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SUMMARY -- Three distinct forms of cyclic-nucleotide-phosphodiesterases 
were separated and purified from the media layer of bovine aorta using 
two successive DEAE-cellulose column chromatographies. Form A hydrolyzed 
both CAMP and cGMP with similar Km and V and was sensitive to the cal- 
cium dependent protein activator ; its a? Hvity on both substrates was inhi- e 
bited by cIMP. Form B hydrolyzed specifically cGMP, was insensitive to the 
activator but was slightly stimulated in a proteinaceous medium ; it was 
inhibited by cIMP. Form C was specific for CAMP and was insensitive to the 
activator and to a proteinaceous medium ; it was poorly inhibited by cIMP. 

INTRODUCTION - Multiple forms of cyclic nucleotide phosphodiesterases 

have been described in various tissues (for reviews see ref. 1 and 2). These 

forms differ in their kinetic properties, substrate specificity and sensi- 

tivity to endogenous or exogenous activators and inhibitors (3). We do 

not know whether the phosphodiesterases of intact cells are identical to 

the isolated enzymes. However, purification of phosphodiesterases is a 

prerequisite to the search for specific inhibitors. The finding of such 

compounds may in turn provide a clue to the understanding of the role of 

phosphodiesterases in regulating cyclic nucleotide levels. Although CAMP 

and cGMP may well be important regulators of vascular smooth muscle proper- 

ties (4),. few studies deal with the phosphodiesterases from these tissues 

(5, 6). Two forms using cAMP and cGMP respectively as prefered substrate 

have been separated from pig coronary arteries (6). The fact that a se- 

lective accumulation of CAMP could be produced in rat aorta by a phos- 

phodiesterase inhibitor (7) suggests that the hydrolysis of CAMP and 

cGMP may be catalyzed by different enzymes in this organ. We report 

here that, in addition to two phosphodiesterase forms which were specific 

for CAMP and cGMP respectively , we have separated a third form which dis- 

played no substrate specificity. Contrary to the first two forms 

this latter form was sensitive to a Ca 2+ 
dependent endogenous protein 

activator. However its catalytic propertied differed from those of the 
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activator-sensitive enzyme previously isolated by others (1). 

MATERIAL and METHODS - Bovine aortas were obtained from a local slaughter- 
house and kept until dissection (within 3 hours) at +4"C in an hypotonic 
medium containing 2 mM Mg C12, 0.2 mM EGTA, 3 mM B mercaptoethanol and 
20 mM Tris-HC1 pH 7.5. The following operations were performed at 4OC. 
The media layer was dissected, 200 g were minced and homogenized using 
a glass potter homogenizer in 4 volumes of the hypotonic medium. The ho- 
mogenate was filtered on gauze and centrifuged at 3 000 x g for 20 min. 
The supernatant was centrifuged at 105,000 x g for 60 min. The pellets 
were discarded and the final supernatant was precipitated by the addition 
of solid ammonium sulfate up to 60 % saturation. The pellet obtained by 
centrifugation at 10,000 x g for 20 min was resuspended in 20 ml hypotonic 
medium and dialyzed for 36 hours against 6 x 500 ml medium in order to 
eliminate ammonium sulfate. An aliquot of this preparation containing 
600 mg protein was applied to a DEAE-cellulose column (3 x 23 cm) pre- 
viously equilibrated with the extraction buffer. The enzymes were eluted 
from the column, using a linear gradient of sodium chloride (0.0 to 0.6 M ; 
with 2 mM MgC12, 0.2 mM EGTA, 3 mM B mercaptoethanol and 20 mM Tris- 
HCl pH 7.5 ; total volume, 2 000 ml). Protein was measured according to 
Lowry et al. (8) using bovine serum albumin as standard. 

Phosphodiesterase activities were assayed using a modification3(9) 
of the method of Thompson and Appleman (10). This meth d measures 
products resulting from the successive incubations of 8 H - 

H -cyclic AMP or 
GMP with phosphodiesterase and with an excess of S'nucleotidase. An anion 
exchange resin was used in a batch process to remove the residual substrate 
a$ter the end of the enzyme reactions. In the experiments reported here, 

C -adenosine or guanosine was added to each test tube before the resin 
in order to measure the recovery of the nucleoside and to correct each 
result for the binding of the reaction products to the resin. Routinely 
1 !.lM substrate was used with 0.2 mM EGTA (basal activity) or with 0.2 mM 
CaC12 and 100 ug protein of calcium dependent activator prepared from 
bovine aorta according to the procedure of Cheung described for rat brain 
(11). Blanks were made with boiled aliquots accounting for the analytical 

interference of NaCl in eluted fractions. The calcium dependent protein 
activator activity was tested on boiled (1 min, 1OO'C) aliquots of the 
eluted fractions, using the activable phosphodiesterase preparation (peak A 
described below) obtained in previous experiments. 

RESULTS. The 105,000 x g supernatant of bovine aorta displayed both CAMP 

and cGMP phosphodiesterase activities, with sensitivity to the calcium- 

dependent protein activator. Two peaks of CAMP hydrolyzing activity were 

resolved by DEAE-cellulose chromatography (fig. 1, lower graph). Peak A 

(fractions 50 to 80) had a slight activity but was highly activable. Peak C 

(fractions 95 to 120) exhibited a higher activity but was pratically 

insensitive to the activator. The intermediate fractions between peaks A 

and C (peak B, fractions 80 to 95) hydrolyzed CAMP poorly but were very 

active when cGMP was used as substrate (fig. 1, middle graph). Fractions 

120 to 160 contained the totality of a protein activator with properties 

similar to those of the brain activator isolated by Cheung (11). 

Peaks A, B and C were submitted to further purification by DEAE- 

cellulose column chromatography, using a different Nacl gradient for each 

enzyme preparation (fig. 2). Peak A of the first column led to a single 
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Fig. 1 - First DEAE-cellulose column chromatography of soluble phosphodies- 
terase preparated from the media layer of bovine aorta according to "Mate- 
rial and methods" - Activities were measured using as substrate 1 PM cGMP 
(middle plot) or CAMP (bottom plot), in absence (0) or in presence (0) of 
the calcium-dependent protein activator. 

peak ("form A") with both activable CAMP and cGMP hydrolyzing activities. 

Peak B was resolved into two peaks, one (fractions 17 to 30) hydrolyzing 

both CAMP and cGMP, similar to peak A, and the other (from fraction 30) 

With specific cGMP activity ("form B"). A similar purification was obtain- 

ed with peak C where fractions 15 to 35 contained both activities whereas 

following fractions ("form C") exhibited a specific CAMP phosphodiestera- 

se activity. The activity of form A and, to a much lesser extent, the ac- 

tivity of form B, increased in the presence of the activator preparation 

and Ca2+ (fig. 1 and 2). However, the apparent activation of form B could 

be achieved in a proteinaceous medium (12-14) independently of the presence 

of Ca ++ (data not shown). Form A was thus the only form sensitive to the 

Ca2+dependent activator, whereas form B was only slightly stimulated by 

added proteins. 

The kinetic properties of the purified phosphodiesterase forms were 
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Fig. 2 - DEAE-cellulose column chromatographies of fractions A, B and C 
isolated from bovine aorta according to fig. 1 The collected tubes from the 
first chromatography (fig. 1) were pooled into 3 fractions A, B and C 
separately. There fractions were dialysed to eliminate NaCl, concentrated 
by diaflo ultrafiltration using an Amicon PM 30 membrane, and applied on 
DEAE-cellulose columns. The elutions were performed with NaCl linear gra- 
dients (see upper plots). 

examined over a wide range of substrate concentrations (table 1). The 

three forms displayed non linear kinetics characterized by two apparent 

K values ("high" and "low"). m This type of kinetics has already been 

observed on many phosphodiesterase preparations (for discussion see review 

ref. 1). The low apparent Km values of the three forms were of the same 

order of magnitude, but the high apparent Km values of forms B and C were 

higher than those of form A. The calcium-dependent protein activator in- 
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TABIE I 

Kinetic parameters and inhibition by 

cyclic nucleotides of bovine aorta phosphodiesterases 

Parameters': Form A Form B Form C 
____________________--------------------------------------------- 

CAHP CGMP CGW CAKP 

- Km WM) 
without activator 15.0 mzd 1.7 13.0 mrd 2.2 100 und 7 7omd3 
with activator 1.0 and 1.6 6.5 and 1.4 

- Vnax ,(~icomoles/nin/mq pmt.1 

without activator 2,890 and 1,125 2,075 ad 1,125 5,000 an? 1,430 5,450 and 1,l 
with activator 9,000 and 5,630 8,590 and 5,925 

- f,,(liH) :::: 
cyclic IbiT 4 5 1 165 
cyclic &P 10,000 
cyclic G:P 10,000 

75 

?Che parameters were determined with purified fractions from the second 
chromatographies (fig. 2). Activities were measured as described in 
"Material and methods". Km and Vmax were extrapolated from Lineweaver 
and Burk plots : substrate concentrations ranging from 0.5 to i0 ).JM gave 
rise to two linear areas one between 0.5 PM and 5 UM substrate and-the 
other between 10 UM and 50 PM substrate, thus allowing the calculation of 
two v  

IElX 
and two appparent Km for each enzyme. 

. . . . . . ..I 
02O 

is the concentration of compound required to give 50 % inhibition 
phosphodiesterase activity. It was determined using 1 UM substrate 

and various concentrations of inhibitors it was calculated by interpola- 
ting two values of inhibition ranging from 35 to 75 %, against the loga- 
rithm of inhibitor concentration. 

creased the V max and decreased the high apparent Km values of form A, 

which hydrolyzed both CAMP and cGMP with identical apparent Km and Vmax. 

The inhibitory effects of cIMP, cAMP and cGMP were also tested on the 

purified forms (table 1). cIMP acted in the micromolar range to inhibit 

forms A and B, but was poorly effective on form C. It should be emphasized 

that it inhibited the hydrolysis of CAMP and cGMP by form A identically 

at a concentration which was not effective in inhibiting the hydrolysis of 

CAMP by form C. Form B and formC were respectively inhibited by the 

substrate of the other, but at very high concentrations only. 

DISCUSSION - The three cyclic nucleotide phosphodiesterases that we obtai- 

ned from bovine aorta may be compared to the enzymes previouly separated 
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from various tissues (1, 21, especially arteries (6). 

Form A obtained here was activator-sensitive but its properties dif- 

fered from those of the activator-sensitive enzyme which has been sepa- 

rated from many tissues (for review see ref. l), including pig coronary 

arteries (6). This latter enzyme is often referred to as the "high Km" phos- 

phodiesterase since it exhibits linear kinetics, with a lower K m for 

cGMP than for CAMP (in the range of 1 and 100 pM respectively), and a 

higher Vmx for CAMP than for CGMP. In contrast, form A from bovine aorta 

was characterized by its lack of specificity for CAMP or cGMP as substra- 

tes. The finding that its activity on both substrates was inhibited by 

cIMP further documents the lack of specificity of form A for cyclic nu- 

cleotides, since cIMP has previously been shown to decrease specifically 

cGMP hydrolysis by guinea pig lung phosphodiesterase (15) and was indeed 

found here to be poorly effective in inhibiting the hydrolysis of CAMP by 

form C. Forms B and C were not activator-sensitive but showed a high degree 

of specificity for cGMP and CAMP respectively : Each of these forms not 

only selectively catalyzed the hydrolysis of its specific substrate, but 

also failed to be inhibited by the substrate of the other form except at 

very high concentrations. In addition, form B was for more sensitive to 

cIMP inhibition than form C. Thus, it may be concluded that the selectivity 

of the hydrolysis catalyzed by these two forms resulted from a selective 

affinity for cyclic nucleotides. 

The presence of a phosphodiesterase with selective CAMP activity has 

been reported for every studied mammalian tissue, including blood vessels 

(6). This form is variously described as the "low K 11 or "negative coope- m 
rative" enzyme (1). The properties of form C described here were quite si- 

milar to those of this enzyme. As in other tissues, it was also found in 

membranous preparations from bovine aorta (6). On the other hand, a phospho- 

diesterase insensitive to the calcium dependent activator and showing selec- 

tivity for CGMP hydrolysis has only been separated from lung (12,13,14,16). 

This latter enzyme and our form B have quite similar properties. 

With respect to vascular smooth muscle, it should be mentioned that 

two enzyme forms only were separated from pig coronary arteries (6). One had 

the properties of the activator-sensitive form with a lower K for cGNP than m 
for CAMP. The other was relatively specific for CAMP and was this is com- 

parable to our form C. We do not know whether the differences between these 

results and those reported here correspond to differences between pig 

coronary arteries and bovine aorta or to the differences in the separation 

procedures. It might be argued that form A appeared during our separation 
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procedure as the result of an interconversion phenomenon (17, 18) of form B, 

or of forms B and C, to A. However we verified that form A did not appear 

when the same procedure was applied to bovine lung. Lung of different spe- 

cies has been reported to be devoid of activator-sensitive phosphodiesterase 

(12, 14, 16). In this case we only obtained two forms which were quite si- 

milar to forms B and C (data not shown). 

In conclusion, the separation and characterization of three phospho- 

diesterase forms from bovine aorta represents a step towards the analysis 

of the regulation of the cyclic nucleotide level in this tissue. The finding 

that, under the same conditions, two forms only (one specific for CAMP, the 

other for cGMP) could be obtained from lung whereas one additional form 

(activator-sensitive but showing no substrate specificity) was separa- 

ted from aorta of the same species is consistent with the idea that 

different tissues contain various proportions of the different phospho- 

diesterases 

ACKNOWLEDGEMENTS - This work was partially supported by grants from CNRS 

(ATP 2315) and DGRST (77-7-1399). 

REFERENCES 

1. Wells, J.N. and Hardman, J.G. (1977) in Advances in cyclic nucleotide 
research, vol 8, pp 119-145 (Greengard, P., Robison G.A. eds) Raven Press, 
New York. 
2. Appleman M.M. and Terasaki W.L. (1975) in Advances in Cyclic Nucleoti- 
de Research Vol 5 (Drummond, G.I., Greengard, P. and Robison, G.A. eds) 
Raven Press New York. 
3. Chasin, M. and Harris, D.N. (1976) in Advances in cyclic nucleotide 
research, vol 7, pp 225-264. 
4. Namm, D.H. and Leader, J.P. (1976) Blood Vessels 13, 24-47. 
5. Amer, S.M., Gomoll, A.W., Perhach, J.L. Jr, Ferguson, H-C. and 
MC Kinney C.R. (1974). Proc. Nat. Acad. Sci. U.S.A. 71, 4930-4939. 
6. Wells, J.N., Baird, C.E., Wu, Y.J., Hardman, J.G. (1975) Biochim. 
Biophys. Acta 384, 430-442. 
7. Demesy-Waeldele, F. and Stoclet, J.C.(1977)Eur. J. Pharmacol. 46,63-66. 
8. Lowry, O.H. Rosebrough, N.J., Farr, A.L. and Randall, R.J. (19E) J. 
Biol. Chem. 193, 265-275. 
9. Michon-Keravis, T. Lugnier, C. and Stoclet, J.C. submitted for publi- 
cation. 
10. Thompson, W.J. and Appleman, M.M. (1971) Biochemistry lo, 311-316. 
11. Cheung, W.Y. (1971) J. Biol. Chem. 246, 2859-2869. 
12. Davis, C.W. and Kuo, J.F. (1976) Biochem. Biophys. Acta 444, 554-562. 
13. Davis, C.W. and Kuo, J.F. (1977) J. Biol. Chem. 252, 4078-4084. 
14. Bergstrand, H. and Lundquist, B. (1976) Biochem. Pharmacol. Is, 1727- 
1735. 
15. Davis, C.W. and Kuo, J.F. (1978) Biochem. 27, 89-95. 
16. Fertel, H. and Weiss, B. (1976) ~01. Phannacol. 12, 678-687 

492 


