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Abstract—The differential effects of various compounds on the activities of cyclic GMP-specific phos-
phodiesterase {cyclic GMP-PDE) and cyclic AMP-specific phosphodiesterase {cyclic AMP-PDE) puri-
fied from the guinea pig lung were examined. Cyclic IMP, 2'-deoxy cyclic GMP and 2'-O-monobutyryl
cyclic GMP were found to be the most potent inhibitors of the cyclic GMP-PDE, with 15, (concen-
trations of the compounds inhibiting 50 per cent of the activity) values of 1.5, 4.5 and 35 uM respectively.
These compounds, however, were at least 30-600 times less potent in inhibiting the cyclic AMP-PDE.
In contrast, 2’-O-monobutyrul cyclic AMP and 2'-deoxy cyclic AMP were the most potent inhibitors
of cyclic AMP-PDE, with I5, values of 10 and 45 uM respectively; these compounds, however, were
at least 30-100 times less potent in inhibiting cyclic GMP-PDE. Ethanol (13%, v/v) stimulated cyclic
GMP-PDE 80 per cent while conversely inhibiting cycic AMP-PDE 75 per cent. Most of the phospho-
diesterase inhibitors studied were found to be more selective for cyclic AMP-PDE, with the possible
exception of l-methyl-3-isobutylxanthine, which was more specific for inhibiting cyclic GMP-PDE.
The differential inhibition of the two classes of phosphodiesterases by a wide variety of compounds
shown in the present study suggests a possibility of selective regulation of the tissue levels of respective

cyclic nucleotides through specific or preferential inhibition of their enzyme activities.

The biological actions of cyclic GMP and cyclic AMP
appear to be unique, and in some instances, mutually
opposing [1, 2]. Alterations of the cyclic nucleotide
systems have been associated with a variety of patho-
physiological states [3-9], suggesting a prominent
role for these agents in these processes. Agents which
could selectively alter the intracellular levels of either
cyclic GMP or cyclic AMP may prove beneficial in
correcting these disorders. Multiple forms of cyclic
nucleotide phosphodiesterases (EC 3.1.4 C) have been
shown to exist in a wide variety of tissues [10-15]
and, in some cases. enzymes with a relative specificity
for hydrolyzing either cyclic GMP or cyclic AMP
have been observed [ 16-24]. Differential inhibition of
enzymes from different tissues [25-31]. as well as
of enzymes from the same tissue {18, 29, 32, 33] by
various agents, suggests that selective changes in cyc-
lic nucleotide levels may be possible through alter-
ation in the activity of specific phosphodiesterases.
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We have previously reported [34] that guinea pig
lung contains a low K,, form of phosphodiesterase
activity specific for cyclic GMP and an activity
specific for cyclic AMP, which could account for all
the cyclic GMP and cyclic AMP hydrolysis by tissue
extract. More recently, the pulmonary cyclic GMP-
specific phosphodiesterase {(cyclic GMP-PDE) has
been purified to about 50 per cent homogeneity and
its properties have been extensively characterized
[35]. The present investigation describes the effects
of several cyclic nucleotides and their analogs, as well
as a wide variety of compounds, on the activities of
cyclic GMP-PDE, and cyclic AMP-specific phospho-
diesterase (cyclic AMP-PDE) purified from the same
tissue. The differential effects of these agents on the
two classes of enzymes indicate that selective alter-
ation of cyclic nucleotide levels in the lung, through
alteration in the activities of phosphodiesterase, seems
to be possible.

EXPERIMENTAL PROCEDURE

Materials. Cyclic {G->*HIGMP (9.8 Ci/m-mole) and
cyclic [G-*HJAMP (27.9 Ci/m-mole) were purchased
from New England Nuclear; AGI-X8 (Cl~ form,
100200 mesh), was from Bio-Rad; and snake venom
{Crotalus adamanteus) was from Sigma. Various cyclic
nucleotides and their analogs were purchased from
either Sigma, Boehringer Mannheim or Plenum
Scientific Research. Caffeine, theophylline, and 1-
methyl-3-isobutylxanthine were from Aldrich Chemi-
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cals. Ro 7-2956 and Ro 20-1724 were the generous
gifts of Dr. Herbert Sheppard (Hoffman-LaRoche).
Sch 15280 was a gift from Dr. William Kreutner
(Schering) and SQ 20,009 was from Squibb.

Methods. All experiments were performed using
mature female guinea pigs (600-800 g). Animals were
killed by decapitation and the tissues were immedi-
ately excised and rinsed in ice-cold S0 mM Tris-Cl
buffer (pH 7.5} containing 3.75mM Z-mercapto-
ethanol (extraction buffer). The tissues were homogen-
ized in 2vol. of extraction buffer for 10sec using
either a Sorvall Omnimixer (maximal speed) or Brink-
mann Polytron (setting 6). The homogenate was cen-
trifuged at 105,000 ¢ for 45min and the supernatant
(crude extract) was filtered through glass wool.

The pulmonary cyclic GMP-PDE and cyclic
AMP-PDE were purified as described elsewhere
[34, 35]. Briefly, cyclic GMP-PDE was obtained fol-
lowing the steps of DEAE—cellulose chromatography,
hydroxylapatite gel treatment and preparatory acryl-
amide gel electrophoresis [35]. The specific activity
{units/mg of protein} of the resulting enzyme was
27,000, which represented a 250-fold purification over
the activity present in the crude extract. Analytical
gel electrophoresis revealed a doublet protein band,
indicating the enzyme preparation was at least 50 per
cent homogenous. The relative rate of hydrolysis of
cyclic GMP compared to that of cyclic AMP, using
1 uM substrate concentrations, was at least 1000 to
1. The cyclic AMP-PDE was purified 7-fold using
DEAE-cellulose [34, 35] and hydrolyzed cyclic AMP
7-15 times more readily than cyclic GMP using | uM
substrate concentrations.

The assay method for phosphodiesterase was a
modification [ 34] of that described by Thompson and
Appleman [36]. In brief. the standard reaction mix-
ture contained. in a final volume of 0.1 ml, Tris-Cl
buffer, pH 8.0, § pmoles; MgCl,. 4 pmoles: 5-nucleo-
tidase (C. adamanteus snake venom), 10-30 ug; cyclic
[G-*H]AMP, 0.1 nmole, containing about 1 x 10°
cpm. The reaction was initiated by addition of either
the substrate or the enzyme and was carried out at
37¢. The reaction was terminated by heating the reac-
tion mixture at 98-100° for | min. The unreacted
nucleotides were separated {rom dephosphorylated
products using anion exchange chromatography.
Appropriate amounts {0.04 to 20 ug) of the enzymes
and appropriate incubation times {5-20min) were
employed so that 10--30 per cent of the cyclic nucleo-
tides was hydrolyzed under the assay conditions.
Linear reaction kinetics were observed under the
assay conditions. None of the compounds examined
were shown to affect the conversion of ¥-nucleotides,
by 5'-nucleotidease in the snake venom, to their corre-
sponding nucleosides. One unit of enzyme activity is
defined as that amount of activity that hydrolyzes |
pmole of cyclic nucleotide/min under the assay condi-
tions. All assays were performed in duplicate and the
values are corrected for those obtained in the absence
of added phosphodiesterase. Cyclic nucleotides and
cyclic nucleotide analogs were dissolved in water, and
other compounds were dissolved in 10%, dimethyl
sulfoxide, which did not significantly alter enzyme
activities. Kinetic analyses were performed using
double reciprocal plots with the slope and intercept
determined by linear least square analysis. The

amounts of protein were determined by the method
of Lowry et al. [37], using bovine serum albumin as
a standard.

Inhibition of phosphodiesterase activities by cyclic
nucleotides and their analogs. 2’-0O-monobutyryl cyclic
GMP was more effective than 2’-O-monobutyryl cyc-
lic AMP in inhibiting cyclic GMP-PDE, while the
converse was found for inhibition of cyclic AMP-
PDE (Fig. 1). While N?-monobutyryl cyclic GMP
was more effective than N°-monobutyryl cyclic AMP
in inhibiting cyclic GMP-PDE, they were nearly
equally potent in inhibiting cyclic AMP-PDE. The
dibutyryl derivatives of either cyclic nucleotide were
equally potent inhibitors of both enzymes.

Table 1 summarizes the effect of these and some
other compounds on the hydrolysis of cyclic GMP
or cyclic AMP by their respective phosphodiesterases
purified from guinea pig lung. Cyclic IMP and
2"-deoxy cyclic GMP were the most potent inhibitors
of the cyclic GMP-PDE, with I, values of .5 and
4.5 uM respectively. In contrast to cyclic IMP. the
8-bromo and 8-benzylamino derivatives of cyclic IMP
were very weak inhibitors of the cyclic GMP-enzyme.
Of the cyclic AMP derivatives, 8-benzylamino cvclic
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Fig. 1. Inhibition by cyclic nucleotide analogs of cyclic
GMP- and cyclic AMP-PDE purified from guinea pig
lungs. Cyclic GMP-PDE (0.04 ug) and cyclic AMP-PDE
{4 ug) were from the gel electrophoresis [35] and DEAE -
cellulose [34, 35] steps respectively. The activities of the re-
spective enzymes for hydrolyzing 1 uM ecyclic GMP and
cyclic AMP were 1.15 and 3.29 units. Key: dibutyryl cyclic
GMP (@); N2-monobutyryl cyclic GMP (A); 2-O-mono-
butyryl cyclic GMP (B); dibutyryl cyclic AMP (O)
N°®-monobutyryl cyclic AMP (A): and 2-O-monobutyryl
cyclic AMP (O
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Table 1. Summary of I, values for various cyclic nucleotides and their derivatives on cyclic GMP-PDE
or cyclic AMP-PDE purified from guinea pig lung*

Cyclic nucleotide

Iso (uM)

or derivative

Cyclic GMP-PDE Cyclic AMP-PDE

Cyclic IMP

2'-Deoxy cyclic GMP
2'-0-Monobutyry! cyclic GMP
8-Benzylamino cyclic AMP
NZ-monobutyryl cyclic GMP
N2,2-0-dibutyryl cyclic GMP
8-Methyhthio cyclic AMP
N¢2-0O-dibutyryl cyclic AMP
8-Bromo cyclic AMP
8-Benzylamino cyclic GMP
8-Bromo cyclic IMP
8-Bromo cyclic GMP
8-Benzylamino cyclic IMP
Né-monobutyryl cyclic AMP
2’-0-monobutyryl cyclic AMP
Cyclic UMP

Cyclic CMP

2-Deoxy cyclic AMP
2":3-Cyclic GMP

2":3-Cyclic AMP

Cyclic GMP

Cyclic AMP

1.5 > 1000
4.5 > 1000
35 900
78 350
80 280
150 460
170 110
200 470
500 150
690 > 1000
760 > 1000
> 1000 > 1000
> 1000 > 1000
> 1000 160
> 1000 10
> 1000 > 1000
> 1000 > 1000
> 1000 45
> 1000 > 1000
> 1000 > 1000
> 1000

> 1000

* Assay conditions were as described in Fig. 1 except for the variation in the kind of compound
used. 15, is defined as the concentrations of the compounds that inhibit 50 per cent of the phosphodies-
terase activity. Cyclic GMP-PDE (0.04 ug) and cyclic AMP-PDE (4.0 ug) were from the gel electro-
phoresis [35] and DEAFE—cellulose [34, 35] steps respectively. The concentration of either cyclic nucleo-

tides was 1 uM.

AMP was the most potent inhibitor of the cyclic
GMP-enzyme. 2'-0-monobutyryl cyclic AMP and
2'-deoxy cyclic AMP were the most potent inhibitors
of cyclic AMP-PDE, with respective 15, values of 10
and 45 uM. No significant inhibiton of either enzyme
by 2':3-cyclic GMP, 2":3'-cyclic AMP, cyclic UMP
and cyclic CMP was noted.

The differential sensitivity of the enzymes to inhibi-
tion by these agents was intriguing. Cyclic IMP and
2'-deoxy cyclic GMP were at least 1000 and 400 times
more potent, respectively, in inhibiting cyclic
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Fig. 2. Double reciprocal plot of the inhibition of cyclic

AMP-PDE by 2'-deoxy cyclic GMP. The enzyme (0.04 ug)

was from the gel electrophoresis step [35]. The concen-

trations of cyclic GMP used ranged from 0.83 to 5.8 uM.

The data shown are the means of duplicate assays, and

kinetic plots were determined by linear least square
analysis.

GMP-PDE than in inhibiting cyclic AMP-PDE.
Conversely, 2'-0O-monobutyryl cyclic AMP and
2'-deoxy cyclic AMP were highly specific for inhibit-
ing cyclic AMP-PDE. Deoxy cyclic GMP and deoxy
cyclic AMP were found to competitively inhibit cyclic
GMP-PDE and cyclic AMP-PDE respectively (Figs.
2 and 3). The apparent K; values for deoxy cyclic
GMP (1.7 uM) and deoxy cyclic AMP (24 uM) were
60 and 50 per cent lower, respectively, than the Isq
values shown in Table 1.

The sensitivity of the cyclic GMP- and cyclic AMP-
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Fig. 3. Double reciprocal plot of the inhibition of cyclic
AMP-PDE by 2-deoxy cyclic AMP. The enzyme (4.0 ug)
was from the DEAE-cellulose step [34, 35]. The concen-
trations of cyclic AMP used ranged from 0.83 to 5.8 uM.
The data shown are the means of duplicate assays, and
kinetic plots were determined by linear least square
analysis.
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Table 2. Differential inhibition by 2'-deoxy cyclic GMP and 2'-deoxy cyclic AMP of phosphodiesterases purified from
the lung and in extracts of several tissues from guinea pigs*

Specific activity Per cent Per cent
(units/mg protein) inhibition of inhibition of
of enzyme hydro- cyclic GMP cyclic AMP
lyzing: hydrolysis hydrolysis
Preparation and Deoxy-  Deoxy- Deoxy-  Deoxy-
source of phospho- Cyclic Cyclic cyclic cyclic cyclic cyclic
diesterase GMP AMP Ratio GMP AMP Ratio GMP AMP  Ratio
Purified from lungt
Cyclic GMP-PDE 26956 1.0 26,960 65 2 33 N.D1i N.D. N.D.
Cyclic AMP-PDE 95 696 0.13 N.D. N.D. N.D. 5 65 0.08
Crude extracts
Lung 4 + 2 109 + 7 1.05 66 + 3 3+ 220 T+2 63 +4 011
lleum 139 + 14 183 + 15 0.76 SO0 +1 T4+2 71 t1+6 66+1 017
Cerebellum 305 + 28 211 + 14 1.45 41 + 5 6+ 2 6.8 17+7 58+3 032
Mesenteric artery 73 + 17 65 +9 1.12 50+ 7 8+ 4 6.3 260+9 5347 049
Cerebrum 683 + 47 355 + 18 1.92 22 + 1 7+3 31 744 3941 018
Aorta 45+ 4 129 + 20 0.35 64 +1 3M+9 1.9 47 + 1 74+ 5 064
Skeletal muscle 9+ 1 140 + 18 0.06 18+5 10+5 1.8 745 241 010
Heart 343 4+ 33 474 + 12 0.72 63 +3 5843 1t 62+ 5 7141 ORK7

* Phosphodiesterase activity was assayed in the presence of 1 uM substrate concentrations as described in the text,
and was carried out using enzyme protein (6-20 ug) and incubation times (6-15min}, which limited the hydrolysis
of either cyclic nucleotide to 10-20 per cent. When included, the concentrations of deoxy cyclic GMP and deoxy
cyclic AMP were 10 and 50 uM respectively. Values shown are the means (+S.E) of at least three experiments with

each assay performed in duplicate.

+ The cyclic GMP—phosphodiesterase (0.04 ug) and cyclic AMP-phosphodiesterase (4.8 ug) were from the gel electro-

phoresis {357 and DEAE-cellulose [34. 35] steps respectively.

+ Not determined.

hydrolyzing enzymes, present in crude extracts of
several tissues from the guinea pig, to inhibition by
deoxy cyclic GMP and deoxy cyclic AMP varied con-
siderably within a tissue as well as between tissues
(Table 2). The inhibition of the purified pulmonary
enzymes was found to be qualitatively and quantitat-
ively similar to that observed in crude extracts from
the same tissue. The cyclic GMP-hydrolyzing activity
present in extracts of the lung, aorta and cardiac
ventricle was inhibited about 65 per cent by deoxy
cyclic GMP. Deoxy cyclic AMP only slightly (less
than 10 per cent) inhibited the cyclic GMP-hydrolyz-
g activity in extracts of most tissues, but higher
degrees of inhibition (up to 58 per cent) by 1t were
noted in extracts of the aorta and heart. The speci-
ficity index (per cent of inhibition of cyclic GMP
hydrolysis by deoxy cyclic GMP/per cent of inhibi-
tion of cyclic GMP hydrolysis by deoxy cyclic AMP)
for cyclic GMP hydrolysis was in a decreasing order:
lung > ileum, cerebellum, mesenteric artery > cere-
brum > aorta, skeletal muscle > heart. The degree of
inhibition of cyclic AMP hydrolysis by deoxy cyclic
AMP was 39-74 per cent for all tissue. The mhibition
of cyclic AMP hydrolysis by deoxy cyclic GMP, how-
ever, was more variable, ranging from 7 to 62 per
cent. Thus, the specificity index for cyclic AMP
hydrolysis was in decreasing order: skeletal muscle,
lung > ileum, cerebellum > cerebrum > mesenteric
artery > aorta > cardiac ventr.cle.

Effect of aliphatic alcohols and various phosphodies-
terase inhibitors on the activities of the purified pulmon-
ary enzymes. Differential effects of alcohols on cyclic
GMP-PDE and cyclic AMP-PDE are illustrated in
Fig. 4. For example. ethanol {13 per cent v/v} and

methanol (13 per cent v/v) were found to stimulate
cyclic GMP-PDE 80 and 115 per cent, respectively,
while conversely inhibiting cyclic AMP-PDE 75 and
50 per cent respectively. Systematic analysis of a series
of aliphatic alcohols revealed that other alcohols were
unable to stimulate cyclic GMP-PDE. Activation of
the cyclic GMP-enzyme by either ethanol or meth-
anol was due to increases in the V. without altering
the K,, for cyclic GMP (Fig. 5.

Various agents known to inhibit phosphodiesterase
activities from other sources were studied for their
effects on the purified pulmonary enzymes. The most
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Fig. 4. Effect of methanol and ethanol on the activities

of cyclic GMP-PDE and cyclic AMP-PDE. The cyclic

GMP-PDE (0,03 ug) and cyclic AMP-PDE (4 ug) were

from the gel electrophoresis {35] and DEAE-cellulose [ 34,

35] steps respectively. The assay was performed using a
I uM concentration of cyclic GMP or cyclic AMP.
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Fig. 5. Double reciprocol plot of the activation of cyclic

GMP-PDE by methanol and ethanol. Cyclic GMP-PDE

(0.03 ug) was from the gel electrophoresis step [35]. The

concentrations of the cyclic GMP used ranged from 0.83
to 5.8 uM.

potent inhibitors of cyclic GMP-PDE were papaver-
ine and 1-methyl-3-iso-butylxanthine (MIX) having
I, values of 3.5 and 4.2 uM respectively (Table 3).
SQ 20,009 and papaverine were the most effective in-
hibitors of the cyclic AMP-PDE, with I, values of
2 and 4 uM respectively. Generally, the agents were
more effective inhibitors of the cyclic AMP—enzyme,
with Ro 7-2956 and Ro 20-1724 being at least twenty
times more potent in inhibiting the cyclic AMP-PDE
than in inhibiting cyclic GMP-PDE. Only MIX
demonstrated any significant specificity for cyclic
GMP-PDE.

Kinetics of the inhibition of the cyclic GMP- and
cyclic AMP—-enzymes by various compounds were
performed (figures not shown), and their kinetic data
are summarized in Table 4. With the exception of
mixed inhibition kinetics observed for SQ 20,009 on
cyclic AMP-PDE, all other agents exhibited classic
competitive inhibitory kinetics on both classes of
phosphodiesterases. The apparent K; values, while
slightly lower, were in general agreement with the I,
values present in Table 3.

Table 3. Inhibition of cyclic GMP-PDE and cyclic AMP-PDE purified from guinea pig lung by
various phosphodiesterse inhibitors*

Iso (uM)
Inhibitor Cyclic GMP-PDE Cyclic AMP-PDE Ratio
Papaverine 35 4 0.9
1-Methyl-3-isobutylxanthine 42 24 0.2
SQ 20,009 15 2 7.5
Ro 20-1724 160 8 200
Sch 15280 800 300 2.7
Theophylline 1100 470 23
Caffeine 3200 1800 1.8
Ro 7-2956 > 1000 35 >28.6

* Assay conditions were as described in the text. The reaction was carried out at 37° using either
1 uM cyclic GMP or cyclic AMP as substrate. The concentrations of the inhibitors used ranged from
107¢ to 107* M. The amounts and preparations of the enzymes were as indicated in Table 1. All
drugs were dissolved in 10% dimethyl sulfoxide, and the final concentration of the solvent in the
incubation was 19, which was without effect on both classes of phosphodiesterases. All assays were
performed in duplicate and the means of two separate determinations are presented.

Table 4. Summary of inhibition by various compounds of cyclic GMP-PDE and cyclic AMP-PDE
purified from guinea pig lung*

Cyclic GMP-PDE

Cyclic AMP-PDE

K; K;

Inhibitor (uM) Type of inhibition (uM Type of inhibition
Cyclic IMP 1.1 Competitive N.D.t N.D.
2'-Deoxy cyclic GMP 1.7 Competitive N.D. N.D.
Papaverine 2.6 Competitive 2.6 Competitive
1-Methyl-3-isobutyl xanthine 4 Competitive 23 Competitive
SQ 20,009 9.8 Competitive N.D. Mixed
Theophylline 700 Competitive 540 Competitive
2'-Deoxy cyclic AMP N.D. N.D. 24 Competitive

* The enzymes were assayed in the presence of two different concentrations of the inhibitors that
inhibit 20-60 per cent of the enzyme activity. Analysis of data was made using double reciprocal
plots. The concentration of either cyclic GMP or cyclic AMP used ranged from 0.83 to 5.8 uM. The
amounts and preparations of the enzymes are indicated in Table 1.

1 Not determined.
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DISCUSSION

It was of interest that the three butyryl derivatives
of ¢yclic GMP and cyclic AMP exhibited the same
relative order of potency as inhibitors of cyclic
GMP--PDE and cyclic AMP-PDE respectifely. Simi-
far order of potency has been reported for the inhibi-
tion of cyclic AMP-hydrolyzing enzymes from other
tissues by the butyryl derivatives of cyclic AMP [28].
It would appear from the present data, and the results
of others [ 28, 33], that the effects of dibutyryl deriva-
tives of cyclic GMP and cyclic AMP on various tissue
preparations may be due, in part, to their ability. or
more importantly the ability of the monoacylated
metabolites, to inhibit phosphodiesterases. It should
be mentioned that a somewhat different order of
potency was observed for the butyryl derivatives of
cyclic GMP in activating cyclic GMP-dependent pro-
tein kinase from guinea pig lung [38].

That 8-substituted derivatives of the cyclic nucleo-
tides were poor inhibitors of cyclic GMP-PDE 15
consistent with the observation by others using
extracts of rabbit lungs[29] and rat brains [39].
Those derivatives were not hydrolyzed by cyclic
GMP-PDE[35]. It is worth mentioning that
8-bromo cyclic GMP has recently been shown to be
the most potent activator of cyclic GMP-dependent
protein kinase from the guinea pig fetal fung (38] and
fetal calf heart [40]. Deoxy cyclic GMP was shown
to be a very potent inhibitor of the cyclic GMP-PDE
(see Table 1) and yet is a very weak activator (K,
| x 107*M) of pulmonary cyclic GMP-dependent
protein kinase (J. F. Kuo, unpublished observations).
These data suggest a distinct difference in the active
sites of cyclic GMP-PDE and cyclic GMP-dependent
protein kinase.

Of the xanthine derivatives studied, MIX was more
potent in inhibiting either class of phosphodiesterase
when compared to theophylline and caffeine. This is
in agreement with the reports of others using different
phosphodiesterase  preparations [33,41,42].  That
MIX was five times more potent in inhibiting cyclic
GMP-PDE than in inhibiting cyclic AMP-PDE (see
Table 4) is interesting, since it has recently been
reported to be more potent in inhibiting a similar
enzyme from pig coronary artery [33]. Other com-
pounds tested were more selective in inhibiting cyclic
AMP-PDE, the most selective of which were the
4-{benzyl)-2-imidazolidinones {Ro 7-2956 and Ro
20-1724), which have previously been shown to inhibit
more specifically the cyclic AMP hydrolysis than the
cyclic GMP hydrolysis, using the enzymes from the
cerebral cortex [32]. For the most part, these com-
pounds were found to inhibit both cyclic GMP-PDE
and cyclic AMP-PDE in a competitive manner. It
is intriguing that compounds of such diverse structure
are able to alter the catalytic sites of two enzymes
which so readily discriminate such similar structures
as cyclic GMP and cyclic AMP. It might be specu-
lated that the apparent competitive inhibition arises
through the binding of these agents to some site, per-
haps common to both enzymes, that is in close prox-
imity to the active site. The relative ability to inhibit
the respective enzymes would then be governed by
the ability of the compounds to cause “induced unfit”
of the active site to the respective substrates, i.e. cyclic
GMP and cyclic AMP.

Acknowledgements— The authors thank Ms. Janice G.
Patrick and Ms. Nancy L. Brackett for their excellent tech-
nical assistance.

REFERENCES

1. N. D. Goldberg. R. F. O'Dea and M. K. Haddox, Adr.
Cyclic Nucleotide Res. 3, 155 {(1973).
- N. D. Goldberg, M. K. Haddox, S. E. Nicol. D. B.
Glass, C. H. Sanford, F. A, Kuehl and R. Estensen.
Adv. Cyclic Nucleotide Res. 8, 307 (1975).
. I Das and E. B. Chain, Biochem. J. 128, 95 (1972).
4. A. H. Kissebah and T. R. Fraser. Hormone Metah. Res.
4, 72 (1972).

5. J. 1. Voorhees, E. A. Duell, L. J. Bass, J. A. Powell
and E. R. Harrell, J. invest. Derm. 59, 114 (1972),

6. M. S. Amer. Science. N.Y. 197, 807 (1973).

7. J. F. Clark, H. P. Morris and G. Weber. Cancer Res.
33, 356 (1973).

8. C. W. Davis and J. F. Kuo. Fedn Proc. 3d{abstr.), 260
{1975).

9. J. F. Kuo, C. W. Davis and J. Tse, Narure. Lond. 261,
335 (1976).

10. G. Brooker. L. Thomas, Jr. and M. M. Appleman, Bio-
chemistry 7, 4177 {1968).

i1, W.J. Thompson and M. M. Appleman, J. biol. Chem.
246, 3145 (1971).

12. E. Monn and R. O. Christiansen. Science, N.Y. 173,
540 (1971).

13. E. N. Goren and O. M. Rosen, Archs Biochem. Biophys.
153, 384 (1972).

14. J. Schroder and H. V. Rickenberg, Biochim. biophys.
Acta. 302, 50 (1973).

15. P. Usunov, H. M. Shein and B. Weiss, Neuropharmuco-
logy 13, 377 (1974).

16. J. G. Hardman, J. A. Beavo. J. P. Gray. T. P. Chris-
man, W. D. Patterson and E. W. Sutherland, 4nn. N Y.
Acad. Sci. 185, 27 (1971).

17. T. R. Russell, W. L. Terasaki and M. M. Appleman.
J. biol. Chem. 248, 1334 (1973).

18. R. Fertel and B. Weiss, Molec. Pharmac. 12, 678 (1976).

19. M. M. Appleman and W. L. Terasaki, Adv. Cyclic Nu-
cleotide Res. 8§, 153 {1975).

20. S. Kakiuchi, R. Yamazaki, Y. Teshima, K. Uenishi and
E. Miyamoto, Biochem. J. 146, 109 (1975).

21. 1. Morishima, Biochim. biophys. Acta 410, 310 (1975).

22. J. N. Wells, C. E. Baird, Y. J. Wu and J. G. Hardman,
Biochim. biophys. Acta 384, 430 (19795).

23. H. Bergstrand and B. Lundquist, Biochemistry 15, 1727
(1976).

24. T. E. Donnelly. Jr. Archs Biochem. Biophys. 173, 375
(1976).

25. W. R. Kukovetz and G. Poch, Naunyn-Schmiedebergs
Arch. exp. Path. Pharmak. 267, 189 (1970).

26. H. Sheppard and G. Wiggan, Biochem. Pharmuc. 20,
2128 (1971)

27. }. Vernikos-Danellis and C. G. Harris, Proc. Soc. exp.
Biol. Med. 128, 1016 (1968).

28. J. P. Miller, D. A. Shuman, M. B. Scholten, M. K.
Dimmitt, C. M. Stewart, T. A. Khwaja, R. K. Robins
and L. N. Simon, Biochemistry 12, 1010 (1973).

29. J. P. Miller, K. H. Boswell, K. Muneyama, L. N.
Simon, R. K. Robins and D. A. Shuman, Biochemistry
12, 5310 (1973).

30. P. Uzunov, V. Petkov and S. Stancheva. Acta Newro-
biol. Exp. 35, 159 (1975).

31. B. Weiss, R. Fertel, R. Figlin and P. Uzunov, Molec.
Pharmac. 16, 615 (1974).

32. H. Sheppard, C. Wiggan and W. H. Tsien. 4Ade. Cyclic
Nucleotide Res. 1, 103 (1972).

33. J. N. Wells, Y. J. Wu, C. E. Baird and 1. G. Hardman.
Molec. Pharmac. 11, 775 (1975).

b

e



Cyclic nucleotide phosphodiesterases 95

. C. W. and J. F. Kuo, Biochim. biophys. Acta 444, 554
(1976).

. C. W. Davis and J. F. Kuo, J. biol. Chem. 252, 434
(1977).

. W.J. Thompson and M. M. Appleman, Biochemistry
10, 311 (1971).

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R.
J. Randall, J. biol. Chem. 193, 262 (1951).

. J.F. Kuo, W. N. Kuo, M. Shoji, C. W. Davis, V. L.
Seery and T. E. Donnelly, Jr., J. biol. Chem. 251, 1759
(1976).

39. D. N. Harris, M. Chasin, M. B. Phillips, H. Golden-
berg, S. Samaniego and S. M. Hess. Molec. Pharmac.
22, 221 (1973).

40. M. Shoji, J. G. Patrick. C. W. Davis and J. F. Kuo,
Biochem. J. 161, 213 (1977).

41. J. A. Beavo, N. L. Rogers, O. B. Crofford, C. E. Baird,
J. G. Hardman, E. W. Sutherland and E. V. Newman
Ann. N.Y. Acad. Sci. 185, 129 (1971).

42, J. A. Beavo, N. L. Rogers, O. B. Crofford, J. G. Hard-
man, E. W. Sutherland and E. V. Newman, Molec.
Pharmac. 6, 597 (1970).



