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A calmodulin-Ca?*-stimulated cyclic nucleotide phosphodiesterase (EC 3.1.4.17) which
hydrolyzed both ¢cGMP and cAMP has been purified about 2000-fold from ovaries of
the amphibian Xenopus laevis. Gel filtration through Sephadex G-200 indicated a mo-
lecular weight of 140,000. A single, major protein band of molecular weight 66,000 was
observed on sodium dodecyl sulfate-polyacrylamide gel electrophoresis. In addition to
the stimulation by calmodulin-Ca®*, the enzyme was activated 5- to 10-fold by proteolysis
and by certain phospholipids. Trypsin activation of the enzyme caused a reduction in
the native molecular weight to 90,000 and a loss of the capacity to be stimulated by
calmodulin-Ca?* or by phospholipids. The phosphodiesterase was stimulated by low
concentrations (0.1 ug/ml) of lysophosphatidylcholine and lysophosphatidylethanol-
amine. This response did not require calcium ions. Phosphatidylinositol, fatty acids,
progesterone, and phospholipase C had little or no effect on activity. Simultaneous
addition of 1 mm 2-chloro-10-(3-aminopropyl)phenothiazine and lysophosphatidylcholine
to the enzyme did not diminish the stimulatory effect of the phospholipid. The activation
of the enzyme by all three agents resulted in an increase in the maximum velocity of
the reaction without significant modification of the apparent K,, values for cGMP (5
uM) or cAMP (30 uM). It was suggested that trypsin removed an inhibitory domain
from the enzyme and that calmodulin and phospholipids interact with this same domain,
eliminating its capacity to inhibit the active center of the enzyme.

Cyclic nucleotide phosphodiesterases
(EC 3.1.4.17) that are activated by eal-
modulin and caleium have been found in
many animal tissues. The enzymes from
bovine brain and heart have been purified
to homogeneity, and their characteristics
have been studied in detail (for reviews see
Refs. (1, 2)).

Since the induction of meiotic matura-
tion of amphibian oocytes by progesterone
is accompanied by a transient decrease of
cAMP and a similarly transient increase
of intracellular Ca?* (3-6), several labo-
ratories have looked for the possible in-
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volvement of a cyclic nucleotide phospho-
diesterase activated by calcium through
calmodulin in this process. Contrary to the
initial finding of two other groups (7-8),
work in our laboratory has demonstrated
that Xenopus laevis oocytes also contain a
major cyclic nucleotide phosphodiesterase
species (PDE I)? that can be greatly stim-
ulated by calmodulin and calcium (9). This

2 Abbreviations used: PDE-I, calmodulin-Ca?*-
stimulated cyclic nucleotide phosphodiesterase; SDS,
sodium dodecyl sulfate; CAPP, 2-chloro-10-(3-ami-
nopropyl)phenothiazine; EGTA, ethylene glycol bis(3-
aminoethyl ether)-N,N'-tetraacetic acid; Hepes, 4-(2-
Hydroxyethyl)-1-piperazineethanesulfonic acid; LPC,
lysophosphatidylcholine; CaM, calmodulin.
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observation has been confirmed by Miot
and Erneux (10). Further work has deter-
mined that this enzyme can be activated
by trypsin treatment (11), and that its ac-
tivity is inhibited in the living oocytes (12).

The work presented in this report in-
cludes details of the extensive purification
of oocyte PDE I, some physical and kinetic
properties of the enzyme, and character-
istics of its activation by tryptic proteolysis
and by some phospholipids.

EXPERIMENTAL PROCEDURES

Materials. Mature female X laevis were obtained
from the South African Snake Farm, Capetown, R.S.A.
[2,8-*H]Adenosine 3',5-cyclic phosphate (32 Ci/mmol)
and [8,5-*Hlguanosine 3',5'-cyclic phosphate (34 Ci/
mmol) were purchased from New England Nuclear,
Boston, Massachusetts, and were purified before use
(18). Unlabeled nucleotides, cyanogen bromide-acti-
vated Sepharose 4B, Sephadex G-200 (superfine),
trypsin (Type III), soy bean trypsin inhibitor (Type
1-S), phospholipase C (Type XII), steroids, phospho-
lipids, fatty acids, and molecular weight markers for
gel filtration (cytochrome C, ovalbumin, bovine serum
albumin, phosphorylase b, and alkaline phosphatase)
were obtained from Sigma Chemical Company,
St. Louis, Missouri.

DEAE-cellulose was from Whatman, Ltd., Kent,
England. PM 30 membranes were from Amicon Cor-
poration, Danvers, Massachusetts. Pure brain cal-
modulin was a gift from Dr. C. Klee, NIH, Bethesda,
Maryland. 2-Chloro-10-(3-aminopropyl)phenothiazine
was obtained from the Psychopharmacology Research
Branch, National Institute of Mental Health, NIH,
Bethesda, Maryland. Fluphenazine was a gift from
Smith, Kline and French, Philadelphia, Pennsylvania.

Assay of cyclic nucleotide phosphodiesterase activity.
A modified two-step procedure of Thompson et al. (13)
was used. The standard incubation mixture used for
the caleium and ecalmodulin-dependent activity con-
tained, in a total volume of 200 xl, 10 mM Hepes, pH
7.6, 3 mM 2-mercaptoethanol, 5 mM MgCl,, 0.3 uM
calmodulin, 0.5 mm CaCly, 5 uM *HJcAMP or 1 um
[*H]eGMP, and the enzymatic fraction. Additional de-
tails and description of controls used routinely were
published previously (11).

To measure the basal activity, the same mixture
was used except that EGTA to a final concentration
of 2 mM was added. Incubations were carried out at
30°C for 20 min, at which time less than 20% hydro-
lysis of the substrate was observed. For the mea-
surement of enzyme activity in the presence of lipids
and with PH]cAMP as substrate, 0.1 mM EGTA was
added to the assay mixture and calmodulin and cal-
cium ions were omitted, except where specified.
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Purification of cyclic nucleotide phosphodiesterase
I Ovaries were removed surgically, and rinsed in a
saline buffer containing 50 mM Hepes, pH 8.0, 5 mMm
MgCl,, 3 mM 2-mercaptoethanol, 0.1 mM EDTA, and
0.1 mm EGTA (buffer A). All subsequent operations
were at 4°C except where stated. Samples (150-200
g) of minced ovarian tissue were homogenized in small
batches in buffer A using a motor-driven Potter-El-
vehjem homogenizer. The material obtained was
pooled and centrifuged at 27,000g for 20 min. The
supernatant fraction was filtered through glass wool
to remove a lipid layer and again centrifuged at
27,000¢ for 20 min. The supernatant fraction was used
as enzyme source for further purification.

The extract was applied to a DEAE-cellulose
(Whatman DE-52) column (1.5 X 30 em) that had
been equilibrated with 10 mM Hepes, pH 7.5, 5 mm
MgCl,, 3 mM 2-mercaptoethanol, 0.1 mmM EDTA, and
0.1 mm EGTA (buffer B). The column was washed
with 700 ml of buffer B and eluted with a linear salt
gradient of 0 to 0.8 M sodium acetate in buffer B. The
total gradient volume was 1.5 liters, and the elution
was carried out at rate of 120 ml/h, collecting 7-ml
fractions.

As published previously (9), PDE I elutes from such
a column at a salt concentration of about 200 mM.
The fractions with PDE I activity were pooled and
concentrated by ultrafiltration using an Amicon PM
30 membrane, and stored at —80°C or processed fur-
ther.

Affinity chromatography using calmodulin-Sephar-
ose. The enzyme from the DEAE-cellulose column
was adjusted to a final concentration of 0.5 mm CaCl,
and passed through a 2-ml calmodulin-Sepharose
column that had been equilibrated with buffer con-
taining 40 mM Tris-HC], pH 7.5, 50 mm NaCl, 3 mm
MgCl,, 0.2 mM CaCl,, and 0.1 mM dithiothreitol (buffer
C). The calmodulin-Sepharose resin had been pre-
pared as described by Klee and Krinks (14). The col-
umn was washed with 20 m! of buffer C and subse-
quently with 10 ml of that buffer containing 0.2 M
NaCl. The calmodulin-sensitive enzyme was eluted
with a solution containing 40 mM Tris-HCI, pH 7.5,
2mM EGTA, 1 mm MgCl,, 0.1 mM dithiothreitol, and
0.2 M NaCl. The column flow rate was 12 ml/h and
1-ml fractions were collected. The active fractions
were pooled and stored in 50% glycerol. Under these
conditions the enzyme was stable for about 2 months
at —80°C.

Electrophoretic fractionation of PDE I Electro-
phoresis of purified fractions of PDE I was carried
out in cylindrical tubes (1.4 X 11 ¢m) containing 6%
polyacrylamide and 0.05% bisacrylamide, as described
by Usunov et al. (15). The gels were prerun for 16 h
with a buffer containing 50 mM Tris base, 0.38 M gly-
cine, pH 8.8, 5 mm MgCl,, 3 mM 2-mercaptoethanol,
and 0.1 mM EGTA, with a constant current of 4 mA
at 4°C. After loading the sample in 10% sucrose and
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with bromphenol blue as marker, electrophoresis was
performed at 4°C using 8 mA. The process was stopped
when the marker dye had run through 90% of the
gel, which took approximately 3.5 h. The gel cylinder
was sliced into fractions (4 mm thick), which were
ground up and then incubated with 1.5 ml of the buffer
used for electrophoresis for 16 h at 4°C in order to
elute the enzyme.

SDS electrophoresis. Electrophoresis in polyacryl-
amide gel slabs in the presence of SDS was run as
described by Laemmli (16). A stacking gel of 3% ac-
rylamide and a separating gel of 10% acrylamide were
used. The electrophoresis was run with a constant
current of 30 mA at room temperature. Proteins were
stained with Coomassie blue R250.

Sephadex gel filtration. Gel filtration was performed
with Sephadex G-200 superfine using a 1.5 X 66-cm
column equilibrated with buffer A containing 0.1 M
NaCl. The flow rate was 12 m! per hour and fractions
of 2 ml were collected. Protein standards used were
cytochrome ¢ (M, = 12,000), ovalbumin (M, = 43,000),
bovine serum albumin (M, = 67,000), phosphorylase
b (M. =94,000), and alkaline phosphatase (M,
= 160,000).

Trypsin treatment. PDE I in buffer B was incubated
with 2 to 10 ug of trypsin/ml for 10 min at 30°C. The
reaction was stopped by the addition of soy bean
trypsin inhibitor at a concentration 5 times greater
than the amount of trypsin used.

Protein determinations were performed routinely
using the Coomassie G-250 dye binding method (17)
with bovine serum albumin as standard.

RESULTS

Purification of cyclic nucleotide PDE I,
High purification of PDE I can be achieved
by chromatography on DEAE-cellulose
followed by affinity chromatography on a
calmodulin-Sepharose column. It has been
demonstrated previously (9) that DEAE-
cellulose chromatography of a crude cy-
tosol fraction of X laevis oocytes separates
two fractions with cAMP phosphodiester-
ase activity. PDE I, which elutes between
180 and 210 mM sodium acetate, is greatly
stimulated by calmodulin and calcium and
hydrolyzes both cAMP and ¢cGMP with
similar efficiency. PDE II, which elutes
with 350 mM salt, is not activated with
calmodulin and calcium and is specific for
cAMP.

The DEAE-cellulose fractions contain-
ing PDE I activity, concentrated by ultra-
filtration, can be purified further by pas-
sage through a calmodulin-Sepharose
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column equilibrated with a caleium con-
taining buffer. Figure 1 shows a typical
elution pattern. It can be seen that a large
fraction of the protein is not retained in
this column. This unretained fraction has
appreciable cyclic nucleotide phosphodi-
esterase activity which is not sensitive to
calmodulin and calcium. This fraction cor-
responds to contamination of the DEAE-
cellulose fractions with PDE II. This eluted
protein would also contain any PDE I
which had lost its capacity to be stimulated
by calmodulin because of proteolysis oc-
curring during the initial fractionation of
the crude extract. Elution of the affinity
column with a buffer containing EGTA re-
sults in the appearance of a small amount
of protein which contains PDE I activity
that is greatly stimulated by calmodulin
and calcium. As seen in Table I, this step
gives a purification of close to 300-fold,
while the two combined steps give a pu-
rification of 2000-fold. The activity ob-
tained after calmodulin-Sepharose puri-
fication is very labile but can be stabilized
by 50% glycerol.

300 ~ |/

200

100 +

PDE I Activity
pmol cGMP hydrolyzed /min/ml
Absorbance (280 nm)

S al -

0 20 40

Elution volume {ml)

FiG. 1. Affinity chromatography of c¢yclic nucleotide
phosphodiesterase I. PDE I (100 mg protein) obtained
from DEAE-cellulose and adjusted to 0.5 mm CaCl,
was applied to a 1 X 2.5-cm column of calmodulin-
Sepharose. The column was washed with 20 ml buffer
C, 10 ml of buffer C containing 0.2 M NaCl, and 10
ml of solution containing 40 mM Tris-HCI, pH 7.5, 2
mM EGTA, 1 mM MgCl,, 0.1 mMm dithiothreitol, and
0.2 M NaCl. The arrows indicate the change of eluting
buffers. Aliquots of 10 ul were used for enzyme assays
with PH]eGMP as substrate (basal activity, O; cal-
modulin-Ca? -stimulated activity, @). Protein was
measured spectrophotometrically (- - -).
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TABLE I
PURIFICATION OF CYCLIC NUCLEOTIDE PHOSPHODIESTERASE I FROM OVARY OF Xenopus laevis
Total Specific
Volume protein Total activity® Yield Purification
Fraction (ml) (mg) units (units/mg) (%) (-fold)
Extract 245 6080 225 0.037 100 1
DEAE-cellulose 150 396 104 0.262 46 7
CaM-Sepharose 2.2 0.12 41 743 18 2017

Note. Results are presented for 165 g of ovary.

® Activity was measured in the presence of Calmodulin/Ca®* and with 1 uM [PH]eGMP as substrate. One
unit of enzyme is defined as the amount which hydrolyzes 1 pmol of cGMP/min.

Using nondenaturing conditions, PDE 1
activity can be recovered after polyacryl-
amide gel electrophoresis. This activity
enters the gel approximately 1.2-1.5 em
under the conditions deseribed under Ex-
perimental Procedures, and retains its ca-
pacity to be stimulated by calmodulin and
calcium. However, the recovery of active
enzyme is very low. Figure 2 shows the
Coomassie blue staining pattern of an
SDS-polyacrylamide gel which was used
to fractionate the polypeptide chains pres-
ent in the different fractions containing
PDE I activity. A comparison of channels
1 (DEAE-cellulose) and 2 (calmodulin-Se-
pharose) demonstrates the high purifica-
tion capacity of the affinity column. The
principal band appearing in channel 2 is
a polypeptide of approximately 66,000 Da.
The other bands in that channel are minor
and have molecular weights near 30,000.
The active material recovered from non-
denaturing electrophoresis (described be-
low) gave a single, faint protein band of
66,000 Da (channels 3 and 6).

Activation of PDE I by proteolysis. As
has been reported briefly (11), trypsin
treatment of PDE I raises the basal ac-
tivity of the enzyme to levels similar to
those obtained with the calmodulin-Ca?*
complex. This proteolytic activation is ac-
companied by a loss of the capacity of the
enzyme to be stimulated by calmodulin
and calcium and to be retained on a
calmodulin-Sepharose column. Subtilisin
is slightly more effective than trypsin in
stimulating PDE I activity but chymo-
trypsin is inactive in this respect (data not

shown). As shown previously (11), using 2
ug/ml of trypsin, incubation times of up
to 60 min do not cause a decrease in the
proteolytic activation of PDE 1.

The results presented in Figs. 3A and B
demonstrate the effect of tryptic activation
on the position of elution of PDE I from
a Sephadex G-200 column. Using proteins
of known molecular weight to calibrate this

ey 94,000
. 67,000

—
- 43,000
30,000

F1G. 2. SDS-gel electrophoresis of cyclic nucleotide
phosphodiesterase I fractions on 10% polyacrylamide
gels. Lane 1 contains 150 ug of protein from the DEAE-
cellulose purification step; lane 2 contains 7 ug protein
from the calmodulin-Sepharose affinity chromatog-
raphy step; and lanes 3 and 6, 0.5 ug protein enzyme
recovered from preparative gel electrophoresis as de-
scribed under Experimental Procedures. Lanes 4 and
5 contain the protein standards phosphorylase b (M,
= 94,000), bovine serum albumin (M, = 67,000), oval-
bumin (M, = 43,000), and carbonic anhydrase (M,
= 80,000). Gels were stained with Coomassie blue R-
250.
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F1G. 3. The effect of trypsin on the behavior of cyclic nucleotide phosphodiesterase I on gel
filtration and acrylamide gel electrophoresis. (A) A 2-mg sample of PDE I was applied to a 1.5
X 66-cm Sephadex G-200 column and eluted as given under Experimental Procedures. Two-milliliter
fractions were collected, and assays were performed with 20 ul aliquots for basal (O) and calmodulin-
Ca®**-stimulated (@) activity, using [*H}eGMP as substrate. The arrows indicate the void volume
and the position of elution of protein molecular weight markers: a) void volume; b) alkaline phos-
phatase (M, = 160,000); c¢) phosphorylase b (M, = 94,000); d) bovine serum albumin (M, = 67,000);
e) ovalbumin (M, = 43,000), and f) cytochrome ¢ (M, = 12,000). (B) A 2-mg sample of PDE I was
incubated with 2 ug of trypsin for 10 min at 30°C, 10 ug soybean trypsin inhibitor added, and the
resultant solution was subjected to gel filtration as in A. (C) A 200-ug aliquot of PDE I was analyzed
by electrophoresis on a 6% polyacrylamide gel for 3.5 h at 4°C. The gel was sliced in 4-mm sections
and eluted with 1.5 ml buffer B for 16 h at 4°C, and the resultant solutions were analyzed for PDE
T activity using *H]cGMP as substrate (basal activity, cross-hatched bars; calmodulin-Ca?*-stimulated
activity, open bars). (D) A 200-ug aliquot of PDE I was incubated with 0.2 ug trypsin for 10 min
at 30°C, 1 pug soybean trypsin inhibitor added, and the resultant solution was analyzed by gel

electrophoresis as in C.

column, it can be estimated that the native
PDE-I has an approximate molecular
weight of 135,000-140,000, while the tryp-
sin-treated enzyme is a 90,000-Da protein.
It is also shown in Fig. 3B that the enzyme
activated by proteolysis cannot be further
stimulated by calmodulin and calcium. In
Figs. 3C and D it is shown that trypsin
also modifies the electrophoretic mobility
of PDE I, increasing the capacity for mi-
gration of the activity into the gel. Again,
the loss of response to calmodulin and cal-
cium is illustrated by this experimen-
tal approach. It is unfortunate that the

amount of protein recovered after trypsin
treatment did not give a clear staining
pattern in SDS-electrophoretic gels, and
therefore no information could be obtained
as to the size of the protomers after pro-
teolysis.

Activation of PDE I by phospholipids.
Some calmodulin-sensitive phosphodies-
terases from mammalian tissues have been
shown to be activated by specific phos-
pholipids and fatty acids (18-20).

The effect of several lipids on oocyte PDE
I was tested, as shown in Table II. It is
clear that lysophosphatidylcholine and ly-
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TABLE II

L1PID ACTIVATION OF CYCLIC NUCLEOTIDE PHOSPHODIESTERASE [

Addition

Phosphodiesterase activity
[*HlcAMP hydrolysis

1

pmol min mg protein~ -fold stimulation

Experiment 1
None
Calmodulin (0.001 mg/ml)
Lysophosphatidylcholine (0.5 mg/ml)
Oleic acid (0.04 mg/ml)

Experiment 2
None
Lysophosphatidylcholine (0.1 mg/ml)
Lysophosphatidylethanolamine (0.2 mg/ml)
Phosphotidylinositol (0.2 mg/ml)
Sodium stearate (0.15 mg/ml)
Sodium linoleate (0.15 mg/ml)

Experiment 3
None
Progesterone (17 uM)
Progesterone (170 uM)
B-Estradiol (10 uM)
Testosterone (10 uM)
Hydrocortisone (10 uM)

Experiment 4
None
Phospholipase C (5 U)
Phosphosphatidylcholine (0.1 mg/ml)
Lysophosphatidylcholine + Phospholipase C
(0.1 mg/ml 5 U)

58.8 —
251 4.3
277 47
52.9 0
88.3 —
383 4.3
372 4.2
149 17
149 1.7
0 Inhibition
15.3 —
19.5 1.3
124 0
13.6 0
8.6 0
0 Inhibition
71.5 0
69.4 0
552 7
76.8 1.1

Note. Enzyme assays were performed using the calmodulin-Sepharose-purified PDE I in the presence of
the indicated lipid or of the solvent used for its preparation, as described under Experimental Procedures,
and using [PHJcAMP as substrate. In experiment 2 lysophosphatidylethanolamine, sodium stearate, and
sodium lineolate were prepared by a 5-min sonication in the incubation buffer immediately before use. In
experiment 3, steroids were prepared as concentrated solutions in ethanol, and the final concentration of the
solvent in the incubation mixtures was 0.01 to 0.1%. Phospholipase C was added at zero time.

sophosphatidylethanolamine cause a
marked stimulation of the enzyme activity.
On the other hand, phosphatidylinositol at
a similar low concentration has a much
smaller effect. Of the long-chain fatty acids
tested, only sodium stearate had a signif-
icant positive effect. Sodium oleate had no
effect while the linoleic acid salt caused a
drastic inhibition of the enzyme. Proges-
terone and testosterone, which can induce
oocyte maturation, had no significant ef-
fect, whereas cortisol also produced a

marked inhibition. It is important to point
out that the activation observed with ly-
sophosphatidylcholine can be obtained in
the absence of Ca?' and that addition of
calcium does not modify the values ob-
tained (not shown).

Phospholipase C has been reported to
stimulate the calmodulin-sensitive cyclic
nucleotide phosphodiesterase of bovine
brain (19). The basal activity of oocyte PDE
I is not altered by the addition of phos-
pholipase C (Table II, experiment 4). On
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the other hand, as it would be expected,
the presence of the lipase essentially elim-
inates the stimulation of PDE I caused by
lysophosphatidylcholine.

The stimulation by lysophosphatidyl-
choline was studied further. Figure 4 shows
the effects of different amounts of this
phospholipid on the activity of PDE I. The
activation of the enzyme reaches maximum
values with 20 ug of lysophosphatidylcho-
line. No further increase in activity was
observed when assays were carried out in
the presence of both phospholipid and cal-
modulin and Ca?', showing that the stim-
ulatory effects of both agents were not ad-
ditive. However, in several experiments
using different enzyme preparations, ly-
sophosphatidylcholine was able to activate
PDE I to levels that were 25-30% above
the maximum values observed with cal-
modulin and calecium alone. Figure 4 also
shows that a wide range of concentrations
of lysophosphatidylcholine that give up to
eightfold stimulation of the native PDE I

i

e —T T/
~
< 0 /’"
g 400
= N Y
s o
2z @
Z N -
o ko)
a4 3
- 5
w > 200} 4
g e
a 3 /o\o___/———o—{/_o
o
©°
€
a 1 1 IIII 1
10 20 40

Lysophosphatidyt choline( ug)

FI1G. 4. The effect of lysophosphatidylcholine on the
activity of cyclic nucleotide phosphodiesterase 1. PDE
I (9 ug) obtained after calmodulin-Sepharose puri-
fication was assayed with varying concentrations of
lysophosphatidylcholine, using [*HlcAMP as sub-
strate, in the absence () and presence (®) of 0.3 uM
calmodulin. PDE I (29 ug) was treated with trypsin
(2.9 ug) for 10 min at 30°C, as described under Ex-
perimental Procedures, and applied to a 1-ml cal-
modulin-Sepharose eolumn, and the enzyme which
was not retained on the column was analyzed using
varying concentrations of lysophosphatidylcholine (W)
and [*H]JcAMP as substrate. The incubation with
trypsin resulted in a 3.8-fold stimulation of activity
as compared to the untreated enzyme.
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do not have a significant effect on trypsin-
activated PDE I.

Phenothiazines have been shown to in-
hibit calmodulin-activated enzymes (21)
and, specifically, 2-chloro-10-(3-aminopro-
pyl)phenothiazine (CAPP) has been dem-
onstrated to abolish the stimulation of oo-
cyte PDE I by calmodulin and calcium (9).
Figure 5 compares the effects of two an-
tipsychotic drugs, CAPP and fluphenazine,
on the activity of PDE I in the presence
of either calmodulin and calcium or lyso-
phosphatidylcholine. In Fig. 5A it can be
seen that CAPP fails to inhibit the enzyme
activated by lysophosphatidylcholine at
concentrations that abolish the calmodulin
stimulation. Fluphenazine, on the other
hand, as observed in Fig. 5B, behaves dif-
ferently since it blocks the effect of both
activators. However, while the inhibition
of the enzyme activated by the phospho-
lipid is gradual, the decrease in the cal-
modulin-stimulated activity has a sharp
break typical of a titration curve.

Kinetic parameters in the activation of
PDFE I. Figure 6 shows Lineweaver-Burk
plots of the effects of cAMP concentration
on the activity of PDE I measured in the
presence of lysophosphatidylcholine. For
comparison, the activities observed in the
presence and absence of calmodulin-Ca?"
are shown. The apparent K, values for
cAMP were essentially the same in all
three experiments, 28 umM (basal), 26 uM
(with lysophosphatidylcholine), and 33 uM
(with calmodulin-Ca?"). However, both ac-
tivators increased the apparent V., about
fivefold.

Table III summarizes the results ob-
tained with the three activation mecha-
nisms of PDE I using cGMP as substrate.
Again, the effect of the activators on the
apparent K,, of the enzyme was not very
significant, while in all cases the apparent
Vmax Was increased by the activator.

DISCUSSION

To our knowledge, the work described
above presents the first detailed study of
a nonmammalian cyclic nucleotide phos-
phodiesterase that can be activated by cal-
modulin. It is of interest, therefore, to
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F1G. 5. The effect of phenothiazine drugs on the activity of cyclic nucleotide phosphodiesterase
I in the presence of calmodulin-Ca?" and lysophosphatidylcholine. (A) PDE I activity was measured
in the presence of 0.3 uM calmodulin (®) or 2 pg lysophosphatidylcholine (®) with varying concen-
trations of 2-chloro-10-(3-aminopropyl)phenothiazine, and [*HJcAMP as substrate. Assays were
conducted with 9 ug of enzyme as given under Experimental Procedures. (B) PDE-I activity was

measured as given in A with varying concentrations of fluphenazine-2 HCI.

compare the properties of this enzyme with
those of cyclic nucleotide phosphodiester-
ases from bovine heart and brain, which
have been thoroughly characterized.

The amphibian enzyme has a molecular
weight of 140,000; the electrophoretic
analyses suggest that the enzyme is prob-
ably a dimer constituted of two identical
subunits of molecular weight approxi-
mately 66,000, which is the main protein

band appearing in the SDS-electrophoretic
gels of the most highly purified prepara-
tions. The mammalian enzymes are some-
what smaller; they have been shown to be
dimers with a molecular weight of 120,000,
having subunits of approximately 58,000-
59,000 Da (22-24).

It is notable that the X laevis enzyme
is just as versatile as that obtained from
mammalian tissues with respect to its ac-

1 /v, pmol" min.

[l 1 1

0.1 02

17[camP], oM

F1G. 6. Lineweaver-Burk plot of [PHJcAMP hydrolysis catalyzed by cyclic nucleotide phospho-
diesterase I. PDE-I activity was measured in the absence of activator (O) or in the presence of 4
ug lysophosphatidylcholine (W) or 18 uM calmodulin (®) using [*HJcAMP as substrate. Assays were
performed in triplicate using 9 ug of enzyme and 4.7 to 250 uM [*HjcAMP.
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TABLE III

KINETIC CONSTANTS OF PDE I IN THE
PRESENCE OF ACTIVATORS

cGMP
K, v
Activator or pretreatment (uM) (nmol min™ mg™)
Experiment 1
None 5 2
Calmodulin/Ca?*
(18 nm) 2.9 25
Trypsin pretreatment 2.5 15
Experiment 2
None 4.2 0.8
Lysophosphatidylcholine
(0.1 mg/ml) 6.2 6.8

Note. Enzyme assays and trypsin pretreatment were per-
formed using the calmodulin-Sepharose-purified enzyme and
the standard assay conditions described under Experimental
Procedures. Different enzyme preparations were used in these
experiments.

tivation mechanisms since, in addition to
calmodulin and calcium, this enzyme can
be stimulated by proteolysis and by certain
phospholipids. The degree of stimulation
observed with this enzyme is, unfortu-
nately, prejudiced by the lack of stability
of the calmodulin-Sepharose-purified en-
zyme. The freshly eluted enzyme is rou-
tinely activated more than 15-fold with
both substrates (Fig. 1), but this property
is lost on prolonged storage at —80°,
reaching a level of about 5-fold for cAMP
and 10-fold for ecGMP. This change is un-
doubtedly a result of an inactivation pro-
cess.

Tryptic proteolysis causes a 35% de-
crease in the molecular weight of the am-
phibian PDE I, with a concurrent increase
of its calcium-independent activity and a
loss of its capacity to interact with cal-
modulin and calcium. This evidence fits a
mechanism that has been proposed for the
mammalian enzymes, in which proteolytie
treatment would cause the removal of an
inhibitory part of the enzyme (25, 26). This
inhibitory structure would also be the por-
tion of the molecule responsible for its in-
teraction with calmodulin. Our previously
reported findings that the trypsin treat-
ment prevents the retention of the enzyme
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on calmodulin-Sepharose affinity columns
and that calmodulin and caleium protect
PDE I from tryptic activation lend addi-
tional support to this mechanism. Protec-
tion of mammalian PDE from tryptic at-
tack by calmodulin has not been reported.
Another difference is found in the fact that
the amphibian enzyme is not inactivated
by prolonged exposure to trypsin or other
proteases, as is the mammalian enzyme (11).

The regulatory importance of the enzyme
structure removed by trypsin is also dem-
onstrated by the fact that PDE I, after
proteolysis, does not respond to phospho-
lipids that greatly enhance the activity of
the native enzyme. The activation of the
amphibian enzyme by phospholipids differs
in some aspects from that observed with
the mammalian enzymes. While there is
consensus that lysophosphatidylcholine is
a potent activator of PDE from several
sources, the X laevis PDE I is not appre-
ciably activated by long-chain fatty acids,
some of which have been shown to stim-
ulate the bovine brain and human aorta
enzymes (19, 20). Also, phosphatidylino-
sitol gives only a small stimulation with
the amphibian enzyme, while it has been
reported that it is a strong activator of the
porcine brain PDE (18). However, another
report indicates that phosphatidylinositol
is a poor activator of the bovine enzyme
(19). The amphibian and mammalian en-
zymes are similar in that activation by ly-
sophosphatidylcholine does not require
Ca®" and is not additive with the stimu-
lation caused by calmodulin in the presence
of Ca?*.

The inhibition of calmodulin-sensitive
enzymes by phenothiazine derivatives has
been shown to be due to the binding of
these drugs to the modulator protein (21).
It is interesting that fluphenazine also in-
hibits PDE I activated by lysophosphati-
dylcholine. It seems possible that this effect
might be due to hydrophobic interaction
between the drug and the phospholipid.
The inhibitory capacity, however, is not
general to phenothiazines, as shown by the
failure of CAPP to block phospholipid ac-
tivation of PDE I under similar conditions.

With some other phosphodiesterases,
activation by calmodulin or by phospho-
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lipids has been observed to result in sig-
nificant modification of the K,, values in
addition to increases in the V,, of the re-
action (2). However, the results obtained
with oocyte PDE I using all three modes
of activation of the enzyme indicate that
their mechanism involves a large increase
in the V., of the reaction with only small
variations in the apparent K,, for both
cAMP and ¢cGMP.

The properties of this enzyme have spe-
cial interest because microinjection ex-
periments have shown that PDE I, which
is the major ceyclic nucleotide phosphodi-
esterase activity detected in wvitro, is in-
active toward substrates introduced into
living oocytes (12). Work in progress in
this laboratory has demonstrated the ex-
istence in oocytes of a specific protein in-
hibitor that blocks PDE I activation (E.
Jedlicki et al.,, manuscript in preparation).

ACKNOWLEDGMENTS

The authors are grateful for the technical assistance
of Ms. Maria Plaza; and the financial support from
The Ford Foundation, UNDP/Unesco Project CHI 81/
001, the Fondo Nacional de Ciencias, and the Uni-
versity of Chile.

REFERENCES

1. WANG, J. H., SHARMA, R. K., HuaNng, C. Y., CHAU,
V., AND CHOCK, P. B. (1980) Ann. N. Y. Acad.
Sei. 356, 190-204.

2. STRADA, S. J., AND THOMPSON, W. J. (1978) Advan.
Cyc. Nucl. Res. 9, 265-283.

3. SPEAKER, M. G., AND BUTCHER, F. R. (1977) Nature
(London) 267, 848-850.

4. BrAavo, R., OTERO, C., ALLENDE, C. C., AND AL-
LENDE, J. E. (1978) Proc. Natl. Acad. Sci. USA
75, 1242-1246.

5. MOREAU, M., VILAIN, J. P., AND GUERRIER, P. (1980)
Dev. Biol. 78, 201-214.

6. WASSERMAN, W. J., PiNTO, L. H., O’CONNOR,
C. M., AND SMITH, L. D. (1980) Proc. Natl Acad.
Sei. USA 77, 1534-1536.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

ORELLANA ET AL.

. MULNER, O., CARTAUD, A., AND OZON, R. (1980)

Differentiation 16, 31-39.

. WASSERMAN, W.J., AND SMITH, L. D. (1981) J. Cell

Biol. 89, 389-394.

. ECHEVERR{A, M., ORELLANA, O., JEDLICKI, E.,

Praza, M., ALLENDE, C. C., AND ALLENDE,
J. E. (1981) Biochem. Int. 2, 539-545.

Miort, F., AND ERNEUX, C. (1982) Biochim. Biophys.
Acta 701, 253-259.

ORELLANA, O., ALLENDE, C. C, AND ALLENDE,
J. E. (1981) Biochem. Int. 3, 663-668.

ALLENDE, C. C, AND ALLENDE, J. E. (1982)
Biochem. Int. 5, 91-96.

THOMPSON, W. J., BROOKER, G., AND APPLEMAN,
M. M. (1974) in Methods in Enzymology (Hard-
man, J. G., and O’Malley, B. W, eds.), Vol. 38,
pp. 205-212, Academic Press, New York.

KLEE, C. B., AND KRINKS, M. H. (1978) Biochemistry
17, 120-126.

UzuNov, P., AND WEISs, B. (1972) Biochim. Bio-
phys. Acta 284, 220-226.

LaemMmLi, U. K. (1970) Nature (London) 227, 680~
685.

BRADFORD, M. M. (1976) Anal. Biochem. 72, 248-
254,

WoLFF, D. J., AND BROSTROM, C. O. (1976) Arch.
Biochem. Biophys. 173, 720-731.

PICHARD, A., AND CHEUNG, W. Y. (1977) J. Biol.
Chem. 252, 4872-4875.

HipAka, H., YaAMAK], T., AND YAMABE, H. (1978)
Arch. Biochem. Biophys. 187, 315-321.

WEIss, B, aAND LEvIN, R. M. (1978) Advan. Cyc.
Nucl. Res. 9, 285-303.

LaPorTE, D. C,, Toscano, W. A, AND STOM,
D. R. (1979) Biochemistry 18, 2820-2825.

MorriLL, M. E., THoMPSON, S. T., AND STELL-
WAGEN, E. (1979) J. Biol. Chem. 254, 4371-4374.

SHARMA, R. K., WaNg, T. H,, WiIRcH, E., AND
WANG, J. H. (1980) J. Biol. Chem. 255, 5916-
5923.

KLEE, C. B. (1980) in Calcium and Cell Function
(Cheung, W. Y, ed.), Vol. 1, pp. 59-78, Academic
Press, London/New York.

LIN, Y. M., AND CHEUNG, W. Y. (1980) ¢» Calcium
and Cell Function (Cheung, W. Y., ed.), Vol. 1,
pp. 79-107, Academic Press, London/New York.



