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ABSTRACT: A phosphodiesterase with high affinity for aden-
osine 3’,5'-cyclic phosphate has been purified more than 300-
fold from rabbit skeletal muscle. The enzyme displayed the
following kinetic properties. (1) The enzyme had a Michaelis
constant (K,,) of 4 um at pH 7.0. The affinity decreased with
increasing pH and at pH 9.0 the K., was 26 uM. (2) The enzyme
was also capable of hydrolyzing guanosine 3’,5’-cyclic phos-
phate but the K., for this substrate was about 500 times higher
than that observed with adenosine 3’,5’-cyclic phosphate.
Competition between the two substrates suggested a common
catalytic site. (3) Methylxanthines were capable of inhibiting
the muscle phosphodiesterase but the enzyme was much less
sensitive to inhibition than those phosphodiesterases de-
scribed previously. Adenine and several derivatives of adenine
were also found to be inhibitory. (4) Imidazole increased the

In recent years, the interest in the regulatory role of cAMP!

has resulted in a number of studies of the kinetic properties of
cyclic nucleotide phosphodiesterase. Earlier studies of the en-
zymes from bovine heart (Butcher and Sutherland, 1962), dog
heart (Nair, 1966), and rat brain (Cheung, 1967) suggested a
rather low affinity for cyclic AMP. More recent studies of
bovine heart (Beavo er al., 1970), rat brain (Brooker et al.,
1968), frog bladder and rat kidney (Jard and Bernard, 1970),
and rate adipose tissue (Loten and Sneyd, 1970) have shown
the presence of two phosphodiesterase activities distinguished
by widely different affinities for cAMP. As suggested by Loten
and Sneyd (1970), this type of behavior could be the result of
two different catalytic activities or an example of a single en-
zyme displaying negative cooperativity (Levitzki and Kosh-
land, 1969). We wish to report here the more than 300-fold
purification of a phosphodiesterase from rabbit skeletal
muscle. This enzyme displays a single low K., for cAMP, and a
very high K, for cyclic 3’,5'-guanosine monophosphate.

Materials and Methods

Imidazole used in preparative work was grade I of Sigma
Chemical Co., and that used in kinetic studies was grade III.
Crotalus arrox venom was obtained from the Ross Allen
Reptile Institute, Silver Springs, Fla. All nonradioactive nu-
cleotides employed in this work were obtained from P-L
Laboratories. [*H]JcAMP and [*H]cGMP were obtained from
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! Abbreviations used that are not listed in Biochemistry 5, 1445
(1966), are: cAMP, adenosine 3’,5'-cyclic monophosphate; ¢cGMP,
guanosine 3’,5'-cyclic monophosphate.
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maximal velocity of the muscle phosphodiesterase and shifted
the pH optimum from 9.0 to about 8.0 to 8.5. Imidazole also
decreased the affinity of the enzyme for adenosine 3’,5’-cyclic
phosphate. Crude extracts of skeletal muscle were also studied
at varying substrate concentrations. In addition to the low K.,
adenosine 37,5’-cyclic phosphate phosphodiesterase, kinetic
plots suggested the presence of an enzyme activity with lower
affinity for this nucleotide. An enzyme with a K,, of 15 um for
guanosine 3’,5-cyclic phosphate was also detected in crude ex-
tracts.

The kinetic data are compared to previously published
data obtained with phosphodiesterases having a relatively low
affinity for adenosine 3’,5'-cyclic phosphate. The data are dis-
cussed in relation to the regulation of the concentration of
adenosine 3’,5'-cyclic phosphate in mammalian tissues.

New England Nuclear Corp. and were purified by thin-layer
chromatography before use as follows. The material was
streaked on precoated plates of silica gel F-254 (Brinkmann
Instruments, Inc.) and developed with the solvent acetone-
isopropyl alcohol-n-butyl alcohol-30 mMm (NH,)HCO; (2:2:
3:2, v/v) (Jungas, 1966). cAMP and cGMP have Ry’s of about
0.55 and 0.51, respectively, in this system and are well sep-
arated from their corresponding nucleosides and 5’- and 3 '-nu-
cleotides. The cyclic nucleotide, detected with ultraviolet light,
was scraped off and stored on the silica powder at —20°. The
nucleotide could be eluted from the silica with water.

The cyclic nucleotide phosphodiesterase was assayed at 30°
by a modification of the procedure originally described by
Appleman and Kemp (1966). The assay is based upon the pro-
duction of [*H]nucleoside from [*H]cyclic nucleotide by the
action of diesterase and snake venom nucleotidase. Reaction
mixtures (1 ml) contained 50 mm Tris-HCl at the desired pH,
5 mM MgCl,, 50,000 cpm of |*H]cyclic nucleotide, and un-
labeled cyclic nucleotide at the indicated concentration. In
routine assays performed during purification, cAMP was added
at a concentration of 0.1 mM. The reaction was started by the
addition of 0.1 ml of the diesterase diluted to the desired con-
centration with buffer containing 50 mm Tris-HCIl-2 mm
EDTA-0.1 mm dithiothreitol, all adjusted to the pH used in
that particular assay. The reaction was terminated by placing
the sample in a boiling-water bath for exactly 1 min. The tubes
were cooled, 0.2 ml of a solution of C. atrox venom (2 mg/ml)
was added, and the reaction mixture was further incubated at
35°, After a 10-min incubation, the reaction mixture was put
on a column of DEAE-Sephadex A-25 (0.5 X 7 cm) previously
equilibrated with 0.05 M Tris-HCl buffer at pH 7.5. The
column was washed with this same buffer and the initial
effluent and wash were collected to combined volume of 5 ml.
A 1-ml sample of this effluent was counted with a liquid scin-
tillation spectrometer. The radioactivity in a blank (without
diesterase) was subtracted from the sample radioactivity. The
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blank amounted to about 2% of the total radioactivity em-
ployed in the assay and was higher if unpurified tritiated cyclic
nucleotide was used. Activity was determined by calculating
the millimicromoles of cyclic nucleotide hydrolyzed, based on
the specific radioactivity of the nucleotide in the original reac-
tion mixture. One unit of enzyme activity represents that
amount required to hydrolyze 1 mumole of cAMP in 1 min at
pH 7.5 in the presence of 0.1 mM cyclic nucleotide. The use of
the substituted Sephadex as a means of separating the reaction
products is an improvement over previous assays based on this
principle. Approximately 98 % of the [*H]adenosine generated
by the combined action of diesterase and the nucleotidase
could be recovered in a total volume of 5 ml. In contrast, nu-
cleosides appear to bind nonspecifically to Dowex-type resins
and thus large volumes are required to elute the adenosine
(DeLange et al., 1968; Beavo et al., 1970). This prolongs the
procedure and necessitates the use of large amounts of radio-
activity since only a small fraction of the total aqueous effluent
can be counted. The Sephadex A-25 columns were prepared by
adding the gel suspension to disposable Pasteur-type pipets
containing a small glass wool plug. A week’s supply of
columns could be prepared at one time and then refrigerated
in a plastic bag to retain the moisture. Before use, they were
washed with a small amount of fresh buffer.

The assay for cAMP was linear for more than 1 hr as long as
the substrate concentration remained high (Figure 1), indi-
cating that under the conditions of the assay the enzyme re-
mained stable. The assay is based upon measuring the fraction
of total substrate hydrolyzed; thus, assays at different sub-
strate concentrations were often carried out at widely different
enzyme concentration in order that initial velocities might be
measured conveniently. It was essential, therefore, to show
that the assay was linear with enzyme concentration. The rate
of cAMP hydrolysis was measured over a 35-fold range in en-
zyme concentration (0.4 to 14 ug per ml) and was observed to
be linear with protein concentration.

Protein determinations were carried out by the procedure of
Weichselbaum (1946) or by the method of Lowry et al. (1951).
Bovine serum albumin was employed as a standard.

Results

Purification Procedure. cAMP phosphodiesterase was pre-
pared from rabbit skeletal muscle by the following procedure.
A female New Zealand white rabbit was killed with an over-
dose of Nembutal and bled by cutting the blood vessels in the
neck. The muscle was passed through a meat grinder at 4° and
homogenized in a Waring Blender for 30 sec in the presence of
three volumes of a buffer containing 50 mm imidazole, 4 mm
EDTA, and 0.1 mm dithiothreitol (pH 8.5). The homogenate
was centrifuged for 40 min at 10,000g and 2° in a Lourdes
centrifuge. The supernatant was passed through glass wool to
remove lipid material and was adjusted to 0.60 saturation of
(NH,).SO. by the slow addition of a neutralized solution of
saturated (NH,).SO,. The mixture was stirred for 30 min and
the precipitate was collected by centrifugation at 10,000g for
40 min. It was dissolved in a volume of 10 mM Tris-HCI, 100
mM NaCl,2mMEDTA, and 0.1 mmdithiothreitol (pH 8.0) equal
to one-tenth of the volume of the original extract. The yield
was about 9097 with a threefold increase in specific activity.
The Tris-NaCl buffer will be subsequently referred to as buffer
A. The enzyme solution was dialyzed against two changes of
this same buffer overnight and then applied to a column of
DEAE-Sephadex A-50 (5 X 35 cm) that had been equili-
brated with buffer A. After the protein sample had entered the
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FIGURE 1: Progress curve of cCAMP hydrolysis, Assays as described
in Materials and Methods at pH 8.0 in the presence of 225 uM
cAMP and 4.4 ug of purified phosphodiesterase. Each point repre-
sents an average of two determinations.

column bed, the column was washed with the buffer A until
the OD of the effluent at 280 mu dropped below 0.1. The en-
zyme was eluted with buffer A containing 0.8 M NaCl. Those
fractions containing activity (50-60%; yield) were pooled, di-
alyzed against buffer A, and again applied to column of DEAE-
Sephadex A-50 (3.5 X 40 cm) equilibrated with buffer A. The
enzyme was eluted with a linear gradient consisting of 1.5 1.
of buffer A containing NaCl at a final concentration of 0.6 M
flowing into buffer A (1.5 1.) in a mixing chamber. Fractions
containing relatively high specific activity were pooled and
concentrated by the addition of saturated (NH,).SO, to a final
saturation of 0.6. The overall yield was about 50 % with a 40-
fold increase in specific activity. The pellet was dissolved in a
minimum amount of buffer A and the solution layered on a
column of Sephadex G-200 (5 X 90 cm) equilibrated with
buffer A containing 0.8 M NaCl, The enzyme eluted from the
column usually had a specific activity in the order of 80 units/
mg, representing a purification of about 160-fold over the
crude extract. The yield from the crude extract was about
33%. Further purification usually involved repeating the
steps on gradient elution from Sephadex A-50 and gel filtra-
tion on Sephadex G-200. Losses of activity in these steps were
fairly large but specific activities were obtained that ranged
from about 150 to 700 with overall yields of 4 to 10%;. Kinetic
analyses were carried out with enzyme preparations having
specific activities greater than 200. Frozen rabbit muscle
obtained from Pel-Freeze Biologicals (Rogers, Ark.) was also
successfully employed for the preparation of the phospho-
diesterase. Extracts of frozen muscle have somewhat higher
activity than those from fresh animals, possibly because the
frozen muscle has been taken only from young (8-12 weeks)
animals. In some of the earlier preparations, an acid-precipita-
tion step was used in place of the initial (NH,),SO, fractiona-
tion. In this step, 1 N acetic acid is slowly added to the extract
until the pH drops to 5.5. After stirring an additional 30 min,
the precipitate was collected by centrifugation at 10,000g for
30 min. The yield in this step was lower than that obtained in
the alternate ammonium sulfate precipitation although the
purification was usually greater.

In 50 mm Tris-Cl buffer at pH 8.0 and at 4°, the purified
enzyme lost about 50 %; of its activity in 1 month. Some stabi-
lization was achieved in the presence of high concentrations of
sodium chloride (0.1-0.5 M) but maximum stability was
achieved in the presence of 0.05-0.2 M MgCl,. Under these
2279
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FIGURE 2: Effect of divalent metal ions on cAMP phosphodiesterase.
Prior to assay, magnesium ion was removed from the purified
enzyme by passing the preparation through a column of Sephadex
G-25 previously equilibrated with 10 mM Tris-HCl at pH 7.5. As-
says performed at pH 7.5 as described in Materials and Methods
except that the indicated ions replaced MgCl.. The CAMP concen-
tration was 140 uM. For the second stage of assay, the snake venom
concentration was doubled and MgCl; at 1 mm was added where not
already present. The velocity is expressed as the per cent of that
value obtained with 5 mm MgCl,. Each point represents the average
of three or more determinations.

conditions, less than 5% of the initial activity was lost on stor-
age for 30 days at 4°. The enzyme was therefore routinely
stored in 10 mMm Tris-Cl, 2 mm EDTA, 0.1 mM dithiothreitol,
and 0.1 M MgCl, (pH 8.0).

Kinetics Metal Reguirement. Purified muscle nucleotide
phosphodiesterase that was passed through Sephadex G-25
to remove metal ions displayed approximately 209, of maxi-
mal activity in the absence of added metal ion. However, a
low concentration of EDTA (0.1 mm) completely abolished
activity. This would suggest that the enzyme has an absolute
metal ion requirement and that the enzyme preparation con-
tains metal ion that is not easily removed. Figure 2 shows the
effect of low concentrations of magnesium, manganous, and
cobalt ions on the activity of phosphodiesterase. Concentra-
tions of cobalt ion in excess of 2 mM were inhibitory. The
enzyme was either not activated or was inhibited by calcium,
cupric, ferrous, zinc, and nickel ions when these ions were
present at a concentration of 2 mM. Double-reciprocal plots
of the metal ion activation data yielded straight lines indicat-
ing a single site or multiple sites of identical affinity. The data
from these plots are given in Table I. The K, for magnesium
ion was not greatly different from the value of 13 uM reported

TABLE I: Kinetic Parameters for Metal Ion Effects on cAMP
Phosphodiesterase.=

Addition K, (um) Rel Viex
MgCl, 24 0.6
MnCl, 1.2 0.7
CoCl, 6 1.0

= The velocity obtained in the absence of added metal ion
was subtracted from the velocities obtained in the presence
of metal ions. These differences were plotted as reciprocals
against the reciprocals of metal ion concentration and the
values for K, were obtained from the intercept on the abscissa.
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FIGURE 3: The pH and imidazole effect on cAMP phosphodiester-
ase. Reaction carried out with 100 uM cAMP 5 mM MgCl; in buffer
consisting of 25 mm Tris and 25 mm N-tris(hydroxymethyl)methyl-
2-aminoethanesulfonic acid at the indicated pH. The activity is
expressed as the per cent of that activity given at pH 7.5 in the ab-
sence of imidazole. Each point represents the average of two de-
terminations. Open circles, without imidazole; closed circles, plus
40 mM imidazole.

by Cheung (1967) for a high K., enzyme from brain. Cobalt
ion gave the highest maximal activity and manganous ion was
the most tightly bound of the three activating ions; but be-
cause magnesium ion is present in muscle in much higher con-
centration than the other two ions, magnesium ion was em-
ployed in all subsequent kinetic studies that are presented here.

pH. Figure 3 shows the variation of the activity of the phos-
phodiesterase vs. pH. The pH optimum was found to be about
pH 9.0, similar to a number of other mammalian cyclic nu-
cleotide phosphodiesterases (Butcher and Sutherland, 1962;
Cheung, 1967). Butcher and Sutherland (1962) originally
reported that imidazole stimulated beef heart diesterase and
caused a shift in its pH optimum; but Cheung (1967) noted
that although imidazole stimulated the rat brain enzyme, it
did not shift the pH optimum. As indicated by Figure 3, the
muscle enzyme gave an imidazole effect that was similar to
that of the beef heart enzyme. It will be seen in the following
section that imidazole also influence the affinity of the enzyme
for cyclic AMP.

K,,. The muscle phosphodiesterase displayed a very high
affinity for cAMP in the physiological pH range. The lower
line in the double-reciprocal plot of Figure 4 represents the
data obtained at pH 7.5 in the presence of varying concentra-
tions of cAMP. The K,, calculated from these and similar data
from other preparations is 6 uM. Table II gives these data as
well as the K,’s and maximal velocities obtained at various
hydrogen ion concentrations. At pH 7.0 the K, was found to
be 4 uM and increased with increasing pH to a value of 26 uM
at pH 9.0. In comparison, values for K., above 0.1 mM have
been described for enzymes from beef heart (Butcher and
Sutherland, 1962), dog heart (Nair, 1966), rat brain (Cheung,
1967), rat kidney (Dousa and Rychlik, 1970), and frog eryth-
rocytes (Rosen, 1970). Crude enzyme preparations that
display both high and low K, values have been observed in
ox heart (Beavo et al., 1970), rat brain (Brooker et al., 1968),
and adipose tissue (Loten and Sneyd, 1970). With the purified
rabbit muscle enzyme, assays were performed at concentra-
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FIGURE 4: Competitive inhibition of cAMP phosphodiesterase by
methylxanthines. Incubation carried out for 30 min at pH 7.5 as
described in the Materials and Methods. The specific activity of
the enzyme was 200 units/mg. (O) No additions; (A) plus 1 mMm
theophylline; (0) plus 1 mwm caffeine.

tions ranging from 1 uMm to 1.3 mM with no indication of a
high K., species. As will be shown, however, a lower affinity
enzyme apparently is present in crude extracts of muscle.

Inhibitors and Activators. As observed with other mamma-
lian phosphodiesterases, the methylxanthines were competitive
inhibitors of muscle cyclic nucleotide phosphodiesterase. The
double-reciprocal plot in Figure 4 describes the inhibitory
action of caffeine and theophylline; the K;’s calculated from
these data were 0.52 and 0.32 mM, respectively. Honda and
Imamura (1968) reported a X; for theophylline of 0.11 mm for
the beef heart and the rabbit brain enzymes. It is obvious that
at any given concentration of cAMP the muscle enzyme is
much less sensitive than the heart enzyme to the inhibitory
action of the methylxanthines. For example, at 0.4 mM cAMP,
the heart enzyme was inhibited 7097 by 1 mm theophylline
(Butcher and Sutherland, 1962), while under the same condi-
tions the rabbit muscle enzyme was inhibited less than 597,

A number of other compounds have been tested for inhibi-
tory action and these are given in Table III. In addition to the
methylxanthines, adenine, adenosine, 6-dimethylaminopurine,
and 6-hydroxypurine were inhibitory when present at a con-
centration of 1mm. Little or no inhibition was observed in the
presence of 1 mM concentrations of guanosine, cytosine, hypo-
xanthine, uradine, uracil, and 6-aminouracil. In addition to
purines and pyrimidines, a number of metabolic intermediates
were also tested at 1 mM. No inhibition was observed with

TABLE I1: Affinity of the Phosphodiesterase for cAMP as a
Function of pH.e

pH Kn (#M) Rel Vinax
7.0 4 0.6
7.5 6 1.0
8.0 10 1.2
9.0 26 2.2

= Data obtained from double-reciprocal plots of initial
velocities from assays performed as described in the Materials
and Methods. Concentrations of cCAMP were varied from
1 uM to 1 mM. The enzyme employed in these assays had a
specific activity of 200 units/mg.
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FIGURE 5: Effect of imidazole on substrate affinity. Assays were
performed at pH 7.5 as described in the Materials and Methods.
Each point represents the average of two determinations. (0) No
additions; (O) plus 40 mm imidazole; (A) plus 120 mm imidazole.

inorganic phosphate, adenosine mono-, di-, and triphosphate,
citrate, phosphocreatine, and phosphoenolpyruvate. Cheung
(1967), on the other hand, observed inhibition of rat brain
phosphodiesterase by citrate and ATP; the concentrations
employed, however, exceeded the concentration of magnesium
ion and could have made the metal ion limiting by chelation.
It is interesting that adenine and related compounds are effec-
tive inhibitors while the adenosine phosphates that are struc-
turally even more similar to cAMP are not inhibitory.

The muscle phosphodiesterase was also inhibited by re-
agents that react with sulfhydryl groups. When the purified
enzyme was incubated for 10 min at 30° in the presence of 10
uM concentrations of p-chloromercuribenzoate or 5,5’~dithio-
bis(2-nitrobenzoic acid), there was a loss of 82 and 559,
respectively, of the initial activity. Most of the activity was
recovered following a brief incubation of the inhibited enzyme
with dithiothreitol.

Imidazole, in addition to its influence on Vn.x and pH
optimum, decreased the affinity of the phosphodiesterase for
cAMP. Figure 5 shows the influence of imidazole on the ki-
netics of phosphodiesterase at pH 7.5. From these plots it was
calculated that 40 mM imidazole increased Vuax by a factor of
2.1 but X, was also increased to 8 uM. In the presence of 120
mM imidazole, Vmsx was increased by a factor of 3.1 and the

TABLE I1I; Some Inhibitors of cAMP Phosphodiesterase.=

Addition (1 mm) Act. (%)
None 100
Theophylline 45
Theobromine 72
Caffeine 62
Adenine 79
Adenosine 75
6-Dimethylaminopurine 51
6-Hydroxypurine 86

e Assay carried out for 30 min at pH 7.5 and a cAMP
concentration of 5 uM and other conditions described in
Materials and Methods. Values represent the average of
duplicate assays.
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FIGURE 6: Activity of cyclic nucleotide phosphodiesterase in crude
muscle extracts. The extract represents the 10,000g supernatant
of the homogenate as described in the Results section, Assays were
performed at pH 7.5 as described in the Materials and Methods with
varying concentrations of CAMP or ¢cGMP. The specific activity
of the extract with cAMP as a substrate was 0.5 unit/mg of protein.
Each point represents the average of two determinations: (O)
cAMP; (@) cGMP. The line drawn through the cGMP data was
determined from these data as well as activities at concentrations
aslowas 1 uM.,

K. increased by a factor of 3.3. As a result of the opposing
effects of imidazole, that is, a higher V.« but a lower affinity,
the stimulation by imidazole at physiological concentrations
of cCAMP was relatively small,

Hydrolysis of cGMP. The purified muscle phosphodiesterase
preparation also hydrolyzed ¢cGMP. A double-reciprocal plot
of data obtained at concentrations of cGMP varying from
0.1 to 4 mm was linear and indicated a K,, of approximately
2.7 mM. The Vyax was equal to about 9097 of that obtained
with cCAMP as a substrate. The ability of the preparation to
hydrolyze cGMP could have been due to a unique enzyme or
to lack of absolute specificity of the cAMP phosphodiesterase.
To examine these possibilities unlabeled cGMP was tested as
an inhibitor of the hydrolysis of radioactive cAMP over a wide
range of concentrations of cAMP. The results showed that
the cGMP was indeed a competitive inhibitor of the hydroly-
sis of cCAMP and the K; calculated from these data was 3 mm
in excellent agreement with the K, determined by direct assay.
It is thus concluded that the hydrolysis of cGMP is carried
out by the cAMP phosphodiesterase.

K., of Phosphodiesterase in Crude Extracts of Skeletal Mus-
cle. As mentioned previously, kinetic analysis of crude ex-
tracts of a number of tissues had indicated the presence of
phosphodiesterases with different affinities for cAMP. Crude
rabbit muscle extracts were also assayed at varying concentra-
tions of cAMP or ¢cGMP and the results plotted as double
reciprocals (Figure 6). The assays, carried out at pH 7.5,
indicated the presence of an enzyme with a K, for cAMP of
about 5 uM, corresponding to the enzyme that was purified.
At higher concentrations of cAMP (above 10 um) an activity
with a low affinity is suggested by the downward deviation of
the experimental points from the extrapolated line (Figure 6).
The K, of this activity would appear to be about 20 uM but
the accuracy of such measurements in crude extracts is cer-
tainly in doubt, The crude extract also contained an enzyme
with a relatively high affinity for cGMP (Figure 6). The K, of
this enzyme (15 uMm) is lower by a factor of 200 than the cGMP-
hydrolyzing activity of purified cAMP phosphodiesterase.
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From the intercepts one can estimate the Vp,,’s which indicate
that the low K., cAMP phosphodiesterase, the high K, cAMP
phosphodiesterase, and the cGMP phosphodiesterase were
present in ratio of 1.4:1.0:1.0, respectively. A small amount of
enzyme with K,, above 0.2 mm probably would not have been
detected by these assays. It is important to note that the analy-
sis was carried out on a 10,000g supernatant of the low ionic
strength extraction. The presence of a particulate enzyme such
as the activity observed by Beavo et a/. (1970) in bovine heart
would not be included in the affinity analysis described here.
However, a comparison of the total activity at 0.1 mMm cAMP
of the whole muscle homogenate to the activity of the 10,000g
supernatant indicated that almost all of the phosphodiesterase
activity was extracted into the low ionic strength buffer.

Discussion

It now appears likely that there exists a number of enzymes
capable of hydrolyzing cAMP and ¢cGMP. Skeletal muscle
may be added to the growing list of tissues that display enzy-
matic activities with more than one affinity for these nucleo-
tides. Partial separation of high- and low-affinity enzymes has
been indicated for several tissues (Beavo et al., 1970; Jard and
Bernard, 1970), but the possibility existed that a single enzyme
exhibited two K, values due to negative cooperativity. This
work demonstrates that at least in the case of muscle an
enzyme is present that has a single low K., value for cAMP
and a single but much higher K., for cGMP. Analysis of crude
extracts, on the other hand, indicate the presence of a cGMP
phosphodiesterase and a lower affinity cAMP phosphodiester-
ase in addition to the high-affinity enzyme that has been char-
acterized in this report. Drummond and Perrott-Yee (1961)
first surveyed tissues for the activity of cAMP phosphodiester-
ase and their results indicated that the enzymatic activity in
skeletal muscle was low relative to that of a number of other
tissues. It should be noted, however, that this activity was
determined at high substrate concentrations. As shown here,
much of the activity of skeletal muscle is of the low Ky type
and at physiological concentrations of cAMP the muscle
enzyme would have an activity more than 100 times greater
than the same amount of a high K,, enzyme such as that iso-
lated by Nair (1966) from dog heart.

The steady-state concentration of cAMP in tissues must
obviously be influenced by the pertinent kinetic parameters of
adenylyl cyclase and phosphodiesterase as well as the total
activities of the two enzymes as determined by analyses carried
out under optimal conditions. Skeletal muscle has been shown
to have a concentration of cAMP that is one-tenth to one-fifth
those found in adrenal gland, brain, and liver (Walton and
Garren, 1970). This might well be reasonable if muscle is
unique in that it contains relatively more of the high-affinity
phosphodiesterase than other mammalian tissues. The results
of Beavo et al. (1970) who studied the cAMP phosphodiester-
ase activities of rat tissues at high- and low-substrate levels
support this contention. They observed that the ratio of activ-
ity at 1 um vs. activity at 1 mm was higher for skeletal muscle
than liver and brain. This suggests a relatively greater amount
of high-affinity phosphodiesterase in rat skeletal muscle. Al-
though the pH optimum of the enzyme as determined by
assays at 0.1 mm cAMP was quite high (pH 9.0), the activity
of the enzyme at physiological concentrations of cAMP (5 uM)
is higher near pH 7.5. This, of course, is due to the opposing
effects of increasing V... but decreasing affinity as the pH is
increased from 7to 9.

An important difference between the low Ky, muscle enzyme
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and the high K, enzymes described previously is the lesser
sensitivity of the muscle enzyme to inhibition by the methyl-
xanthines. The K’s for these compounds are only two or three
times higher than those reported for the high K., enzymes
(Honda and Imamura, 1968); but because of great difference
in affinity for cAMP between the enzymes, the muscle enzyme
is much less inhibited at comparable concentrations of sub-
strate and inhibitor. This observation is of interest to investi-
gators who assay adenylyl cyclase and isolate cAMP from
tissues, because in these procedures theophylline is routinely
employed to prevent phosphodiesterase action at concentra-
tions that would inhibit a high K., enzyme but will not inhibit
an enzyme with kinetic parameters similar to those of the mus-
cle phosphodiesterase. Furthermore, one might predict that
muscle and any other tissue with a relatively large amount of
the low K, phosphodiesterase would be insensitive to the
action of the methylxanthines in vivo if indeed the pharmaco-
logical actions of these drugs can be attributed solely to the
inhibition of cAMP hydrolysis. The list of agents that modu-
late the level of cAMP is indeed impressive (Robison et al.,
1968) and most studies have suggested that adenylyl cyclase
is the point of control. Recently, however, Loten and Sneyd
(1970) have shown that the phosphodiesterase activity of adi-
pose tissue homogenates was increased by brief treatment of
the intact tissue with insulin. These workers noted a decrease
in K., of the high K activity of adipose homogenates and an
increase in the V.. of the low K., activity. It is obvious that
the cyclic nucleotide phosphodiesterase could have an impor-
tant regulatory function and the existence of multiple forms of
the enzyme with different kinetic properties provides some sub-
stance for speculaticn on this possibility. If the forms were
interconvertible, then the phosphodiesterase with the high
K.. would represent a reservoir of enzyme capable of being
converted into the low K., form with its much greater activity
at the physiological concentration of cAMP. The availability
of both the low K., enzyme free of high Kn activity and the
previously described high X., enzyme will permit an evaluation
of the possibility of interconvertible forms in a cell-free prep-
aration.
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