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ABSTRACT Purified bovine brain calmodulin-dependent
cyclic nucleotide phosphodiesterase (3',5'-cyclic-nucleotide 5'-
nucleotidohydrolase, EC 3.1.4.17) contains isozymes that are
composed of two distinct subunits with molecular masses of
60,000 and 63,000 daltons. Analysis by NaDodSO4 gel electro-
phoresis and autoradiography of a phosphodiesterase sample
phosphorylated in the presence of [32P]ATP and bovine heart
cAMP-dependent protein kinase catalytic subunit revealed that
only the 60-kDa subunit was phosphorylated. By using an
isozyme preparation greatly enriched with the 60-kDa subunit,
the following observations regarding the subunit phosphoryl-
ation were made. First, the phosphorylation resulted in the
maximal incorporation of about 2 mol of phosphate per mol of
subunit. Second, complete inhibition of 60-kDa subunit phos-
phorylation was approached at a saturating concentration of
Ca2" when a molar ratio of calmodulin to phosphodiesterase of
2:1 was used. No inhibition was observed in the presence of
either Ca2" or calmodulin alone. Third, the phosphorylation
was accompanied by a decrease in the enzyme affinity for
calmodulin; calmodulin concentrations required for 50% ac-
tivation of nonphosphorylated and maximally phosphorylated
phosphodiesterase isozyme samples were 0.51 and 9.3 nM,
respectively. Fourth, the phosphodiesterase isozyme could be
dephosphorylated by the calmodulin-dependent phosphatase
(calcineurin) in the presence of Ni2+ or Mn2+, the dephospho-
rylation being associated with an increase in the enzyme affinity
for calmodulin. Fifth, peak II rabbit liver phosphoprotein
phosphatase catalytic unit did not catalyze the dephosphoryla-
tion of the phosphodiesterase isozyme.

Calmodulin-dependent cyclic nucleotide phosphodiesterase
(3',5'-cyclic-nucleotide 5'-nucleotidohydrolase, EC 3.1.4.17)
is one of the key enzymes involved in the complex inter-
actions between the cyclic nucleotide and Ca2+ second
messenger systems. The enzyme has been purified close to
homogeneity from both bovine brain (1-4) and bovine heart
(5) and extensively characterized. Recent studies (6, 7)
showed that there are tissue-specific isozymes of calmodulin-
dependent phosphodiesterase. Hansen and Beavo (6) dem-
onstrated that bovine heart and brain phosphodiesterase have
slightly different subunit molecular masses: 59,000 and
61,000 daltons, respectively. Using monoclonal antibodies,
we showed that a bovine brain phosphodiesterase purified by
a previously established procedure (2) contains two distinct
subunits with molecular masses of 60,000 and 63,000 daltons,
the two types of subunits exhibiting different peptide maps
and antigenic properties (7). Since the enzyme is a dimeric
protein (1-4), three isozymes-two homodimers and a
heterodimer-could arise from the two subunits. Partial
separation of the isozymes by using monoclonal antibodies

indicates that the homodimers are major components of the
enzyme preparation (7).
To understand the regulatory significance of the

phosphodiesterase isozymes, we have begun to compare
catalytic and regulatory properties of bovine brain isozymes.
In previous studies (2, 8) it has been shown that bovine brain
calmodulin-dependent phosphodiesterase can be phospho-
rylated in a cAMP-dependent protein kinase reaction. How-
ever, it is not clear which of the phosphodiesterase isozymes
was present in these studies, and the effect of the phospho-
rylation on enzyme activity was not established.

In this study, we reexamined the possible regulation of
calmodulin-dependent phosphodiesterase by cAMP-
dependent protein kinase, using purified phosphodiesterase
isozymes. We found that the isozymes are differently regu-
lated by the protein kinase. Only the 60-kDa subunit-contain-
ing isozyme can be phosphorylated by cAMP-dependent
protein kinase, resulting in a maximal incorporation of two
phosphates per subunit. The phosphorylation is accompanied
by a decrease to 1/20th in the affinity of the isozyme for
calmodulin. Both the protein phosphorylation and the change
in calmodulin affinity may be reversed by a calmodulin-
dependent phosphatase (calcineurin).

EXPERIMENTAL PROCEDURES
Protein Preparation. Bovine brain calmodulin-dependent

cyclic nucleotide phosphodiesterase, containing a mixture of
isozymes, and calmodulin-dependent phosphatase of bovine
brain were purified as described by Sharma et al. (9). Bovine
brain calmodulin was purified by using a phenyl-Sepharose
column as described by Gopalakrishna and Anderson (10).
Bovine heart cAMP-dependent protein kinase catalytic
subunit was purified to homogeneity as described by
Demaille et al. (11). The catalytic unit of rabbit liver peak II
phosphoprotein phosphatase (12) was a generous gift from R.
Khandelwal (University of Saskatchewan). Heat-stable in-
hibitor protein of the protein kinase was purchased from
Sigma. A monoclonal antibody C1, which is specific for the
60-kDa isozyme subunit, was produced and purified as
described (7). The antibody-Sepharose 4B conjugate used for
affinity chromatography purification of the 60-kDa
phosphodiesterase isozyme was prepared as described (7).

METHODS
Purification of Phosphodiesterase Isozymes. Early steps for

the isozyme purifications, including the calmodulin-Sepha-
rose 4B chromatography stage, were as described for the
purification of calmodulin-dependent phosphodiesterase (9).
Fractions from a calmodulin-Sepharose 4B column contain-
ing calmodulin-dependent phosphodiesterase activity were
pooled and concentrated by ultrafiltration with an Amicon
PM-10 membrane. The concentrated sample was applied to a
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C1 antibody-Sepharose 4B column (1.5 x 8.0 cm), which had
been preequilibrated with buffer A (20 mM TrisHCl/1 mM
imidazole/1 mM magnesium acetate, pH 7.0) containing 2
mM EDTA and 10 mM 2-mercaptoethanol. Fractions were
eluted with 2.5 M MgCl2, and those fractions containing
phosphodiesterase activity were pooled and dialyzed against
buffer A containing 0.1 mM EGTA, 10 mM 2-mercapto-
ethanol, and 10% sucrose to remove MgCl2. The dialyzed
sample was concentrated to at least 150 jig of protein per ml
by Amicon ultrafiltration. This sample was greatly enriched
with the 60-kDa subunit and usually contained <10% 63-kDa
subunit. This preparation is referred to as the 60-kDa
isozyme.

In order to further purify the 63-kDa isozyme, the break-
through fraction and 150 ml of the initial column wash from
the C1 antibody-Sepharose 4B column were pooled, concen-
trated, and further purified by Sephadex G-200 gel filtration
as described for the purification of calmodulin-dependent
phosphodiesterase (9).

Preparation of 32P-Labeled 60-kDa Phosphodiesterase
Isozyme. Phosphorylation of the 60-kDa isozyme (310 ,ug/ml)
was carried out at 30°C in a 1-ml reaction mixture containing
30 ,ug of catalytic subunit of cAMP-dependent protein kinase
per ml, 100 mM Tris HCl (pH 7.0), 5 mM magnesium acetate,
5 mM 2-mercaptoethanol, and 0.2 mM [y-32P]ATP (400-500
cpm/pmol). After incubation for 60 min, an aliquot was taken
for the determination of phosphate incorporation. The re-
maining sample was dialyzed overnight with several changes
against buffer A containing 10 mM 2-mercaptoethanol and
10% sucrose to remove unreacted [y32P]ATP. The dialyzed
sample was used for 60-kDa phosphodiesterase isozyme
dephosphorylation experiments.

Protein Phosphorylation, NaDodSO4 Gel Electrophoresis,
and Autoradiography. Phosphorylation of phosphodiesterase
was carried out at 30°C in a reaction mixture containing 100
mM Tris-HCl (pH 7.0), .5 mM MgCl2, 5 mM 2-mercapto-
ethanol, 0.2 mM [y-32P]ATP (100-200 cpm/pmol), and the
catalytic subunit of cAMP-dependent protein kinase. Phos-
phorylation was monitored by the filter paper disc method
(13) or by autoradiography following NaDodSO4 gel electro-
phoresis. NaDodSO4 gel electrophoresis was carried out as
described (7) with 12% acrylamide gels. After electrophoresis
the gel was stained in Coomassie brilliant blue, destained,
and dried for autoradiography on Kodak Min-R x-ray film.
Other Methods. Assay of cyclic nucleotide phosphodi-

esterase activity was as described (2) except the assay
mixture did not contain imidazole. The activation of calmod-
ulin-dependent phosphatase by preincubation with acti-
vating metal ions was carried out as described (14).

RESULTS

Phosphorylation of 60-kDa Bovine Brain Calmodulin-
Dependent Phosphodiesterase Isozyme. Purified bovine brain
calmodulin-dependent phosphodiesterase contains three iso-
zymes that are composed of two distinct subunits of 60 and
63 kDa. The two types of subunits are usually present in equal
amounts (Fig. 1, lane 1) (7). Analysis by NaDodSO4 gel
electrophoresis and autoradiography of an isozymic mixture
of phosphodiesterase, phosphorylated by the catalytic
subunit ofcAMP-dependent protein kinase in the presence of
[-32P]ATP, revealed that only the 60-kDa subunit of the
phosphodiesterase was phosphorylated (Fig. 1, lane 5).
Similarly, when purified isozyme preparations containing
only 60-kDa or greatly enriched with 60-kDa subunit were
used, only the 60-kDa subunit could be phosphorylated (Fig.
1, lane 7). The phosphorylation of the 60-kDa isozyme was
essentially abolished when the heat-stable inhibitor ofcAMP-
dependent protein kinase was included in the reaction mix-
ture, suggesting that the phosphorylation was catalyzed by
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FIG. 1. Phosphorylation of calmodulin-dependent phosphodi-
esterase by the catalytic subunit of cAMP-dependent protein kinase
(Csub). Purified phosphodiesterase (containing a mixture of iso-
zymes) (182.0 ,ug/ml), the 63-kDa isozyme (92.0 ,ug/ml), and the
60-kDa isozyme (92.0 pg/ml) were phosphorylated by 70 Ag of Cub
per ml for 60 min as described. After phosphorylation, aliquots ofthe
samples were subjected to NaDodSO4 gel electrophoresis. All lanes
contained about 5.0 Ag of CUb. Lanes: 1, purified phosphodiesterase
(12.0 ,ug); 2, 63-kDa isozyme (6.0 pg); 3, 60-kDa isozyme (6.0 ,g); 4,
CSUb alone; 5-8, respective autoradiographs of lanes 1-4. The
location of radioactive spots was determined by aligning the
radioautographs on the gel.

cAMP-dependent protein kinase rather than by a contaminat-
ing kinase (results not shown). Using different concentrations
of catalytic unit of the protein kinase (from 30 to 300 Mg/ml)
and prolonged reaction time (up to 60 min), we found
maximal incorporation of phosphate to range from 1.8 to 2.3
mol of phosphate per mol of subunit. The initial rate of
phosphorylation of the 60-kDa isozyme (5.0 uM) by the
catalytic subunit of protein kinase was determined to be
about 15% of that of histone H3 (20.0 AM) phosphorylation.
In some preparations of the 60-kDa isozyme, a minor
phosphorylated polypeptide of58 kDa could be detected (Fig.
2 Inset). The identity of this phosphopeptide is not known.

Effect of Ca2+ and Calmodulin on the 60-kDa Stibunit
Phosphodiesterase Phosphorylation. The inclusion of both
Ca2l and calmodulin in the reaction mixture essentially
eliminated the phosphorylation of the 60-kDa phosphodi-
esterase subunit by the protein kinase, whereas calmodulin or
Ca2+ alone had little or no effect (Fig. 2 Inset). The inhibition
by these effectors appears to be substrate-directed-i.e., due
to the interaction of Ca2+/calmodulin with the phosphodi-
esterase, since histone phosphorylation by cAMP-dependent
protein kinase catalytic unit was not markedly affected by
Ca2' and calmodulin (results not shown).
To further substantiate the suggestion that Ca2+ and

calmodulin affect the phosphorylation by binding to the
protein substrate, the dependence of the protein phospho-
rylation on calmodulin concentration was examined. The
inhibition was linearly dependent upon the calmodulin con-
centration at low concentrations of calmodulin and ap-
proached completion when a 2:1 molar ratio of calmodulin to
phosphodiesterase was reached (Fig. 2). This is expected if
the inhibition results from the interaction of calmodulin with
the phosphodiesterase, since it is well established that one
molecule of phosphodiesterase is capable of binding two
molecules of calmodulin (15).

Relatiohship Between Phosphorylation and Activity of
Phosphodiesterase Isozymes. Phosphorylation of the 60-kDa
phosphodiesterase isozyme by the catalytic subunit of the
protein kinase was accompanied by a decrease in enzyme
activity when the enzyme assay was carried out in the
presence of 3.4 nM calmodulin, a concentration giving rise to

Proc. Natl. Acad Sci. USA 82 (1995)



Proc. NatL. Acad. Sci. USA 82 (1985) 2605

1(0(0

W 80

-¢606 k

40 I
60~~~~'() ac_____ ____ ____20-

0) 4 8 12 16 20 24
Caliolllliln / phosphodiesteri- se rnolar raitio

FIG. 2. Inhibition of phosphorylation of the 60-kDa isozyme by calmodulin in the presence of Ca2+. The 60-kDa isozyme (0.148 nmol in 100
ul) was incubated in the presence of 0.1 mM Ca2+ with various amounts ofcalmodulin and 30 ug of catalytic subunit (CwUb) per ml under standard
phosphorylation conditions as described. After incubation for 60 min, aliquots were removed and analyzed for phosphate incorporation. The
amount of phosphate incorporated in the absence of calmodulin was 2.1 mol/mol of subunit and was taken as 100% phosphorylation. (Inset)
Phosphorylation of the 60-kDa isozyme (0.148 nmol in 100 IL) was carried out with CSUb (30.0 pg/ml) in the presence of 0.1 mM Ca2+, 0.1 mM
EGTA, 0.1 mM Ca2+/1.5 nmol of calmodulin per 100 id, or 0.1 mM EGTA/1.5 nmol of calmodulin per ml. After a 60-min reaction time, aliquots
were subjected to electrophoresis and autoradiography. Lanes: 1 and 2, samples phosphorylated in 0.1 mM Ca2+ and 0.1 mM EGTA,
respectively; 3 and 4, samples phosphorylated in the presence of calmodulin in 0.1 mM Ca2+ and 0.1 mM EGTA, respectively.

about 80% maximal activation ofthe original enzyme (Fig. 3).
After 60 min, 1.8 mol of phosphate was incorporated per mol
of phosphodiesterase subunit, and the enzyme activity ap-
proached the level of basal enzyme activity. In contrast,
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FIG. 3. Time courses of phosphorylation and activity modifica-
tion of the 60-kDa isozyme by the catalytic subunit of protein kinase.
Phosphodiesterase (310 pg/ml) was phosphorylated by the catalytic
subunit of protein kinase (30 ug/ml) in a standard reaction mixture.
At the time intervals indicated, separate aliquots were removed for
analysis of phosphate incorporation (o) and phosphodiesterase
activity in the presence of 3.4 nM (o) and 340.0 nM (.) calmodulin
with 0.1 mM Ca2+. Basal activity was determined in the presence of
0.1 mM EGTA (W).

phosphorylation had little or no effect on the enzyme activity
when the assay was carried out in the absence of calmodulin
or in the presence of an excess amount of calmodulin (340.0
nM). The results suggest that phosphorylation lowers the
enzyme affinity for calmodulin.

This suggestion was confirmed by comparing the dose-
dependent activation of the nonphosphorylated phosphodi-
esterase with that of a phosphorylated isozyme sample
containing 2.2 mol of phosphate per mol of subunit (Fig. 4).
The concentration of calmodulin required for 50% activation
of the phosphorylated phosphodiesterase was about 20-fold
higher than that of the nonphosphorylated enzyme: 0.51 nM
and 9.3 nM, respectively. In a previous study, we demon-
strated that calmodulin-dependent bovine brain phosphodi-
esterase could be phosphorylated by cAMP-dependent pro-
tein kinase reactions but failed to detect any changes in the
catalytic properties of this phosphodiesterase (2). The reason
for this discrepancy is not clear.
Dephosphorylation of Phosphodiesterase Isozyme by

Calcineurin. Two phosphoprotein phosphatases, a 35-kDa
rabbit liver phosphoprotein phosphatase (peak II) (12) and a
calmodulin-dependent phosphatase (calcineurin) were tested
for their abilities to dephosphorylate the 60-kDa phospho-
phosphodiesterase isozyme. The phosphophosphodiesterase
isozyme could be dephosphorylated by the calmodulin-
dependent phosphatase when Ni2+ or Mn2+ was present (Fig.
5). The phosphatase activity was greatly enhanced by the
inclusion of calmodulin (Fig. 5). When Ca21 instead of Ni2+
or Mn2+ was used, little dephosphorylation of the enzyme
occurred (results not shown). In contrast to the calmodulin-
dependent phosphatase, peak II phosphoprotein phospha-
tase (0.5 unit/ml) possessed no detectable activity towards
the 60-kDa phosphophosphodiesterase isozyme. One unit of
phosphoprotein phosphatase was defined as that amount of
enzyme that releases 1 nmol of phosphate from phosphoryl-
ated phosphorylase b per min at 370C.

Biochemistry: Sharma and Wang
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FIG. 4. Phosphodiesterase activation by calmodulin. A sample ofthe 60-kDa isozyme was phosphorylated for 60 min by the catalytic subunit
of the protein kinase (as described in the legend for Fig. 3) to 1.9 mol of phosphate per mol subunit. Both the nonphosphorylated (o) and the
phosphorylated (o) enzymes were assayed for phosphodiesterase activity with various concentrations of calmodulin as indicated.

Substrate dephosphorylation was accompanied by an in-
crease in the phosphodiesterase affinity for calmodulin.
When phosphorylated 60-kDa phosphodiesterase isozyme
containing 2.2 mol of phosphate per mol of subunit was
incubated at 30'C for 60 min with 30 jig of Ni2+-activated
calcineurin and 20 j.g of calmodulin per ml, we observed the
total dephosphorylation of the substrate. The dephosphoryl-
ated phosphodiesterase was then separated from calmodulin,
phosphatase, and released phosphate by using a C1 antibody-
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FIG. 5. Time course of dephosphorylation of the phosphorylated
60-kDa isozyme. Phosphorylated 60-kDa isozyme (150 Hg/ml) was
incubated at 300C in a reaction mixture containing 100 mM Tris HCl
(pH 7.0), 5 mM magnesium acetate, and 5 mM 2-mercaptoethanol
and the following additions: 0.05mM Ni2+ and calmodulin (10 yg/ml)
(i), 0.05 mM Ni2+ and Ni2+-activated calcineurin (10 pg/ml) (o), 0.05
mM Ni2+ and Ni2+-activated calcineurin (10 pg/ml) containing
calmodulin (10 Ag/ml) (-), 0.05 mM Mn2+ and Mn2+-activated
calcineurin (10 Ag/ml) (x), and 0.05 mM Mn2+ and Mn2+-activated
calcineurin (10 ,ug/ml) containing calmodulin (10 yg/ml) (0). The
phosphatase sample was incubated with 1 mM metal ion at room
temperature for 1 hr prior to the initiation of the phosphatase
reaction.

Sepharose column. After dialysis to remove high concentra-
tions of MgCl2 resulting from the affinity chromatography,
the enzyme was tested for calmodulin activation. Whereas
the original phosphorylated isozyme required about 15 nM
calmodulin for 50% activation, the dephosphorylated enzyme
required only 0.8 nM calmodulin for 50% activation.

DISCUSSION
The observation that the 60-kDa subunit-containing isozyme
but not the 63-kDa subunit-containing isozyme of the cyclic
nucleotide phosphodiesterase can be phosphorylated by
cAMP-dependent protein kinase and that the phosphoryl-
ation results in a marked decrease in the 60-kDa subunit
affinity towards calmodulin supports the view that the iso-
zymes of bovine brain phosphodiesterase possess distinct
physiological and regulatory functions. Although the rate of
phosphorylation of the phosphodiesterase isozyme is some-
what lower than those of many other protein substrates of
cAMP-dependent protein kinase, the specificity of the phos-
phorylation and the marked change in regulatory properties
of phosphodiesterase upon phosphorylation suggest that this
phosphorylation is physiological. However, the suggestion
has to be substantiated by further studies.
The phosphorylation of this phosphodiesterase isozyme

and the concomitant decrease in the affinity of the enzyme
toward calmodulin is reminiscent of the regulation of smooth
muscle myosin light chain kinase by cAMP-dependent pro-
tein kinase, demonstrated by Adelstein and co-workers (16).
In both cases, phosphorylation of the enzyme results in a
drastic decrease in the enzyme affinity for calmodulin. The
observation that phosphorylation of the phosphodiesterase
isozyme is inhibited by Ca2+ and calmodulin suggests that the
phosphorylation sites may reside in, or in proximity to, the
calmodulin binding domain. This suggestion is in agreement
with the finding that synthetic polypeptides that are sub-
strates of cAMP-dependent protein kinase are capable of
undergoing Ca2+-dependent association with calmodulin
(17).
Although phosphorylation of the 60-kDa subunit-contain-

ing isozyme drastically decreases the enzyme affinity for
calmodulin, it does not totally abolish the Ca2+-dependent
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activation by calmodulin. In the presence of excess
calmodulin, the activity of the 60-kDa subunit-containing
isozyme is not affected by phosphorylation. Since the total
calmodulin concentration in brain is >10 AM, it may be
argued that phosphorylation of this phosphodiesterase
isozyme by cAMP-dependent protein kinase does not bring
about enzyme inhibition in brain cells. However, it is possible
that a good portion of calmodulin in brain is protein bound
(18) and, therefore, unavailable for phosphodiesterase activa-
tion. In addition, it has been shown that the effective Ca2+
concentration for the activation of cyclic nucleotide
phosphodiesterase is dependent on the concentration of
calmodulin. When calmodulin concentration is lowered, a
higher concentration of Ca2l is required for phosphodi-
esterase activation (19). Thus, it is expected that, even at a
saturating concentration of calmodulin, a decrease in the
enzyme affinity for calmodulin would result in a shift of the
Ca2l-activation curve to a higher Ca> concentration range.
Since calmodulin regulates a multitude of proteins in a
Ca2"-dependent manner, the lowering of the calmodulin
affinity of certain calmodulin-regulated proteins by phospho-
rylation may be a way to selectively eliminate or reduce the
Ca2 responses of specific processes.
One of the mechanisms by which Ca2> can regulate cAMP

concentrations in the cell is through the activation of cyclic
nucleotide phosphodiesterase by Ca> and calmodulin. Re-
sults from the present study suggest that this regulatory
mechanism can be fine tuned by various interactions of Ca2+
and cAMP. First, there are two major isozymes of the
phosphodiesterase possessing different regulatory proper-
ties. Second, the 60-kDa subunit-containing isozyme can be
regulated by at least three different mechanisms involving
cAMP or Ca2+: (i) cyclic AMP, through the action of the
protein kinase, can lower the affinity of the phosphodi-
esterase isozyme for calmodulin; (ii) Ca> and calmodulin
can prevent the decrease in affinity for calmodulin by
inhibiting cAMP-dependent phosphorylation; and (iii)
calmodulin, through activating a phosphatase (calcineurin),
can reverse this cAMP effect. Although it is yet to be
established that these regulatory mechanisms operate physi-
ologically, it is not difficult to conceive of certain regulatory
advantages of these mechanisms. Since a rise in cAMP
concentration is often associated with the activation of
adenylate cyclase, inhibition of the phosphodiesterase by
cAMP-dependent phosphorylation represents a concerted
enzyme regulation-i.e., inhibition of the degradative en-
zyme in concert with activation of the synthetic enzyme. It
is conceivable that, for certain conditions of cell activation,
a small and brief elevation in cAMP concentration may be
required, and prevention of the inhibition of the phosphodi-
esterase isozyme by Ca>2 and calmodulin can be used by the
cell to achieve such an objective. The stimulation of
dephosphorylation of the phosphophosphodiesterase
isozyme by calmodulin-stimulated phosphatase may be a
mechanism for facilitating the return of the cell from an
activated state to a resting state. Results from the present

study provide a basis for the study of the mechanism of
regulation of cAMP concentration under various physiologi-
cal conditions. The interactions of cAMP and Ca2+/calmod-
ulin at the multiple levels of substrate, kinase, and phospha-
tase are probably determined by the physiological state and
needs of the cell. Depending on these conditions, the extent
of cellular responses can be controlled through these inter-
actions.
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