 adipocytes
and that lDNKD inhibits insulin stimulation of glucose trans-
port (29). Although AxCAlDPD induced phosphorylation of
PDE3B, infection with this virus did not increase the activity of
PDE3B in 3T3-L1 adipocytes. Moreover, infection of the cells
with AxCAlDNKD at an MOI of 150 PFU/cell, a virus dose
sufficient to inhibit almost completely insulin-induced activa-
tion of PKCl in 3T3-L1 adipocytes (29), affected neither phos-
phorylation nor activation of PDE3B induced by insulin. It is
thus likely that lDPD mediates the phosphorylation of PDE3B
at residues that are not important in the regulation of its
activity and that PKCl does not contribute to the physiological
signaling cascade that leads to activation of PDE3B.

Because PDE3B catalyzes the hydrolysis of cAMP, activa-
tion of this enzyme likely leads to lowering of the cellular level
of cAMP. Indeed, it has been reported that insulin decreases
the level of cAMP that had been elevated by cathecolamine (8,
28). We have now shown that insulin decreased the level of
cAMP in the cells that had been treated with forskolin and that
Akt-AA markedly inhibited the insulin-induced decrease in
cAMP, suggesting that Akt is involved in the effect of insulin
on cellular cAMP concentration.

In summary, we have identified PDE3B as a physiological
substrate of Akt and demonstrated that Akt-mediated phos-
phorylation of Ser273 is important for insulin activation of
PDE3B. Of all known PDEs, only PDE3B and PDE3A possess
a serine residue located within an RXRXXS motif (Fig. 8). It
is thus also possible that Akt contributes to the regulation of
PDE3A, which is preferentially expressed in heart and vascular
smooth muscle cells and implicated in cardiac contractility and
vasodilatation (6, 37).
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