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SUMMARY

FERTEL, RICHARD & WEIss, BENJAMIN (1976) Properties and drug responsiveness of
cyclic nucleotide phosphodiesterases of rat lung. Mol. Pharmacol., 12, 678-687.

Cyclic 3',5'-AMP phosphodiesterase and cyclic 3',5’-GMP phosphodiesterase of rat lung
were found predominantly in the 100,000 x g supernatant fraction. Both enzymes had
biphasic Hofstee plots, with apparent K,, values of 0.3 uM and 115 uM for cyclic AMP,
and 1.5 uM and 19 uM for cyclic GMP. Electrophoretic analysis of the soluble superna-
tant fraction of lung on a preparative polyacrylamide gel column showed two stable
peaks of phosphodiesterase activity. The first peak, which had relatively little phospho-
diesterase activity, hydrolyzed only cyclic AMP, whereas the other peak hydrolyzed both
cyclic AMP and cyclic GMP. Both peaks of cyclic AMP phosphodiesterase activity of
lung had biphasic Hofstee plots. The first had apparent K, values of 2.9 uM and 200 uM,
and the second had K,, values of 1.9 uM and 190 uM; the cyclic GMP peak had a single
K,, of 7T uM. These peaks of phosphodiesterase were markedly different in their response
to drugs; the first peak was highly resistant to pharmacological inhibition while the
second was sensitive to several phosphodiesterase inhibitors. For example, the inhibitor
constant (K)) of trifluoperazine was approximately 1000 uM for the first peak but only
about 50 uM for the second peak. In this second peak, both cyclic AMP and cyclic GMP
phosphodiesterase activities were inhibited to a similar extent by a variety of inhibitors.
Neither the cyclic AMP nor cyclic GMP phosphodiesterase of crude or electrophoretically
purified fractions was significantly activated by a heat-stable factor derived from rat
cerebrum or rat lung. However, the lung does contain an activator of phosphodiesterase
which is capable of stimulating brain phosphodiesterase. The differential effects of
inhibitors on the multiple forms of phosphodiesterase suggest that the concentration of
cyclic nucleotides in lung may be selectively altered by appropriate pharmacological
agents.

INTRODUCTION normal and pathological conditions has led

Increased knowledge of the role of cyclic
nucleotides in the function of cells under
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to the possibility that pharmacological
control of cyclic nucleotide concentrations
may have therapeutic value (1). One way
in which intracellular cyclic nucleotide
concentrations can be manipulated is by
altering the activity of cyclic nucleotide
phosphodiesterases in a given tissue or cell
type. Evidence that cyclic nucleotide phos-
phodiesterases exist in multiple forms or
isoenzymes (2-9), and that these enzymes
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are differentially affected by pharmacolog-
ical agents (10), provides a basis for the
control of cyclic nucleotide concentrations
in specific cell types.

Recent studies indicate that cyclic nu-

cleotides are involved in certain functions-

of lung, in particular, the immune re-
sponse (11) and the anaphylactic reaction
(12). This suggests that control of cyclic
nucleotide concentrations in the lung may
permit an alteration in the course of the
anaphylactic reaction. Accordingly, we
have studied the properties of the cyclic
3',5'-AMP and cyclic 3',5'-GMP phospho-
diesterases of rat lung and have evaluated
their interaction with a variety of pharma-
cological inhibitors and an endogenous ac-
tivator of phosphodiesterase.

METHODS

Tissue preparation. All experiments
were performed with lung excised from
200-250-g male rats (Sprague-Dawley)
killed by cervical dislocation. The heart
and lungs were rapidly removed, and the
lungs were freed of blood by perfusion with
0.9% NaCl through the aorta. Bronchial
tissue was removed and discarded, as were
areas of the lung which were not well per-
fused. The remaining lung tissue was ho-
mogenized for 5 sec in 3 volumes of 0.32 M
sucrose in a Brinkmann Polytron. The ho-
mogenate was centrifuged at 100,000 x g
for 60 min, the supernatant and particu-
late fractions were separated, and the par-
ticulate fraction was resuspended in gly-
cylglycine buffer, 150 um (pH 8.0), equal
in volume to the original homogenate.

Separation of subcellular fractions. Tis-
sue was homogenized in 0.32 M sucrose,
and the subcellular fractions were pre-
pared as described by Gray and Whittaker
(13) and DeRobertis et al. (14).

Separation of multiple forms of phos-
phodiesterase. The 100,000 X g superna-
tant fraction was placed on a preparative
polyacrylamide gel electrophoresis column
prepared as previously described (6), and
subjected to 60 mamp of current for 18 hr.
The fractions eluted from the column were
collected and analyzed for both cyclic AMP
phosphodiesterase and cyclic GMP phos-
phodiesterase activities.
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Cyclic nucleotide phosphodiesterase as-
says. Cyclic AMP phosphodiesterase activ-
ity was measured by the method of Weiss,
Lehne, and Strada (15), and cyclic GMP
phosphodiesterase was measured by the
method of Fertel and Weiss (16).

Preparation of activator. Phosphodies-
terase activator was obtained from rat
lung and cerebrum by the procedure of
Cheung (17). The tissue was homogenized
in 3 volumes of distilled water, brought to
pH 5.9 with 1 N HC], and centrifuged at
13,000 x g for 30 min, and the precipitate
was discarded. The supernatant fluid was
heated in a boiling water bath, centri-
fuged, heated and centrifuged again, and
finally dialyzed for 24 hr against 20 mm
glycylglycine buffer, pH 7.5. The activator
was stored at —20° until used.

Determination of K,, values. Enzyme ac-
tivity at different substrate concentrations
was plotted according to Hofstee (18). The
line of best fit and the slope of this line
(which is the K,, value) were computed by
linear regression analysis. However, the
best fit for the biphasic curves required a
subjective evaluation of the point of deflec-
tion. In addition, it is important to point
out that the kinetic constants obtained at
high substrate concentrations result from
the combined activities of the high- and
low-K,, enzymes [for a discussion of this
point, see Weiss and Strada (19)]. There-
fore, the K, values which we report should
be regarded only as estimates.

Determination of K; values. Enzyme ac-
tivity was determined at several concen-
trations of substrate and inhibitor. The
data were plotted according to Dixon (20).
The line of best fit was calculated by linear
regression analysis, and the K; value was
estimated from the median point of inter-
section of the lines. Determinations of ac-
tivity were based on standard curves run
in the presence of the inhibitor being
tested in order to control for the possible
effects of these agents on the assay system.
Since the Dixon plot does not permit the
determination of the type of inhibition un-
der certain conditions (21), the data were
also examined using reciprocal plots, as
described by Lineweaver and Burk (22).

Protein determination. Protein was de-
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termined according to Lowry et al. (23),
using bovine serum albumin as a stand-
ard.

Materials. Firefly luciferin-luciferase
was obtained from du Pont. The enzymes
for phosphodiesterase analysis were ob-
tained from Boehringer/Mannheim, and
all other chemicals and reagents were ob-
tained from Sigma Chemical Company.
Trifluoperazine was kindly supplied by
Smith Kline & French, and SQ 20,009
[1-ethyl-4- (isopropylidenehydrazino)-1H-
pyrazolo-(3,4-b)pyridine-5-carboxylic acid
ethyl ester hydrochloride], by Squibb.

RESULTS

Subcellular distribution of cyclic AMP
and cyclic GMP phosphodiesterase activi-
ties of rat lung. The specific activity and
percentage of total recovered activity of
phosphodiesterase in each subcellular,
fraction of lung are shown in Table 1. As
can be seen, the soluble fraction of lung
contained the highest total activity and
the highest specific activities of both cyclic .
AMP phosphodiesterase and cyclic GMP
phosphodiesterase.

Separation of multiple forms of phos-
phodiesterase by polyacrylamide gel elec-
trophoresis. Figure 1 shows the electro-
phoretic pattern of cyclic AMP and cyclic.
GMP phosphodiesterase activity in a
100,000 x g supernatant fraction of rat
lung. Under the conditions of this separa-
tion procedure, there was an initial, rela-
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tively small peak of cyclic AMP phosphodi-
esterase activity, which corresponded to
peak I obtained from similarly treated
preparations of rat cerebellum and cere-
brum (6, 9, 10). The first peak was followed
by a much larger peak of cyclic AMP phos-
phodiesterase activity; the characteristics
of this peak closely resembled those of
peak III of rat cerebrum and cerebellum
with respect to electrophoretic mobility
(9). The two eluted peaks therefore were
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F16. 1. Cyclic AMP and cyclic GMP phosphodies-
terase activities of rat lung supernatant fraction sepa-
rated by polyacrylamide gel electrophoresis

A rat lung was prepared as described in the text,
and 2 ml of the 100,000 x g supernatant fraction
were placed on a preparative gel electrophoresis
column. The electrophoresis was conducted as de-
scribed in METHODS. Fractions (2 ml each) were col-
lected and analyzed for total (high- plus low-K,,)
phosphodiesterase activity, using 400 um cyclic
AMP or 200 uM cyclic GMP. Each point represents
the mean of two enzyme determinations on a single
sample.

0 20 30 ™ 80 %0

TABLE 1
Cyclic AMP and cyclic GMP phosphodiesterases in subcellular fractions of rat lung

Subcellular fractions were obtained and analyzed for cyclic AMP phosphodiesterase activity at a sub-
strate concentration of 400 uM and for cyclic GMP phosphodiesterase activity at a substrate concentration of
200 M. Phosphodiesterase activity and protein were determined as described in METHODS. Each number
represents the mean specific activity of three lung preparations + standard error. The percentage of total
recovered activity in a given fraction was calculated by dividing its total activity by the total activity in all
four subcellular fractions. The total recovered activity relative to the total activity in the starting homoge-
nate was approximately 80% for both the cyclic AMP and cyclic GMP phosphodiesterases.

Fraction Cyclic AMP phosphodiesterase Cyclic GMP phosphodiesterase
nmoles cyclic % total re- nmoles cyclic % total re-
AMP hydrolyzed/ covered ac- GMP hydrolyzed/ covered ac-
mg protein/min tivity mg protein/min tivity
Homogenate 53 +0.9 9.1 +43
900 x g sediment 1.5+ 04 17.7 1.1 +04 21
11,500 x g sediment 3.0+1.0 8.2 1.2 = 0.02 5.5
100,000 x g sediment 4421 12.2 49+ 24 20.2
100,000 x g supernatant 17.6 = 3.0 61.9 100 £ 1.9 53.3
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designated I and III, respectively. Cyclic
GMP phosphodiesterase activity was
found only in those fractions which also
displayed peak III cyclic AMP phosphodi-
esterase activity. The high degree of corre-
spondence between cyclic AMP phosphodi-
esterase and cyclic GMP phosphodiester-
ase in these fractions may indicate that
the two activities are found in the same
molecular form.

In some experiments another small peak
of activity appeared in fractions 65-70.
This peak, which exhibited both cyclic
AMP and cyclic GMP phosphodiesterase
activity, was extremely unstable and
therefore difficult to study. Earlier studies
showed that a similar highly purified frac-
tion of brain phosphodiesterase (peak IV)
was also very unstable (9).

Kinetic properties of cyclic AMP and
cyclic GMP phosphodiesterases of crude
and purified preparations of rat lung. A
kinetic analysis of cyclic AMP and cyclic
GMP phosphodiesterases was carried out
on the crude homogenate, 100,000 x g sedi-
ment, and 100,000 x g supernatant frac-
tions, as well as on the purified enzyme
peaks eluted from the preparative column
(Table 2). Both cyclic AMP phosphodies-

TABLE 2

K, values of cyclic nucleotide phosphodiesterases of
rat lung
Fractions were obtained as described in METHODS.
Each study was carried out using at least 14 concen-
trations of substrate (1.0-500 uMm). The low-K,, en-
zyme is designated K,,,, and the high-K,, enzyme,
K,.,.

Fraction Cyclic AMP Cyclic GMP
phosphodiester-  phosphodiester-
ase ase
Kll 1 K m2 K ml K m2
uM uM M M
Homogenate 4.7 150 1.6 44
Soluble 0.30 110 14 19
Particulate 8.0 130 3.6 54
Separated
peaks
from solu-
ble frac-
tion
Peak I 2.9 200
Peak III 1.9 180 6.7
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terase and cyclic GMP phosphodiesterase
in all three crude fractions displayed the
biphasic kinetic pattern described by
Thompson and Appleman (2), suggesting
that the phosphodiesterases may exhibit
negative cooperativity. The two purified
peaks of cyclic AMP phosphodiesterase
activity had biphasic kinetic patterns, but
the cyclic GMP phosphodiesterase in peak
III had only a single K, value. The appar-
ent K,, values for each of these peaks and
the crude fractions are shown in Table 2.
With the exception of the low-K,, (K,,)
activity of the soluble cyclic AMP phospho-
diesterase, the apparent K, values for
cyclic GMP phosphodiesterase are lower,
in each case, than the corresponding val-
ues for cyclic AMP phosphodiesterase. The
K, values for the cyclic AMP phosphodies-
terase of the separated peaks are higher
than the K,, values obtained for the cyclic
AMP phosphodiesterase of the unfraction-
ated soluble preparation.

Effect of pharmacological agents on
phosphodiesterases of rat lung. A variety
of pharmacological agents were studied for
their effect on the soluble cyclic AMP
phosphodiesterase and cyclic GMP phos-
phodiesterase of rat lung. A typical dose-
response curve for one of these inhibitors is
shown in Fig. 2. Although concentrations
of trifluoperazine up to 80 uM inhibited
both phosphodiesterases to a similar ex-
tent, high concentrations of the inhibitor
had less effect on the cyclic AMP phospho-
diesterase activity than on the cyclic GMP
phosphodiesterase activity. This suggests
that a small fraction of the cyclic AMP
phosphodiesterase present in the sample is
resistant to inhibition.

Figure 3, which shows the effect of tri-
fluoperazine on cyclic AMP phosphodies-
terase of a purified peak III fraction of rat
lung, illustrates the procedure used to cal-
culate the K; values for phosphodiesterase
inhibitors and emphasizes the complex na-
ture of the enzymes. Two sets of intersect-
ing lines may be drawn through the exper-
imental points for each concentration of
substrate studied. Since the exact point at
which the first series of lines ended and
the second began was not always as ob-
vious as in the illustrated example, we
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Fi1G. 2. Effect of trifluoperazine on cyclic AMP
and cyclic GMP phosphodiesterase activities of rat
lung supernatant fraction

Rat lung supernatant fraction was prepared as
described in METHODS. Each sample was incubated
with 400 uM cyclic AMP or 200 uM cyclic GMP and
the indicated concentration of trifluoperazine. Five
samples were tested at each inhibitor concentration.
The mean activity + standard error was calculated
for each condition and expressed as a percentage of
the control. The cyclic AMP phosphodiesterase ac-
tivity in the absence of inhibitor was 8.2 nmoles of
cyclic AMP hydrolyzed per milligram of protein per
minute, and that for the cyclic GMP phosphodiester-
ase was 2.8 nmoles of cyclic GMP hydrolyzed per
milligram of protein per minute.

CYCLIC AMP

(M)

(iOOv!‘)_____...
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Fi16. 3. Effect of trifluoperazine on cyclic AMP
phosphodiesterase activity of rat lung (peak III)

Cyclic AMP phosphodiesterase (peak III) was ob-
tained as described in METHODS. Phosphodiesterase
activity was determined in the presence of 12 con-
centrations of trifluoperazine (from 5 to 400 M) and
four concentrations of cyclic AMP (11-300 uMm).
Standard curves were generated in the presence of
the inhibitor to ensure that it did not interfere with
the assay. Each point is the mean of duplicate deter-
minations. The line of best fit was calculated by a
linear regression analysis, and the median point of
intersection was used to determine the K; value.

have chosen to calculate and report in the
subsequent tables only the low K; values.
Table 3 shows the calculated K; values of
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several pharmacological agents on the
cyclic AMP and cyclic GMP phosphodies-
terases of a soluble supernatant fraction of
rat lung. As can be seen, the agents exam-
ined have widely varying potencies. The
most potent inhibitors studied, papaverine
and SQ 20,009, had K; values of about 10-
30 uM. In contrast, theophylline, the least
effective agent, had a K; value which was
approximately 10 times higher. The order
of potency was the same for both cyclic
AMP phosphodiesterase and cyclic GMP
phosphodiesterase, indicating that these
two enzyme activities respond in a similar
fashion to inhibitors.

A similar study of the isozymes of phos-
phodiesterase which were separated from
the supernatant fraction of rat lung indi-
cated that the purified phosphodiesterase
peaks had markedly different sensitivities
to pharmacological agents. For example,
papaverine inhibited the second peak
(peak III) to a much greater extent than
the first peak (peak I) (Fig. 4). In fact, the
first peak was extremely resistant to the
inhibitory effects of all pharmacological
agents examined. The inhibition of the
cyclic GMP phosphodiesterase activity
found in peak III (Fig. 5) was similar to the
inhibition of cyclic AMP phosphodiester-
ase found in the same peak.

TABLE 3
Effect of inhibitors on cyclic AMP phosphodiesterase
and cyclic GMP phosphodiesterase of 100,000 x g
supernatant fraction of rat lung

Cyclic nucleotide phosphodiesterase activity was
tested in quadruplicate at five different inhibitor
concentrations for each of four different substrate
concentrations. The data were plotted according to
Dixon (20). The median point of intersection deter-
mined the K; value. Each number represents the K|
value calculated from a separate enzyme prepara-
tion. Theophylline, papaverine, and SQ 20,009 were
competitive inhibitors at low concentrations, and
mixed or noncompetitive at high concentrations.
Trifluoperazine produced a mixed type of inhibition.

Inhibitor K,
Cyclic AMP Cyclic GMP
phosphodies- phosphodies-
terase terase
[ M
Theophylline 350 150; 250; 200
Trifluoperazine 60; 39 22; 20; 47
Papaverine 22;7; 8 8
SQ 20,009 15 15; 27
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The K, values for a series of compounds
toward the separated peaks of phosphodi-
esterase are given in Table 4. The cyclic
AMP phosphodiesterase found in peak I
was extremely resistant to inhibition by
all the agents studied, papaverine being
the most potent inhibitor and theophylline
the least potent. Both the cyclic AMP and
cyclic GMP phosphodiesterase activities of
peak III were inhibited more readily than
the activity of peak I. In some cases the
inhibitory effect of a given agent on peak
III was an order of magnitude greater than
its effect on peak 1. As with the enzymes in
the unpurified supernatant fraction, SQ
20,009 and papaverine were the most effec-

2 504
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41
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mg PEAX I
32
3 |°j"' T + PEAx I
T 0
25 % 100 150
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Fi1c. 4. Effect of papaverine on cyclic AMP phos-
phodiesterase activity of electrophoretically separated
peaks I and III of rat lung

Fractions containing cyclic AMP phosphodiester-
ase activity were eluted from a preparative poly-
acrylamide gel electrophoresis column as described
in METHODS. Five samples of each peak were assayed
at each inhibitor concentration at a substrate con-
centration of 400 uM. The results are expressed as
means + standard errors.
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tive inhibitors. Cyclic GMP, which in most
systems is a competitive inhibitor of cyclic
AMP phosphodiesterase activity (10, 24,
25), was more potent inhibitor than theo-
phylline and less effective than either pa-
paverine or SQ 20,009 in this system.
Cyclic AMP was a comparatively weak in-
hibitor of cyclic GMP phosphodiesterase.
Effect of a heat-stable phosphodiesterase
activator on rat lung phosphodiesterase
activity. An activator of phosphodiesterase
was isolated from both rat lung and rat
brain and tested for its effect on the cyclic
AMP phosphodiesterase prepared from the
100,000 x g soluble fractions of rat lung
and rat cerebrum (Fig. 6). It is apparent
that rat lung contains an activator which
is capable of stimulating rat cerebrum
cyclic AMP phosphodiesterase by 3-4-fold.
This effect was also seen when activator

25
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F1G. 5. Effect of papaverine on cyclic GMP phos-
phodiesterase actiwity of electrophoretically separated
peak III of rat lung

A fraction containing cyclic GMP phosphodiester-
ase activity was eluted from a preparative column
and analyzed as in Fig. 4, except that the substrate

concentration was 200 uM.

TABLE 4
K, values of inhibitors for cyclic nucleotide phosphodiesterase isozymes of rat lung
Conditions were the same as described in Table 3 and METHODS. Each number represents the K, value
calculated from a separate enzyme preparation. All inhibitors were competitive at low concentrations and

mixed or noncompetitive at high concentrations.

Inhibitor Cyclic AMP i lic GMP ph
y phosphodiesterase Cifestefase, M&
Peak I Peak III
M e UM

Theophylline 940; 1430 500; 310 270; 150
Trifluoperazine 680; 1100 36; 68 53; 10
Papaverine 170 29 42
SQ 20,009 550 16 27
Cyclic GMP 780; 1170 65; 100
Cyclic AMP 550
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F1G. 6. Effect of activator derived from rat lung and cerebrum on cyclic AMP phosphodiesterase activity of

supernatant fraction from rat lung and cerebrum

The activator and cyclic AMP phosphodiesterase were obtained as described in METHODS. The effect of
varying amounts of both activators on the phosphodiesterase from both tissue sources was tested under
conditions (400 uM substrate; 40 um Ca**; 3 mm Mg*+*) which provide maximum stimulation.? Each point
represents the mean of five individual determinations + standard error.

from rat cerebrum was added to the en-
zyme from rat cerebrum. However, nei-
ther activator preparation effectively stim-
ulated the cyclic AMP phosphodiesterase
(Fig. 6) or cyclic GMP phosphodiesterase
(results not shown) prepared from the su-
pernatant fraction of rat lung. This lack of
activatability of the phosphodiesterases of
lung was confirmed in experiments in
which activator was added to each fraction
eluted from the polyacrylamide gel column
and cyclic AMP and cyclic GMP phospho-
diesterase activities were determined. No
significant stimulation of the phosphodies-
terase of any of the fractions was noted.
The relative lack of effect of activator
from rat lung on the soluble cyclic AMP
phosphodiesterase from rat lung may be
explained as follows. First, it is possible
that the activatable enzyme from lung is
in the 100,000 x g particulate fraction of
the cell, rather than in the supernatant
fraction; second, it is possible that the sol-
uble enzyme from rat lung may already be
maximally stimulated and therefore may
be unresponsive to the additional activa-
tor. To investigate the first possibility, the
100,000 x g particulate fraction of rat lung
was incubated with several concentrations
of activator isolated from rat lung. The

2 R. Levin and B. Weiss, unpublished observa-
tions.

particulate fraction was not stimulated by
the activator (results not shown).

To determine whether the soluble en-
zyme was already maximally activated,
we took advantage of the requirement for
Ca** in activating phosphodiesterase (26-
31). The soluble cyclic AMP phosphodies-
terase from rat cerebrum and rat lung was
isolated and incubated under four condi-
tions: with no addition (untreated); with
300 um EGTA;?® with enough activator to
give maximal stimulation; and with the
activator plus EGTA. Experiments were
performed with activator prepared from
brain and lung; the results obtained with
both these activator preparations were
similar. The data indicate that the addi-
tion of activator to the preparation from
cerebrum gave a 3-fold increase in phos-
phodiesterase activity (Fig. 7A). When
EGTA was added to the same preparation,
the activity was reduced by 40%. This indi-
cated that the preparation was already
partially activated. Finally, the addition
of EGTA to the activated enzyme com-
pletely prevented the activation, indicat-
ing that the concentration of EGTA was
sufficient to prevent activation by either
endogenous or exogenous activator.

A similar protocol was used to deter-

3 The abbreviation used is: EGTA, ethylene glycol
bis(B8-amino ethyl ether)-N,N'-tetraacetic acid.
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Fi1c. 7. Effect of EGTA and activator on cyclic
AMP phosphodiesterase of rat cerebrum (A) and rat
lung (B)

The 100,000 x g supernatant fraction of rat cere-
brum or lung was obtained as described in METHODS.
Samples were analyzed for cyclic AMP phosphodies-
terase activity in the presence of 40 um Ca** and 400
uM substrate. The conditions of incubation were:
enzyme alone; enzyme plus an amount of activator
prepared from brain which had previously been
shown to give maximal activation (7.7 ug of pro-
tein); enzyme plus 300 uM EGTA; and enzyme plus
activator and EGTA. Each column represents the
mean of five samples + standard error.

mine the degree of activation of the rat
lung cyclic AMP phosphodiesterase in the
supernatant fraction (Fig. 7B). When acti-
vator was added to this preparation, there
was less than a 20% increase in activity,
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which confirms the relative lack of activat-
ability of the enzyme in the lung superna-
tant fraction. EGTA reduced activity
slightly (about 30%), indicating that the
enzyme might have already been activated
to a small extent. The maximum activa-
tion obtainable in this preparation, as de-
termined by dividing the activity of the
activated enzyme by the activity of the
EGTA-treated, or unactivated enzyme,
was less than 60%. In comparison, under
similar conditions brain enzyme was acti-
vated by more than 400%. On the basis of
these experiments, it may be inferred that
the phosphodiesterase from rat lung, un-
like the enzyme from rat brain, can be
activated only to a negligible extent.

DISCUSSION

Prior work with the phosphodiesterases
of lung has been limited largely to that of
Hitchcock (32, 33), who examined the ki-
netic parameters and ion and drug respon-
siveness of the cyclic AMP phosphodiester-
ase of guinea pig lung. There is no pub-
lished information which deals either with
the cyclic GMP phosphodiesterase or with
chromatographically separated phosphodi-
esterase isozymes from lung.

The present studies show that the cyclic
AMP and cyclic GMP phosphodiesterase
activities of rat lung have similar subcel-
lular distribution patterns (Fig. 1). That
the majority of the cyclic AMP phosphodi-
esterase is found in the soluble cell frac-
tion has been established for guinea pig
lung (33) as well as for other tissues (24,
34-37).

The similar subcellular distribution pat-
terns of cyclic GMP phosphodiesterase and
cyclic AMP phosphodiesterase, and their
coincidence after electrophoresis, suggest
that the two activities may be found in the
same enzyme molecule.

Kinetic studies of the unpurified cyclic
GMP and cyclic AMP phosphodiesterases
indicate that both enzymes have two ap-
parent K, values. Similar results have
been obtained in many other tissues (2, 5,
37-41). The low K, value for cyclic AMP in
rat lung is 2 orders of magnitude less than
that found by Hitchcock in the guinea pig
lung (32). The difference may be due to
either species or methodological variations.
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A kinetic analysis of the phosphodiester-
ases following electrophoretic separation
indicated that the purified peaks of cyclic
AMP phosphodiesterase maintain their bi-
phasic pattern. This contrasts with the re-
sults from previous studies, in which mon-
ophasic kinetics was observed following
electrophoretic separation of cerebrum and
cloned glial cells (9). The monophasic ki-
netics shown by the purified cyclic GMP
phosphodiesterase contrasts with the bi-
phasic kinetics seen with the unpurified
enzyme. The biphasic kinetic pattern dis-
played by the purified cyclic AMP phos-
phodiesterase isozyme may be due to the
presence of a second enzyme which is not
distinguishable by the purification proce-
dure used. A more likely explanation is
the one thoroughly discussed by Russell et
al. (42), who demonstrated that cyclic
AMP phosphodiesterase may be a nega-
tively cooperative enzyme.

The multiple forms of phosphodiesterase
are differentially affected by pharmacolog-
ical agents (9, 10). Our results with the
phosphodiesterases of lung confirm these
observations. Peak I cyclic AMP phospho-
diesterase activity is highly resistant to all
the inhibitors examined. In contrast, peak
III cyclic AMP phosphodiesterase is read-
ily inhibited by papaverine and SQ 20,009.
Peak III cyclic GMP phosphodiesterase,
which has the same electrophoretic mobil-
ity as peak III cyclic AMP phosphodiester-
ase, responds to the inhibitors in an identi-
cal fashion, which suggests that both
cyclic AMP and cyclic GMP phosphodies-
terase activities are found in the same
molecule. A graphic demonstration of the
effect of one of the inhibitors, papaverine
(Figs. 4 and 5), gives further evidence that
the cyclic GMP isozyme and one of the
cyclic AMP isozymes (peak III) react in a
similar way to inhibitors, while the other
cyclic AMP phosphodiesterase isozyme
(peak I) is much less sensitive to inhibi-
tion.

The pattern of phosphodiesterase in
lung, and the response of these isozymes to
inhibitors, explain the effect of trifluopera-
zine on the enzymes in the supernatant
fraction (Fig. 2). Peak I, which contains
only cyclic AMP phosphodiesterase activ-
ity, provides a small fraction of the cyclic
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AMP-hydrolyzing capacity of the lung. It
is also insensitive to inhibition. However,
peak III, which constitutes most of the
enzyme activity, is sensitive to inhibition.
Thus, at low drug concentrations, the ac-
tivity of the more sensitive enzyme (peak
III), which contains both cyclic AMP and
cyclic GMP phosphodiesterase activities,
is markedly reduced. Higher concentra-
tions of trifluoperazine completely inhibit
peak III. Therefore all of the cyclic GMP
phosphodiesterase and most of the cyclic
AMP phosphodiesterase activity is lost.
However, at these high concentrations,
the less sensitive cyclic AMP-hydrolyzing
enzyme (peak I) is unaffected, and a small
percentage of the activity of cyclic AMP
phosphodiesterase remains.

The presence of a phosphodiesterase ac-
tivator in lung is not surprising, since it
was shown previously that the activator is
found in many tissues (43). However, this
activator from lung is considerably less
potent than that from cerebrum (Fig. 6.)
This may be due to functional differences
in the activator from the two tissues, or to
differences in the specific activities of lung
and cerebral activator. Qur present data
do not permit us to distinguish between
these possibilities.

Although the lung clearly contains a
phosphodiesterase activator, it contains
little or no phosphodiesterase capable of
being activated. For example, an amount
of activator which produced a 350% in-
crease in the activity of brain cyclic AMP
phosphodiesterase caused less than a 50%
increase in the activity of the phosphodies-
terase from lung. These results are con-
gistent with the observation that, based on
its electrophoretic pattern, lung does not
contain a detectable peak II phosphodies-
terase, the only major form which can be
activated (6, 9, 10). The slight activation
which was observed may be a reflection of
the fact that lung contains more than 20
types of cells (44, 45), only a small pro-
portion of which may have an activatable
enzyme.

There are at least two explanations for
the finding that lung contains a significant
amount of activator but has little activata-
ble enzyme. First, it is possible that the
lung enzyme is activated by a factor which
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is not calcium-dependent. This is unlikely,
since activator from all tissues studied re-
quires Ca** (26-31). It is also possible that
the material which we isolated from the
lung and which has the ability to activate
phosphodiesterase has another, as yet un-
known, function in the cell.

In conclusion, the different patterns of
the phosphodiesterases of lung compared
with other tissues, and the different re-
sponses of the two lung cyclic AMP phos-
phodiesterase isozymes to a variety of
pharmacological agents, are further evi-
dence for the possibility of pharmacologi-
cal control of individual phosphodiesterase
isozymes. This, in turn, would permit se-
lective alteration of cyclic nucleotides in
individual tissues and cell types.

ACKNOWLEDGMENT

We acknowledge with thanks the expert techni-
cal assistance of Mr. Thomas Wallace.

REFERENCES
1. Weiss, B. (ed.) (1975) Cyclic Nucleotides in Dis-
ease, University Park Press, Baltimore.
2. Thompson, W. J. & Appleman, M. M. (1971) J.
Biol. Chem., 246, 3145-3150.
3. Monn, E. & Christiansen, R. O. (1971) Science,
173, 540-542.
4. Goren, E. N. & Rosen, O. M. (1972) Arch. Bio-
chem. Biophys., 153, 384-397.
5. Klotz, U., Berndt, S. & Stock, K. (1972) Life
Sci., 11, 7-17.
6. Uzunov, P. & Weiss, B. (1972) Biochim. Bio-
phys. Acta, 284, 220-226.
7. Schroder, J. & Rickenberg, H. V.
Biochim. Biophys. Acta, 302, 50-63.
8. Russell, T. R., Terasaki, W. L. & Appleman, M.
M. (1973) J. Biol. Chem., 248, 1334-1340.
9. Uzunov, P., Shein, H. M. & Weiss, B. (1974)
Neuropharmacology, 13, 377-391.
10. Weiss, B., Fertel, R., Figlin, R. & Uzunov, P.
(1974) Mol. Pharmacol., 10, 615-625.
11. Bourne, H. R., Lichtenstein, L. M., Melmon, K.
L., Henney, C. S., Weinstein, Y. & Shearer,
G. M. (1974) Science, 184, 19-28.
12. Austen, K. F. (1974) N. Engl. J. Med., 291, 661-
664

(1973)

13. Gray, E. G. & Whittaker, V. P. (1962) J. Anat.,.

96, 79-88.

14. DeRobertis, E., Pellegrino de Iraldi, A., Rodri-
guez de Lores Arnaiz, G. & Salganicoff, L.
(1962) J. Neurochem., 9, 23-35.

15. Weiss, B., Lehne, R. & Strada, S. (1972) Anal.

Biochem., 45, 222-235.
Fertel, R. & Weiss, B. (1974) Anal. Biochem.,
59, 386-398.

16.

17.

18.
19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

4.

35.

36.

317.

38.

39.

40.

41.

42.

4.

687

Cheung, W. Y. (1971) J. Biol. Chem., 246, 2859~
2869. .

Hofstee, B. H. J. (1952) Science, 116, 329-331.

Weiss, B. & Strada, S. (1972) Adv. Cyclic Nu-
cleotide Res., 1, 357-374.

Dixon, M. (1953) Biochem. J., 58, 170-171.

Purich, D. L. & Fromm, H. J. (1972) Biochim.
Biophys. Acta, 268, 1-3.

Lineweaver, H. & Burk, D. (1934). J. Am.
Chem. Soc., 56, 658-666.

Lowry, O. H., Rosebrough, N. J., Farr, A. L. &
Randall, R. J. (1951) J. Biol. Chem., 193, 265-
2175.

Beavo, J. A., Hardman, J. G. & Sutherland, E.
W. (1970) J. Biol. Chem., 245, 5649-5655.

Rosen, O. M. (1970) Arch. Biochem. Biophys.,
137, 435-441.

Kakiuchi, S., Yamazaki, R. & Teshima, Y.
(1972) Adv. Cyclic Nucleotide Res., 1, 455-477.

Teo, T. S. & Wang, J. H. (1973) J. Biol. Chem.,
248, 5950-5955.

Wolff, D. J. & Brostrom, C. O. (1974) Arch.
Biochem. Biophys., 163, 349-358.

Teshima, Y. & Kakiuchi, S. (1974) Biochem.
Biophys. Res. Commun., 56, 489-495.

Wickson, D., Boudreau, R. J. & Drummond, G.
1. (1975) Biochemistry, 14, 669-675.

Lin, Y. M., Liu, Y. P. & Cheung, W. Y. (1975) J.
Biol. Chem., 249, 4943-4954.

Hitchcock, M. (1973) Biochem. Pharmacol., 22,
959-969.

Hitchcock, M. & Schneider, M. W. (1973) Fed.
Proc., 32, 744.

DeRobertis, E., Rodriquez de Lores Arnaiz, G.,
Alberici, M., Butcher, R. W. & Sutherland,
E. W. (1967) J. Biol. Chem., 242, 3487-3493.

Weiss, B. & Costa, E. (1968) Biochem. Pharma-
col., 17, 2107-2116.

Thompson, W. J., Little, S. A. & Williams, R.
H. (1973) Biochemistry, 12, 1889-1894.

Loten, E. G. & Sneyd, J. G. T. (1970) Biochem.
J., 120, 187-193.

Song, S.-Y. & Cheung, W. Y. (1971) Biochim.
Biophys. Acta, 242, 593-605.

Szabo, M. & Burke, G. (1972) Biochim. Biophys.
Acta, 284, 208-219.

Ashcroft, S. J. H., Randle, P. J. & Taljedal, I. B.
(1972) FEBS Lett., 20, 263-266.

Amer, M. S. & McKinney, G. R. (1972) J.
Pharmacol. Exp. Ther., 183, 535-548.

Russell, T. R., Thompson, W. J., Schneider, F.
W. & Appleman, M. M. (1972) Proc. Natl.
Acad. Sci. U. S. A., 69, 1791-1795.

. Smoake, J. A., Song, S.-Y. & Cheung, W. Y.

(1974) Biochim. Biophys. Acta, 341, 402-411.
Fishman, A. P. & Pietra, G. G. (1974) N. Engl.
J. Med., 291, 884-890.

. Fishman, A. P. & Pietra, G. G. (1974) N. Engl.

J. Med., 291, 953-959.





