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Phosphodiesterase 3A hinds to 14-3-3 proteins in response to

PMA-induced phosphorylation of Ser*?

Mercedes POZUELO RUBIQ', David G. CAMPBELL, Nicholas A. MORRICE and Carol MacKINTOSH?
MRC Protein Phosphorylation Unit, Faculty of Life Sciences, University of Dundee, Dundee DD1 5EH, U K.

PDE3A (phosphodiesterase 3A) was identified as a phosphopro-
tein that co-immunoprecipitates with endogenous 14-3-3 proteins
from HeLa cell extracts, and binds directly to 14-3-3 proteins in
a phosphorylation-dependent manner. Among cellular stimuli
tested, PMA promoted maximal binding of PDE3A to 14-3-3
proteins. While p42/p44 MAPK (mitogen-activated protein kin-
ase), SAPK2 (stress-activated protein kinase 2)/p38 and PKC
(protein kinase C) were all activated by PMA in HeLa cells,
the PMA-induced binding of PDE3A to 14-3-3 proteins was
inhibited by the non-specific PKC inhibitors Ro 318220 and H-7,
but not by PD 184352, which inhibits MAPK activation, nor by SB
203580 and BIRB0796, which inhibit SAPK?2 activation. Binding
of PDE3A to 14-3-3 proteins was also blocked by the DNA
replication inhibitors aphidicolin and mimosine, but the PDE3A—
14-3-3 interaction was not cell-cycle-regulated. PDE3A isolated
from cells was able to bind to 14-3-3 proteins after in vitro
phosphorylation with PKC isoforms. Using MS/MS of IMAC

(immobilized metal ion affinity chromatography)-enriched tryptic
phosphopeptides and phosphospecific antibodies, at least five
sites on PDE3A were found to be phosphorylated in vivo, of
which Ser*?® was selectively phosphorylated in response to PMA
and dephosphorylated in cells treated with aphidicolin and
mimosine. Phosphorylation of Ser*”® therefore correlated with 14-
3-3 binding to PDE3A. Ser’"? of PDE3A was phosphorylated in
an H-89-sensitive response to forskolin, indicative of phosphoryl-
ation by PKA (cAMP-dependent protein kinase), but phos-
phorylation at this site did not stimulate 14-3-3 binding. Thus
14-3-3 proteins can discriminate between sites in a region of
multisite phosphorylation on PDE3A. An additional observation
was that the cytoskeletal cross-linker protein plectin-1 co-
immunoprecipitated withPDE3 A independently of 14-3-3 binding.

Key words: cAMP, cytoskeleton, 14-3-3 protein, phorbol ester,
phosphodiesterase 3A (PDE3A), protein kinase C (PKC).

INTRODUCTION

Cyclic nucleotide PDEs (phosphodiesterases) hydrolyse cAMP
and cGMP, two important second messengers. There are at least
11 mammalian PDE gene families (PDEs 1-11), with multiple
isoforms generated by expression from different genes, different
transcription initiation sites and mRNA splice variants [1].

The PDE3 family contains variants of PDE3A and PDE3B
[2,3]. These enzymes bind both cAMP and cGMP, although
cGMP is a poor substrate and inhibits cAMP hydrolysis, hence
the original name of ‘cGMP-inhibited cAMP phosphodiester-
ase’. The modes of binding of cAMP, cGMP and inhibitors have
been deduced from the crystal structure of the PDE3B catalytic
domain [4]. The full-length forms of PDE3A and PDE3B both
have an N-terminal transmembrane domain that is thought to
traverse the endoplasmic reticulum membrane (residues ~ 1—
300), followed by a cytoplasmic 50-residue hydrophobic sequence
and a ‘regulatory’ region with phosphorylation sites (residues
~301-690; see the Results section), catalytic domain (resi-
dues ~690-974, including a 44-amino-acid sequence unique to
the PDE3s and different in PDE3A and PDE3B) and a C-terminal
tail (residues 974—1100) [3]. There may also be soluble forms of
PDE3s that lack the transmembrane domain [3,5].

PDE3A and PDE3B have distinct, but overlapping, tissue dis-
tributions. PDE3A appears to predominate in heart, platelets,
vascular smooth muscle and oocytes, while PDE3B is the major

isoform in adipocytes, hepatocytes and developing spermatocytes
[3].

The therapeutic potential of the PDE3 enzymes has been indi-
cated by the fact that PDE3A-deficient mice are viable [6], and
because PDE3 inhibitors have been found to have beneficial
effects in some chronic heart failure patients [7,8]. In addition,
the use of inhibitors, and the phenotypes of PDE3 gene-knock-
out mice, have implicated PDE3 enzymes in the regulation of
diverse cellular processes that are relevant to health and disease,
including lipolysis in adipocytes [9-11], glycogenolysis, myocar-
dial contractility, smooth muscle relaxation, platelet activation
and aggregation [12], meiotic maturation in oocytes [6,13], pro-
liferation of rat mesangial cells, secretion of insulin from pan-
creatic f-cells [14,15], and renin secretion [16]. Best charac-
terized is the regulation of HSL (hormone-sensitive lipase), the
rate-limiting enzyme in the mobilization of triacylglycerols in
adipose tissue. HSL is phosphorylated and activated by PKA
(cAMP-dependent protein kinase) in response to adrenaline. This
effect is transient, however, because PKA also activates PDE3B,
lowering the concentration of cAMP and thereby inhibiting PKA.
In addition, insulin antagonizes the adrenergic activation of HSL
by the PKB (protein kinase B/Akt)-mediated phosphorylation and
activation of PDE3B [9,10,17,18]. There is some uncertainty
over the PKB sites, which have been reported to be pSer*”
(pSer* in rat; [10]) or pSer® (pSer*” in rat; [19]) on mouse
PDE3B, or possibly both sites [11]. The activating effects of
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phosphorylation at PKA and PKB on PDE3B were found to
be additive. It has been discovered that PDE3B from insulin-
stimulated adipocytes, and PDE3B that was phosphorylated by
PKB in vitro, bind to 14-3-3 proteins [11]. The role of 14-3-3
proteins in the regulation of PDE3B by insulin is not yet clear.
14-3-3 proteins are ubiquitous eukaryotic proteins with central
regulatory roles that they exert by binding to specific phos-
phorylated sites in diverse target proteins [20,21]. PDE3B also
appears to be regulated by a pathway that involves protein inter-
actions controlled by PI3Ky (phosphoinositide 3-kinase y) [22].

The regulation of PDE3A is less well characterized. In platelets,
intracellular cAMP levels increase in response to stimuli such as
adenosine and prostaglandin E, that act via G,/adenylate cyclase-
coupled receptors. The elevated cAMP levels inhibit platelet
activation (Ca** mobilization, secretion and integrin-dependent
aggregation) in response to agonists that signal via G;,, [23,24].
Resting cells appear to have a ‘basal’ level of cAMP that re-
stricts activation, and PDE3 inhibitors cause cAMP levels to rise
without exogenous stimulation of G,/adenylate cyclase. These
findings suggest that PDE3A keeps cAMP poised at a low
threshold level, which is sufficient to maintain platelets in the
resting state [12,25,26]. PDE3 inhibitors also stimulated phos-
phorylation of PK A sites (Ser'>” and Ser*®) on VASP (vasodilator-
stimulated phosphoprotein), a regulator of actin dynamics, sug-
gesting that PDE3A hydrolyses the cAMP pool that regulates
PKA phosphorylation of VASP [27,28]. Little is known about
the regulation of PDE3A activity, except for its inhibition by
c¢GMP and the proposal of a negative-feedback loop in which
phosphorylation of PDE3A by PKA increases its activity [29].

PDE3A was recently reported among 14-3-3 affinity-purified
proteins [30]. In the present paper, we also identified PDE3A
among human HeL a cell proteins that were isolated by 14-3-3-affi-
nity chromatography. In contrast with PDE3B, the 14-3-3-binding
site(s) on PDE3A were not phosphorylated by the PI3K/PKB
pathway. Instead, PDE3A bound to 14-3-3 proteins when PKC
(protein kinase C) was activated by PMA treatment of HeLa
cells. Overall, at least five sites on PDE3A were found to be
phosphorylated in vivo. In addition, PDE3A was found to bind
to the cytoskeletal linker protein, plectin, by a mechanism that is
independent of binding to 14-3-3 proteins.

EXPERIMENTAL
Materials

IGF1 (insulin-like growth factor 1) was from Biosource; dialysed
foetal calf serum and other tissue culture reagents were from
Invitrogen. LY 294002, H-89, SB 203580, rapamycin, the cata-
lytic subunit of PKC from rat brain and recombinant human
PKCa were from Calbiochem. DMSO, forskolin and H-7 were
from Sigma. BIRB0796 was synthesized by Ms Natalia Shpiro
and Dr Rodolfo Marguez, School of Life Sciences, University
of Dundee. Pre-cast SDS/polyacrylamide gels and Colloidal
Blue protein stain were from Invitrogen. All synthetic peptides
used in the present study were synthesized by Dr Graham
Bloomberg (University of Bristol, Bristol, U.K.). Microcystin-LR
was from Professor Linda Lawton (The Robert Gordon University,
Aberdeen, U.K.). Vivaspin concentrators were from Vivascience.
Protease inhibitor mixture tablets and sequencing-grade trypsin
were from Roche Molecular Biochemicals. All chromatographic
columns, including [NHS (hydroxysuccinimide)-activated] CH-
Sepharose, Protein G—Sepharose and glutathione—Sepharose were
from Amersham Biosciences. All other chemicals were from BDH
Chemicals or Sigma—Aldrich.
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Antibodies

A PDE3A isoform-specific antibody was raised in sheep at Diag-
nostics Scotland (Penicuik, U.K.) against the synthetic peptide
RLAGIENQSLDQTPQS, corresponding to residues 1095-1110
of human PDE3A. The peptide was coupled separately to BSA
and keyhole-limpet haemocyanin before being mixed and in-
jected into a sheep. The antibody was affinity-purified on CH-
Sepharose coupled to the same peptide. The phosphospecific
antibody recognizing PDE3A phosphorylated at Ser’? (anti-
pSer*? antibody) was raised in sheep against the peptide
SHRRTpS*>LPCIP, corresponding to residues 307-317 of hu-
man PDE3A. The antibodies were affinity-purified on CH-
Sepharose covalently coupled to the phosphorylated peptide, then
passed through a column of CH-Sepharose coupled to the non-
phosphorylated peptide. Similarly, phosphospecific antibodies
were generated in sheep against the following phosphopeptides
and affinity-purified: KRLRRpS**LPPGL (for anti-pSer**® anti-
body); LRRVpS*!STWTT (for anti-pSer**® antibody); RDRS-
TpS*“IKLQEAP (for anti-pSer*™ antibody); and HRAL-
TYpT**QSAPDL (for anti-pThr’® antibody). Initially, we used
the K-19 anti-14-3-3 antibody from Santa Cruz, until we raised a
sheep polyclonal antibody that recognizes several or all of the iso-
forms of human 14-3-3 proteins by immunizing with the
conjugated synthetic peptide KSELVQKAKLAEQAERYDD.
The antibody against plectin was mouse monoclonal 9F8, an
unpublished antibody generated by the last two authors of [31],
which was a gift from Professor Birgit Lane, School of Life
Sciences, University of Dundee.

Cell culture, cell-cycle synchronization and cell lysis

HeLa cells were cultured in DMEM (Dulbecco’s modified
Eagle’s medium) supplemented with 10 % foetal bovine serum,
100 units/ml penicillin and 100 units/ml streptomycin. After
stimulation, the medium was aspirated, and the cells were solu-
bilized in 0.2 ml of ice-cold lysis buffer [SO mM Tris/acetate
(pH7.0), 1 mM EDTA, 1 mM EGTA, 1% (w/v) Triton X-100,
1 mM sodium orthovanadate, 10 mM sodium glycerophosphate,
50 mM NaF, 5mM sodium pyrophosphate, 0.27 M sucrose,
2 uM microcystin-LR, 1 mM benzamidine, 0.1 % (v/v) 2-mer-
captoethanol and Complete™ proteinase inhibitor mixture
(Roche; 1 tablet per 50 ml)]. The samples were snap-frozen in
liquid nitrogen and stored at — 80 °C until analysis. Protein con-
centrations were determined using the Bradford reagent (Perbio).

Immunoblotting and DIG (digoxygenin)-14-3-3 overlays

For blots of total cell lysates, 20 g of protein was immunoblotted.
Membranes were incubated in 50 mM Tris/HCL, pH 7.5, 0.15 M
NaCl and 0.2 % (v/v) Tween 20 containing 5 % (w/v) BSA and
then were immunoblotted at 4°C for 16 h using the indicated
antibodies (2 pg/ml for the sheep antibodies or 1000-fold dilu-
tion of commercial antibodies). Detection was performed
using horseradish-peroxidase-conjugated secondary antibodies
(Promega) and ECL® (enhanced chemiluminescence reagent;
Amersham Biosciences).

DIG-14-3-3 overlays were performed using DIG-labelled 14-
3-3 in place of primary antibody, followed by an anti-DIG—
horseradish peroxidase secondary antibody [21].

14-3-3-affinity chromatography

HeLa cells (5 x 10° frozen cells from Computer Cell Culture
Center, 14 Rue de la Marlette, 7180 Seneffe, Belgium) were
thawed in 20 ml of lysis buffer containing 50 mM Tris/HCI,
pH7.5, 1 mM EDTA, 1 mM EGTA, 1% (w/v) Triton X-100,



Multisite PDE3A phosphorylation and 14-3-3 binding 165

1 mM sodium orthovanadate, 50 mM NaF, 10 mM sodium g-gly-
cerophosphate, 0.27 M sucrose, 1 uM microcystin-LR, 0.1 %
(v/v) 2-mercaptoethanol and Complete™ proteinase inhibitor
mixture (one tablet/50 ml). The lysed cells were centrifuged at
10000 g at 4°C for 60 min, and the supernatant was diluted
with 20 ml of buffer A [25 mM Tris/HCL, pH 7.5 (4°C), 100 mM
NaCl and 25 mM NaF]. The solution was clarified by filtration
if necessary, and mixed end-over-end for 1h at 4°C with
6 ml of Sepharose linked to 6 mg each of BMH1/BMH2 (the
Saccharomyces cerevisiae 14-3-3 isoforms) [21]. The mixture
was poured into a column, and the flow-through was collected.
The column was washed with 1-3 litres of 50 mM Hepes/NaOH,
pH 7.5, 500 mM NaCl, 1 mM dithiothreitol, 1 ©#M microcystin-
LR. (Microcystin-LR was not included from this point when
preparations were to be used for dephosphorylation experiments.)
The column was rinsed and mock-eluted with a synthetic
phosphopeptide that does not bind 14-3-3 proteins (1 mM RSRT-
RTDpSYSAGQSYV in buffer A for the experiments shown here),
before proteins that bind to the phosphopeptide binding site of
14-3-3 proteins were eluted with 1 mM ARAApSAPA phos-
phopeptide.

Immunoprecipitations of PDE3A from HelLa cell extracts

Clarified protein extracts (1-5 mg) were mixed with 10 ug of
the anti-C-terminal-PDE3A peptide antibody coupled to Protein
G—Sepharose for 3 h at 4°C. The beads were washed twice with
lysis buffer containing 0.5 M NaCl and once in buffer A without
NaCl, and the samples were eluted by boiling for 10 min in SDS
sample buffer containing 100 mM dithiothreitol. Eluted proteins
were resolved by SDS/PAGE, and immunoblot analyses were
performed as described above.

Protein identification and phosphorylation site analysis

Proteins were identified from ‘in gel’ tryptic digestion of colloidal
Coomassie-Blue-stained SDS/PAGE gel bands, by peptide mass
fingerprinting combined with MALDI (matrix-assisted laser-
desorption ionization)}-MS/MS on a 4700 Proteomics Analyser
(Applied Biosystems) as described previously [21]. Phos-
phopeptides were enriched from tryptic digests using 3 ul of
PHOS-beads (Sigma P9740) previously equilibrated in 0.25 M
acetic acid/30 % acetonitrile (wash/bind buffer). Tryptic digests
were diluted to 0.1 ml in wash/bind buffer and mixed with the
PHOS-select beads by gentle vortex-mixing for 30 min. The beads
were collected into a ©C18 ZipTip (Millipore), washed by passing
3 x 25 pul of wash/bind buffer through the ZipTip and the peptides
eluted with 2 x 15 ul of 0.4 M NH,OH. The eluted fraction was
dried under a vacuum, reconstituted in 1 % formic acid in water
applied to a Cg StageTip (Proxeon), and the peptides were eluted
with 50 % acetonitrile/0.1 % trifluoroacetic acid in water before
MALDI-TOF (time-of-flight)/TOF analysis.

32P-labelled phosphopeptides were separated by reverse-phase
HPLC and analysed by a combination of MS and solid-
phase Edman degradation as described previously [32].

RESULTS

Phosphorylated PDE3A extracted from HeLa cells binds directly to
14-3-3 proteins

PDE3A was identified by MALDI-TOF tryptic mass finger-
printing of an approx. 105 kDa protein that was present in a pool

of (phospho)proteins that were eluted from a 14-3-3 column with a
14-3-3-binding phosphopeptide, ARAApSAPA, run as described
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Figure 1  Phosphorylation-dependent binding of PDE3A to 14-3-3 proteins

(A) Isolation of PDE3A by 14-3-3-affinity chromatography of Hela cell extracts. The clarified
Hela cell extract was chromatographed on 14-3-3-Sepharose (see the Experimental section).
The extract and column flow through were analysed without being concentrated, while 12 ml
samples from the beginning, middle and end of the salt wash, a mock elution with control
phosphopeptide (RSRTRTDpSYSAGQSY) and the ARAApSAPA elution pool were collected and
concentrated in Vivaspin 6 concentrators (Vivascience) to 400 |, of which 4 sl of each was run
on SDS/PAGE using NuPage 10 % Bis-Tris gels (Invitrogen) and transferred on to nitrocellulose
membranes (Schleicher and Schuell). Amounts of protein run on SDS/PAGE were: extract, flow
through and start of salt wash (40 g of each); end of salt wash (protein undetectable); control
phosphopeptide pool (< 1 1£g); and ARAApSAPA pool (2 1.g; 14-3-3-binding proteins, labelled
14-3-3 BP). Blots of column fractions were analysed for proteins that bind directly to 14-3-3
proteins by DIG—14-3-3 overlay (upper panel), and Western blotting with anti-C-terminal-PDE3A
antibody (lower panel). Molecular-mass sizes are indicated in kDa. (B) Direct binding of 14-3-3
proteins to phosphorylated PDE3A. PDE3A was immunoprecipitated (IP) from 1.5 mg Hela cell
extracts using 10 g of the anti-C-terminal-PDE3A antibody. The purified protein was incubated
for 30 minat 30 °C in the presence or absence of 50 m-units/ml protein phosphatase 2A (PP2A),
with or without the inhibitor microcystin-LR (MC-LR; 5 «M), as indicated. The samples were
run on SDS/PAGE, transferred on to nitrocellulose and probed for binding to anti-PDE3A (lower
panel) and DIG—14-3-3 proteins in an overlay assay (upper panel). (G) Binding of endogenous
14-3-3 proteins to endogenous PDE3A. Protein from extract of serum-grown Hela cells (3 mg)
was immunoprecipitated (IP) with anti-14-3-3—Sepharose. The control contained no cell extract.
After washing, the immunoprecipitates (P) and first supernatants (S) were run on SDS/PAGE
using NuPage 10 % Bis-Tris gels and transferred on to nitrocellulose. Crude cell extract (30 zcg)
was run in the first lane. Western blotting was used to identify the 14-3-3 protein, which ran just
above the Ig light chain (lower panel) and co-immunoprecipitated PDE3A, which ran at approx.
105 kDa (anti-C-terminal-PDE3A antibody, upper panel). Ab, antibody.

previously [21] (Figure 1A). The identity of PDE3A in the 14-

3-3 column eluate was confirmed by Western blotting with an
antibody (anti-C-terminal-PDE3A antibody) raised against the
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Figure 2 Binding of 14-3-3 proteins to PDE3A immunoprecipitated from PMA-stimulated HelLa cells

(A) Cells growing in medium containing serum were harvested (serum), or serum-starved for 12 h, then stimulated in the following ways: forskolin (20 xM for 30 min), PMA (400 ng/ml for 15 min),
epidermal growth factor (EGF; 50 ng/ml for 15 min), TNFe (10 g/ml for 15 min), UV light (20 mJ/cm? followed by 30 min incubation in serum-free medium), IGF1 (50 ng/ml for 20 min). PDE3A
immunoprecipitated (IP) from 1.5mg of cell extract was analysed by DIG—14-3-3 overlay and Western blotting with the anti-C-terminal-PDE3A antibody (top two panels). The six lower panels
show the results of probing cell extracts (30 1g) with phosphospecific antibodies against pSer*’® on PKBe (p-PKB), total PKB, the active phosphorylated forms of MAPK (p-MAPK), total MAPK,
phosphorylated p38« (p-p38a) and total p38e:. (B) Cells growing in medium containing serum were harvested (serum), or serum-starved for 12 h. Where indicated, cells were incubated with H-7
(100 M), Ro 318220 (1 «M), SB 203580 (10 M), PD 184352 (2 M) or no inhibitor for 1 h, or BIRBO796 (10 wM) for 2 h, before stimulation with PMA (400 ng/ml) for a further 15 min. PDE3A
immunoprecipitated (IP) from 3 mg of each cell extract was analysed by DIG—14-3-3 overlay (top panel) and Western blotting with anti-C-terminal-PDE3A antibody (second panel). The four lower
panels show the results of probing cell extracts (30 1g) with phosphospecific antibodies against the active phosphorylated forms of MAPK (p-MAPK), total MAPK, phosphorylated p38e (p-p38c)
and total p38a. (C) As for (B), except the anti-PDE3A immunoprecipitates (IP) were analysed by Western blotting to detect co-precipitating 14-3-3 proteins (using the sheep anti-14-3-3 antibody,
see the Experimental section). (D) Direct binding of 14-3-3 proteins after phosphorylation of PDE3A with PKC. PDE3A was immunoprecipitated (IP) from cells that had been serum-starved for 12 h.
The PDE3A was incubated in the presence of PKC (1 unit/ml rat brain PKC) with MgATP for 30 min at 30°C, and analysed by DIG—14-3-3 overlays. The lane marked C is a control with no PKC. In

other control experiments, PKC had no effect on PDE3A in the absence of Mg-ATP.

peptide RLAGIENQSLDQTPQS, a sequence that is not found in
PDE3B (Figure 1A).

The form of PDE3A isolated here does not appear to be the full-
length PDE3A. Its molecular mass (~ 105 kDa), the absence of
peptides corresponding to the N-terminal transmembrane region,
recovery in the soluble fraction on subcellular fractionation, and
K., (results not shown) mean that it is similar to the previously
reported A1-PDE3A variant protein that was found to lack the
N-terminal transmembrane domain [5].

The anti-C-terminal-PDE3A antibody could immunoprecipi-
tate the endogenous PDE3A protein, which was detected as a
protein band of ~ 105 kDa by immunoblotting with the same
antibody (Figure 1B) and by tryptic mass fingerprinting (see
results below). The immunoprecipitated PDE3A bound directly
to DIG-14-3-3 proteins in an overlay assay (Figure 1B). The
interaction was dependent on phosphorylation of the PDE3A
because the 14-3-3 binding signal was abolished by dephos-
phorylation of the PDE3A with protein phosphatase 2A (Fig-
ure 1B).

Complexes of PDE3A and endogenous 14-3-3 proteins were
identified in HeLa cell extracts by immunoprecipitating 14-
3-3 proteins with an antibody that recognizes human 14-3-3
isoforms. When the washed immunoprecipitates were analysed
by immunoblotting, PDE3A was found to have co-precipitated
with the endogenous 14-3-3 proteins (Figure 1C).

© 2005 Biochemical Society

PDE3A binds to 14-3-3 proteins in response to PMA in vivo and
phosphorylation by PKC in vitro

The HeLa cells used for our 14-3-3-binding phosphoproteomics
study had been cultured in medium containing serum, which
contains a mixture of cell effectors. To pinpoint the cellular stimuli
that are responsible for promoting the phosphorylation of PDE3A
at site(s) that facilitate binding to 14-3-3 proteins, cells were
deprived of serum and were stimulated in different ways. The
endogenous PDE3A was then immunoprecipitated and its ability
to bind to 14-3-3 proteins was assessed by incubating the blots
with DIG-labelled 14-3-3.

Among the stimuli tested, the 14-3-3-binding signal was
strongest for PDE3A from cells treated with the phorbol ester
PMA (Figure 2A, and results not shown). In addition to its well-
characterized ability to activate isoforms of PKC [33], PMA
was found to stimulate the phosphorylation of both SAPK2a
(stress-activated protein kinase 2a)/p38a and p42/p44 MAPK
(mitogen-activated protein kinase) [ERK1 (extracellular-signal-
regulated kinase 1)/ERK2] in HeLa cells (Figure 2A), and
MAPKAPK?2 (MAPK-activated protein kinase-2), a downstream
target of SAPK2/p38 (results not shown). However, there are
several reasons why neither SAPK2/p38 nor MAPK can be
responsible for the PMA-induced binding of PDE3A to 14-3-
3 proteins. First, UV and TNF« (tumour necrosis factor «) did
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not promote the 14-3-3 binding of PDE3A to the same level as
did PMA, even though UV or TNF« both activated SAPK2a/
p38a (Figure 2A). Neither was the PDE3A/14-3-3 interaction
stimulated by EGF (epidermal growth factor), which promoted the
phosphorylation and activation of p42/p44 MAPK (Figure 2A).
Furthermore, the binding of PDE3 A to 14-3-3 proteins in response
to PMA was unaffected by the drugs SB 203580, which inhibited
SAPK2/p38 ([34,35], and results not shown), BIRB0796, which
also inhibited SAPK?2/p38 isoforms [36] (Figure 2B) and/or
PD 184352, which inhibited the phosphorylation of the p42 and
p44 MAPKs [35] (Figure 2B). The response of PDE3A to PMA
was, however, strongly inhibited by H-7 and Ro 318220 (Fig-
ure 2B), which inhibit a number of other protein kinases, including
the PMA-activated PKC ([35], and http://www.emdbiosciences.
com/product/371955 and references cited therein).

Consistent with the DIG—14-3-3 overlays (Figures 2A and 2B),
the ability of PMA to induce the interaction between PDE3A and
14-3-3 proteins was confirmed by experiments in which PDE3A
was immunoprecipitated, followed by immunoblotting to detect
co-precipitated 14-3-3 proteins (Figure 2C). These experiments
also confirmed that the PMA-induced PDE3A—-14-3-3 interaction
was selectively diminished when cells were treated with H-7 and
Ro 318220 (Figure 2C).

In contrast with PDE3B [11], PFK-2 (fructose-2,6-bisphos-
phate kinase/phosphatase) [37] and other HeLa cell proteins
whose binding to 14-3-3 proteins is promoted by PKB phos-
phorylation (K. M. Geraghty, J. Murphy, B. H. C. Wong and
C. MacKintosh, unpublished work), 14-3-3 proteins did not bind
well to PDE3A that was immunoprecipitated from extracts of
cells stimulated with IGF1, in which PKB was phosphorylated
and activated (Figure 2A, and results not shown for other time
points after IGF1 stimulation).

Together, these findings suggested that PKC isoforms, or a
kinase activated downstream of PKC, were responsible for phos-
phorylating at least one 14-3-3-binding site(s) on PDE3A, al-
though the involvement of other protein kinases cannot be ruled
out. Consistent with a role for PKC, when PDE3A from unstimu-
lated cells was phosphorylated in vitro with PKC, the binding of
the PDE to 14-3-3 proteins was markedly enhanced (Figure 2D).
Similar results were obtained with the catalytic subunit of PKC
from rat brain (Figure 2D) or recombinant human PKCex (results
not shown).

Binding of PDE3A to 14-3-3 proteins is blocked by the DNA
replication inhibitors aphidicolin and mimosine, but the
PDE3A-14-3-3 interaction does not change during

the cell cycle

cAMP regulates cell-cycle progression by multiple mechanisms,
prompting us to investigate whether the phosphorylation and 14-
3-3 binding of PDE3A was regulated in a cell-cycle-dependent
manner. We found that the signal for 14-3-3 binding to PDE3A
was lost when cells were treated with the DNA replication
inhibitors, aphidicolin and mimosine, when assessed by either
14-3-3 overlay assays (Figure 3A), or co-immunoprecipitation
of cellular 14-3-3 proteins with anti-PDE3A (Figure 3B). While
these inhibitors block the cell cycle at S-phase, their effect on
PDE3A does not seem to be related to cell-cycle regulation.
We observed no change in the PDE3A-14-3-3 interaction when
cells were synchronized in metaphase with nocodozole, and the
synchronized cells were allowed to progress through S-phase and
into G, (results not shown). Thus aphidicolin and mimosine must
act on PDE3A by some other mechanism. For example, these
compounds may activate a PDE3A phosphatase.
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Figure 3 Effect of mimosine and aphidicolin on 14-3-3 binding to PDE3A

(A) Cells growing in medium containing serum were harvested (S), incubated with mimosine
(Mim; 0.2 mM for 16 h), aphidicolin (Aph; 10 n.g/ml for 16 h) or nocodozole (Noc; 40 ng/ml for
16 h). PDE3A was immunoprecipitated (IP) from 3 mg of cell extract, and the immunoprecipitated
PDE3A was analysed by DIG—14-3-3 overlay (upper panel) and detected with Western
blotting with anti-PDE3A antibody (lower panel). (B) As for (A), except the anti-PDE3A
immunoprecipitates were analysed by Western blotting to detect co-precipitating 14-3-3 proteins
(using the sheep anti-14-3-3 antibody (Ab), see the Experimental section). (C) As for (A) and
(B), except the SDS gels were 3-8 % Tris/acetate and the anti-PDE3A immunoprecipitates
were analysed by Western blotting to detect co-precipitating plectin. Note that, compared with
other Figures, the 14-3-3 binding signals for PDE3A from serum-grown cells are stronger here
because the blots were exposed in ECL® reagent for longer to highlight the contrast with the
diminished signals caused by mimosine and aphidicolin.

Phosphorylation site mapping of PDE3A using IMAC
(immobilized metal ion affinity chromatography) and MS

In larger-scale experiments, immunoprecipitated PDE3A from
cell extracts was visible as a strong Coomassie-Blue-staining
protein band (Figure 4A). When the immunoprecipitated PDE3A
from cells stimulated with PMA was excised, digested with
trypsin and analysed by MALDI-TOF-MS, no phosphopeptides
were observed (Figure 4B, top panel). However, after IMAC of the
tryptic digest, MALDI-TOF analysis revealed a number of new
peaks whose masses corresponded to phosphorylated peptides
(Figure 4B, bottom panel). Using MALDI-TOF/TOF (MS/MS),
two of these peptides were identified as pS**LPPGLLR**
and AS“LTYpTQSAPDLSPQILTPPVICSSCGR™® (where pT is
pThr®).

PDE3A from serum-grown HeLa cells was immunoprecipi-
tated and used as a substrate for in vitro phosphorylation by PKC
using [y-*P]JATP. Tryptic digests of the phosphorylated PDE3A
were separated by HPLC and **P-labelled peptides analysed
by MALDI-TOF-MS and solid-phase Edman sequencing (Fig-
ures 4C and 4D). The HPLC profile showed four major radio-
active phosphopeptides, PO-P3 (Figure 4D, top panel). The
MALDI-TOF mass spectrum of P1 contained ions whose masses
matched the mono-phosphorylated peptide R***TpSLPCIPR?**® of
PDE3A and those of the poorly resolved daughter ion char-
acteristic of the loss of H;PO, from the phosphopeptide in a
post-source decay event. When subject to solid-phase Edman
degradation, Cerenkov counting showed that [*>P]P; was released
at cycle 3, which means that the residue corresponding to Ser*'?
was phosphorylated (Figure 4D). Using similar methods, P2 was
identified as pS**LPPGLLR** and P3 was V*"pSSTWTTTTS-
ATGLPTLEPAPVR* (where pS is pSer*®). The residues in
PDE3A that precede each of these peptides are arginine or lysine,
consistent with the specificity of trypsin. Phosphopeptide PO
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Figure 4 Sites on PDE3A that are phosphorylated in cells stimulated with PMA and by in vitro phosphorylation with PKC

(A) PDE3A was immunoprecipitated from 30 mg of extract from cells that had been stimulated with PMA. The immunoprecipitate was run on SDS/PAGE using a 3-8 % Tris/acetate gel. Molecular-mass
sizes are indicated in kDa. (B) The immunoprecipitated PDE3A from (A) was excised from the gel and digested with trypsin, and the peptides were analysed by MALDI-TOF-MS. The mass spectra
are shown before (upper spectrum) and after (lower spectrum) IMAC/C+4 chromatography to enrich for phosphopeptides. In the sequences, ¢ represents a half-cystine from an internal disulphide
bond in this peptide. (C) Identification of the sites on PDE3A phosphorylated in vitro by PKC. PDE3A immunoprecipitated from serum-starved cells was incubated for 30 min at 30°C with
Mgly -*2P]ATP in the presence of 1 unit/ml PKC (rat brain), and subjected to SDS/PAGE (3-8 % Tris/acetate gel) and autoradiography. Molecular-mass sizes are indicated in kDa. (D) For the upper
trace, the 32P-labelled PDE3A was excised from the gel, digested with trypsin and the peptides applied to a C1g HPLC column [Vydac 218TP5215 C+g column in 0.1% (v/v) trifluoroacetic acid in
water]. The column was developed with an acetonitrile gradient (broken line), and 3 P-radioactivity counted by an online Berthold LD509 detector is shown by the solid line. The phosphopeptides
P0-P3 were eluted at 6.3 % (P0), 12.6% (P1), 13.6 % (P2) and 16 % (P3) acetonitrile. PO could not be identified, so, in the lower trace, another sample of %2P-labelled PDE3A was digested with the
protease Asp-N, and two peaks of *P-radioactivity were identified, termed P4 at 10 % and P5 at 11 % acetonitrile. The identities of phosphopeptides P1 to P5 are given in the Table. All residues were
identified by a combination of MALDI-TOF, MS/MS and solid-phase Edman sequencing. Note that in the Asp-N protease digest, the pSer®?, pSer*?® and pSer*® sites are predicted to be within two
long peptides (49 and 62 residues), and peptides containing these sites were not recovered from the reverse-phase HPLC column. It is possible that a tryptic peptide containing pSer*6® had been

present in PO as STpSIK, as solid-phase Edman sequencing of PO released counts in cycle 3.

was in a complex mixture of peptides and could not be identi-
fied. However, when the PKC-phosphorylated PDE3A was di-
gested with the Asp-N protease, two radioactive peaks, P4 and
P5, were identified by HPLC (Figure 4D). MALDI-TOF-MS
and solid-phase sequencing showed that P4 represented the pep-
tide D*'RSTpSIKLQ*® (where pS is pSer*®), while P5 was a
longer version of the same phosphopeptide, D*'RSTpSIKLQ-
EAPSSSP* (Figure 4D).

Overall, these data suggested that pSer*”® was a potential
14-3-3-binding site because this residue was phosphorylated in
both PDE3A from PMA-stimulated cells (Figures 4A and 4B)
and PDE3A phosphorylated with PKC in vitro (Figures 4C and
4D), both conditions where 14-3-3 binding to PDE3A was en-
hanced (Figure 2). However, the IMAC and MALDI-MS analyses
have limitations. The absence of a particular phosphopeptide
does not necessarily mean that the corresponding site was not
phosphorylated in the protein, because not all phosphopeptides
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bind to IMAC resins [38]. In addition, signals from phosphoryl-
ated peptides can be differentially suppressed in MALDI-MS,
depending on the characteristics of the other phosphopeptides
in the mixture, making it impossible to assess phosphopep-
tides quantitatively using IMAC and MALDI-MS analysis alone.
For these reasons, we raised phosphospecific antibodies to assess
how phosphorylation of the various sites on PDE3A changes in
response to cell stimuli.

PMA promotes phosphorylation of Ser*?® and binding of 14-3-3
proteins, while mimosine and aphidicolin promote
dephosphorylation of sites including Ser*?® and loss

of 14-3-3 binding

Phosphospecific antibodies were raised against five phospho-
peptides that encompass the Ser’?, Ser*®, Ser*®, Ser** and
Thr*® phosphorylation sites on PDE3A (see the Experimental
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section). The specificity of these antibodies was first estab-
lished with phosphopeptides and unphosphorylated peptides
spotted on to nitrocellulose. Each antibody was tested against
each peptide. Where some cross-reactivity was observed, this
could be eliminated by pre-incubating the antibodies with the
cross-reacting peptides. Supplementary Figure 1 (http://www.
Biocheml].org/bj/392/bj3920163add.htm) shows blots using the
optimal conditions (see the legend) where each antibody
performed well in selectively detecting only its own immunogen
phosphopeptide.

These antibodies were used to study the site-specific phos-
phorylation of PDE3A after stimulating HeLa cells in ways that
had been found to cause no binding of PDE3A to 14-3-3 proteins
(mimosine and aphidicolin), partial binding of PDE3A to 14-
3-3 proteins (serum) and maximal binding of 14-3-3 proteins
(PMA). PMA was found to markedly enhance the phosphorylation
of Ser*”, in parallel with increased 14-3-3 binding (Figure 5A),
and both events increased in the first 20 min after PMA stimu-
lation and were sustained for at least 2 h (results not shown).
There was partial phosphorylation at this site and partial 14-3-3
binding of PDE3A from cells growing in serum, while mimo-
sine and aphidicolin abolished both phosphorylation of Ser**
and the ability of PDE3A to bind to 14-3-3 proteins. The
DNA replication blockers also diminished phosphorylation at
Ser’2, Ser**® and Ser*® (Figure 5A). In contrast with these regu-
lated phosphorylations, the phosphorylation status of Thr**® was
unchanged under all the conditions tested (Figure 5B, and results
not shown).

Further experiments showed that phosphorylation of Ser**® was
abolished when PMA-stimulated cells were incubated with H-7
or Ro 318220, while H-89, SB 203580, BIRB0796 and PD
184352 had no effect on PMA-induced phosphorylation of Ser**
(Figure 5B, and results not shown).

Together, these analyses support the hypothesis that pSer*®® on
PDE3A is the major phosphorylated site that is responsible for the
PMA-induced increase in 14-3-3 binding to the enzyme. These
findings are also consistent with Ser*® being phosphorylated
in vivo by a PKC or PKC-activated protein kinase.

Phosphorylation of Ser®'2 of PDE3A in response to forskolin

Treatment of HeLa cells with forskolin activates adenylate cyclase
activity and thus increases intracellular cAMP levels, leading to
the activation of PKA. Forskolin did not promote the binding
of 14-3-3 proteins to PDE3A (Figures 2A and 5A). However,
using the pSer’?-PDE3A antibodies, we found that forskolin
stimulated the phosphorylation of PDE3A at Ser’'? (Figures 5A
and 5C). This residue lies within a sequence SHRRTS*?LPCIP
that conforms to a consensus site for PKA (RRX,SXg, where,
for optimal recognition, X, is not negatively charged and X is
hydrophobic). The forskolin-stimulated phosphorylation of Ser’'
was inhibited by the PKA inhibitor H-89 (Figure 5C), and by
mimosine and aphidicolin (Figure 5A), but not by inhibitors of
PI3K (LY 294002), mTOR (mammalian target of rapamycin)
(rapamycin) or the MAPK cascade (U0126) (Figure 5C; see [35]
for inhibitor specificities), nor by H-7 (results not shown).

Plectin is co-immunoprecipitated with PDE3A, independently
of 14-3-3 binding

In the larger-scale PDE3A immunoprecipitation experiments,
additional higher-molecular-mass proteins were observed on
Coomassie-Blue-stained gels, including a protein of approx.
500 kDa that was identified as the cytoskeletal linker protein,
plectin (results not shown). Western blotting experiments with
two different anti-plectin antibodies confirmed that plectin was
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Figure 5 Use of phosphospecific antibodies to map the sites on PDE3A that
are phosphorylated in response to different cellular stimuli

(A) Cells growing in medium containing serum were harvested (serum), or incubated with
mimosine (Mim; 0.2 mM for 16 h), aphidicolin (Aph; 10 g/ml for 16 h), or serum-starved for
12 h and incubated with PMA (TPA; 400 ng/ml) or forskolin (FO; 20 M). PDE3A immuno-
precipitated (IP) from 1.5 mg of cell extract was analysed by DIG—14-3-3 overlay and Western
blotting with antibodies (Ab) that recognize the pSer®'2, pSer*?®, pSer*®, pSer 6> and pThro68
sites on PDE3A. The antibodies were incubated with the blots under the optimal conditions
established in peptide dot blots (see Supplementary Figure 1 at http://www.BiochemJ.org/bj/
392/bj3920163add.htm) as follows: the anti-pSer’'? antibody was used in the absence of
any competitor peptides; antipSer® antibody was incubated in the presence of 20 zg/ml
KRLRRSLPPGL; anti-pSer*® antibody was incubated in the presence 0f 20 z4g/ml LRRVSSTWTT,
anti-pSer*® antibody was incubated in the presence of 10 g/ml each of RDRSTSIKLQEAP,
KRLRRpSLPPGL and KRLRRSLPPGL; anti-pThr®® antibody was incubated in the presence of
20 ng/ml HRALTYTQSAPDL. (B) Cells growing in medium containing serum were serum-
starved for 12 h. Where indicated, cells were incubated with H-7 (100 «M), Ro 318220 (1 1uM),
PD 184352 (2 M) or no inhibitor for 1h, or BIRB0796 (10 M) for 2 h, before stimulation
with PMA (400 ng/ml) for a further 15 min. PDE3A immunoprecipitated (IP) from 3 mg of each
cell extract was analysed by Western blotting with anti-pSer*?® antibody (Ab) (upper panel)
and anti-C-terminal-PDE3A antibody (lower panel). (C) Cells were serum-starved for 12 h and
stimulated with forskolin. Where indicated, cells were incubated with H-89 (10 n.M), LY 294002
(LY; 100 z¢M), rapamycin (Ra; 100 nM) or U126 (U; 10 M) for 1 h, before stimulation with
forskolin (20 M) for a further 30 min. PDE3A was immunoprecipitated (IP) from 1.5 mg of
each cell extract, and the immunoprecipitated PDE3A was analysed by Western blotting with
the antibody that specifically recognizes phosphorylated Ser®™ of PDE3A (upper panel) and
Western blotting with anti-C-terminal-PDE3A antibody (lower panel).

co-immunoprecipitated from cell extracts with anti-PDE3A
antibodies (Figure 3C). The binding of plectin to PDE3A appeared
to occur independently of the PDE3A—14-3-3 interaction, because
plectin was present in the anti-PDE3A immunoprecipitates from
both cells treated with PMA, where PDE3A bound well to 14-3-3
proteins, and unstimulated cells, in which the PDE3A displayed
little or no 14-3-3 binding (results not shown). However, the
interaction between PDE3A and plectin seemed to be disrupted
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PDE3A 233 KVAWRPYLAYLAGVLGILLARYVEQILPQSAEARPREHLGSQLIAGTKEDIPVFKRRRRS 292
PDE3B 241 E'SALRPLLSGLVGGAGCLLALGLDHE‘E‘—QIREAF’————LHE’RLSSA}-\EEKVPVIEPERRE 295
Forskolin
PDE3A 293 SSVVSAEMSGC———SSKSHRRTELPCIPREQLMGHSEWDHKRGPRGS—QSSGTSITVDIA 348
pSer312
PDE3B 296 SCVSLGETARSYYGSCKIFRRPSLPCISREQMILW-DWDLKQWYKPHYQNSGGGNGVDLS 354
PDE3A 349 VMGEATASLPTSWQTLLFHQTCATSLRAVSNLLSTQLTFQAIHKPRVNEVTSLSENYTCS 408
PDE3B 355 VLNEARNMVSDLLTDPSLPPQVISSLRSISSLMGA---FSGSCRPKINPLTPFPGFYPCS 411
PMA
@ @
PDE3A 409 DSEESSEKDKLAIPKRLRR-SLPPGLLRRVSSTWTTTTSATGLPTLEPAPVRRDRSTSIK 467
pSerd28  pSer438 pSerd65
PDE3B 412 EIEDPAEKGDRKLNKGLNRNSLPTPQLRRSSGT----—-- SGLLPVEQSS-RWDRNNGKR 463
PDE3A 468 L-QEAPSSSPDSW-NNPV---MMTLTKSRSFTSSYAISARNHVKAKKQSRPGALAKISPL 522
PDE3B 464 PHQEFGISSQGCYLNGPFNSNLLTIPKQRSSS-—---VSLTHHVGLR---RAGVLSSLSPV 516
PDE3A 523 SSPCSSPLQGTPASSLVSKISAVQFPESADTTAKQSLGSHRALTYTQSAPDLSPQILTPP 582
PThr568
PDE3B 517 NSSNHGPVS---TGSLTNR-SPIEFPDTADFLNKPSVILQRSLGNAPNTPDFYQQLRNSD 572

Figure 6 Amino acid sequences of human PDE3A and PDE3B within the regulatory phosphorylated and 14-3-3-binding domains

The amino acid sequences of human PDE3A and PDE3B within the regulatory phosphorylated domain are shown. The boxed region highlights the comparison between PDE3A and PDE3B at
a site analogous to a reported PKB phosphorylation site on PDE3B from rodents [10]. This sequence fits the canonical PKB consensus in PDE3B (RXRXXS), but not in PDE3A (KXRXXS). The
phosphorylated sites on PDE3A that were identified in the present study are shown, including the forskolin-stimulated Ser®'? phosphorylation site, and the PMA-induced phosphorylation of Ser*?®,

which is linked to 14-3-3 binding.

by incubation of cells with mimosine, although not with the other
DNA replication inhibitor, aphidicolin (Figure 3C).

DISCUSSION

In the present study, the finding that 14-3-3 proteins bind to a
phosphorylated ~ 105 kDa form of PDE3A inside HeLa cells
led to a full analysis of multisite phosphorylation of PDE3A in
response to various cellular stimuli, using a battery of techniques
including IMAC, MS, in vitro **P-labelling coupled with solid-
phase sequencing and the use of phosphospecific antibodies that
recognize five phosphorylated sites on PDE3A.

In overlay assays, 14-3-3 proteins discriminated between
PDE3A from mimosine- and aphidicolin-treated HeLa cells (no
14-3-3 binding), unstimulated serum-starved cells or cells sti-
mulated with serum, UV, TNFa or forskolin (partial 14-3-3
binding), and cells stimulated with PMA (full 14-3-3 binding).
The full 14-3-3 binding in response to PMA appears to be due to
activation of PKC, as it was blocked by the non-specific inhibitors
of PKC, H-7 and Ro 318220, but not by inhibitors of two other
kinases that were also activated by PMA in HeLa cells, namely
SAPK2/p38 and p42/p44 MAPK.
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Ser*® was pinpointed as the PMA-regulated phosphorylation
site that promotes maximal binding of 14-3-3 proteins to
PDE3A (Figure 6). However, other phosphorylated sites may also
contribute to 14-3-3 binding. 14-3-3 proteins function as dimers,
and therefore have two sites with the potential to bind phos-
phorylated residues. It is possible that a 14-3-3 dimer can bind
with low affinity to a site that is phosphorylated in cells growing
in serum, but that the PMA-phosphorylated pSer*® site binds to
the second site on the 14-3-3 dimer to generate a high-affinity
interaction. In displaying this sort of graded binding response,
14-3-3 proteins could act as a ‘signal integrators’ that bind to
their target most strongly when signals from two different kinases
are detected. Multisite phosphorylation by one or more protein
kinases is a widely recognized feature of cellular regulation
[39], which recent advances in mass spectrometric techniques
is making even more apparent. Our findings indicate the potential
of 14-3-3 proteins in ‘interpreting’ different patterns of multisite
phosphorylation.

While the combined use of phorbol ester and non-selective PKC
inhibitors indicate PKC involvement, the PKC family comprises
many isoforms [33], and our studies do not allow us to distinguish
which members of this extensive kinase family may regulate
PDE3A. Nevertheless, our findings of regulatory connections



Multisite PDE3A phosphorylation and 14-3-3 binding 17

linking the PKCs and PDE3A are particularly intriguing because
both activities have been implicated in promoting the activation
and aggregation of platelets. Thus, when platelets were incubated
with PDE3 inhibitors, intracellular cAMP levels rose, and platelet
activation and aggregation were inhibited [12,25,26]. Many
platelet receptor agonists activate PKC isoforms and downstream
targets, including PKD (protein kinase D). These PKC-dependent
events have been implicated as being functionally important in
platelet activation [40,41]. It is therefore tempting to speculate
that our findings could connect these observations if platelet
agonists activate PKC leading to the phosphorylation and 14-
3-3 binding of PDE3A, thereby activating PDE3A and keeping
intracellular cAMP levels low, which would tend to promote
platelet aggregation and activation. While only a hypothesis at
the moment, our antibodies and 14-3-3-affinity reagents should be
very useful for dissecting the regulation of PDE3A in platelets and
other cell types, particularly combined with developments in more
specific pharmacological probes and mutant mice to distinguish
the actions of members of the PKC/PKD family [33].

In addition to PKC, p38/SAPK?2 was strongly activated by PMA
in HeLa cells, which may mean that some effects that have been
attributed to PKCs on the basis of phorbol ester regulation may
actually be mediated by SAPK2/p38.

We identified Ser*'? as a site that becomes phosphorylated in
cells in response to the adenylate cyclase activator forskolin,
and this phosphorylation was prevented by H-89, indicating that
PKA is the Ser*'? kinase (Figure 6). However, phosphorylation of
Ser’? did not stimulate 14-3-3 binding, even though this site
looks like a classical mode I 14-3-3-binding phosphopeptide
motif (http://scansite.mit.edu/motifsca_seq.phtml). We did not
identify any 14-3-3 binding to PDE3A from cells in which
PKB was activated by stimulation with IGF1, which we checked
because PDE3B has been reported bind to 14-3-3 proteins when
phosphorylated by PKB in insulin-stimulated cells [9-11]. One
of the potential PKB sites on PDE3B is highlighted by the boxed
sequence in Figure 6. This sequence conforms to a classical PKB
site (RXRXXpS) in rat, mouse and human PDE3Bs, while, in
the PDE3A from these species, a lysine residue takes the place
of the first arginine (Figure 6), making this site unlikely to be
phosphorylated with PKB, which is consistent with our findings.
Our results do not exclude the possibility that PKB phosphorylates
PDE3A at a site that does not promote binding to 14-3-3 proteins.
Perhaps the discovery of multisite phosphorylation of PDE3A
means that the regulatory phosphorylation sites on PDE3B war-
rant further analysis.

We performed several experiments to determine the functions of
phosphorylation and 14-3-3 binding on PDE3A, including assays
of enzyme activity and intracellular cAMP levels, but have not
detected any changes thus far. While we were able to express
active soluble forms (wild-type and phosphorylation site mutants)
of PDE3A as GFP (green fluorescent protein) fusions in cells, we
found that the transfected protein did not get phosphorylated or
bind 14-3-3 proteins in the same way as the endogenous protein
did in response to PMA. These findings precluded the use of
these constructs to facilitate functional studies. It is possible that
the GFP-PDE3A protein was not localized properly in the cells,
and/or that phosphorylation/14-3-3 binding of PDE3A has very
localized intracellular effects that cannot be seen with the isolated
enzyme, or by looking at global cAMP levels. In this connection,
we were interested to find that the cytoskeletal linker protein
plectin-1 co-precipitates with PDE3A from extracts of HeLa
cells. Plectin is a > 500 kDa linker protein that can interact with
all three intracellular fibrous networks (actin, microtubules and
intermediate filaments), integrin 8 subunits (in competition with
actin) and other membrane and signalling proteins [31,42]. Our

finding is intriguing because PDE3 A seems to regulate a sub-pool
of cAMP that controls the PKA phosphorylation of proteins that
regulate cytoskeletal dynamics. Thus inhibitors of PDE3, but not
PDE2, promoted phosphorylation of the PKA sites on the actin-
regulating protein VASP [25,27,28], and inhibitors of PDE3A
inhibit platelet aggregation, a process involving regulation of
integrin «IIbB3 affinity [12]. Perhaps PDE3A hydrolyses a sub-
pool of cAMP in a spatial localization that is influenced by
plectin, and that connects PDE3A to its downstream cAMP/PKA-
regulated targets in actin dynamics.
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