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Summary 

In the  absence of activator, the activator-dependent cyclic nucleotide phos- 
phodiesterase (EC 3.1.4.-} from bovine heart hydrolyzed 3.2-fold more cyclic 
GMP than cyclic AMP when assayed with 10 -6 M substrate in the presence of 
5 mM Mg 2÷ and 10 pM Ca 2÷. The addition of saturating amounts of phosphodi- 
esterase activator increased the hydrolysis of cyclic GMP 8-fold and cyclic AMP 
6-fold. The pH maxima of the enzyme was rather broad from 6.0 to 7.0 for the 
hydrolysis of both cyclic GMP and cyclic AMP in the absence or presence of 
phosphodiesterase activator. Substrate specificity of the enzyme in the absence 
or presence of phosphodiesterase activator varied depending on the divalent 
metal used to support activity in the absence of activator. The enzyme prefer- 
entially hydrolyzed cyclic GMP in the presence of Mg 2÷ while little substrate 
specificity was observed in the presence of Mn 2÷, Zn 2÷, Co 2÷ or Ni :÷. The 
magnitude of the increase in enzyme activity due to activator and Ca 2÷ varied 
depending on the divalent metal used to support enzyme activity without  ac- 
tivator. The addition of activator increased the V of cyclic AMP hydrolysis 1.7- 
fold while causing no significant change in the Km for cyclic AMP. Two 
apparent Km values for cyclic GMP (1 and 15 pM) were noted in the absence of 
activator and upon the addition of activator a single apparent Km (3 pM) was 
observed with a V approx. 2-fold above that  in the absence of activator. Cyclic 
AMP competitively inhibited the hydrolysis of cyclic GMP with a Ki of 50 pM 
while cyclic GMP non-competitively inhibited the hydrolysis of cyclic AMP 
with a Ki of 1.8 pM. The results suggest there may be two or more binding sites 
for cyclic GMP on the enzyme and possibly only one binding site for cyclic 
AMP. 

Introduct ion 

Multiple molecular forms of cyclic nucleotide phosphodiesterase (EC 3.1.4.-) 
varying in several catalytic properties have been noted in many tissues [1--14].  
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Cheung [15,16] initially demonstrated a brain phosphodiesterase which re- 
quired a heat-stable protein, phosphodiesterase activator, for maximal activity. 
In addition to brain [15--28] ,  other  tissues including heart [29- -33] ,  coronary 
arteries [34] and liver [23] have been shown to have an activator<iependent 
phosphodiesterase. Teo and Wang [33] have shown that a purified sample of  
the activator protein from bovine heart binds Ca 2÷, suggesting that a complex 
of  Ca 2÷ and the protein is the true activator of  phosphodiesterase. Teshima and 
Kakiuchi [35] demonstrated the formation of  an active enzyme-activating 
factor complex in the presence of  Ca2+; in the absence of Ca 2+, it dissociated 
into an inactive form of the enzyme and activating factor. Most early studies of  
the activator-dependent enzymes examined their activity with 10 -4 M cyclic 
AMP or cyclic GMP as substrate [15--17,19--22,26,29,30,33] and under these 
conditions the enzymes were termed cyclic AMP-phosphodiesterases. Recent 
studies of  the enzymes from brain [18,23--25,27,28,36] ,  liver [23] ,  coronary 
arteries [34] and aorta [37] with 10 -6 M cyclic AMP or cyclic GMP as sub- 
strate have indicated that  under these conditions the enzymes are more specific 
for cyclic GMP. We recently reported on the presence of a rather cyclic GMP- 
specific phosphodiesterase in bovine heart  [38] and in this report  using a more 
purified enzyme and low substrate levels we describe some properties of  the 
enzyme. 

Materials and Methods 

Cyclic AMP, cyclic GMP and Crotalus a trox  venom were purchased from 
Sigma. Cyclic [3H] AMP and cyclic [3H] GMP were purchased from Amersham/ 
Searle. 

Phosphodiesterase activity was assayed by a procedure adapted from Russell 
et al. [12] .  An appropriate dilution of  enzyme was incubated in 40 mM Tris • 
HC1, pH 7.4, 5 mM MgC12 containing 1 • 10-8--3 • 10 -8 M cyclic [3H] AMP or 
cyclic [3H]GMP in a total volume of 1 ml. When higher concentrations of 
cyclic nucleotides (usually 10 -6 M cyclic AMP or cyclic GMP) were required, 
the indicated amounts  of unlabelled cyclic nucleotides were included. In several 
experiments,  10 pM ethyleneglycol-bis-(~-aminoethylether)-N,N'-tetraacetic 
acid (EGTA) was added to remove trace metals (Fe 2÷ and Cu 2÷) which inhibit 
enzyme activity and also to remove approx. 0.5 pM Ca 2÷ present in the enzyme, 
activator and reagents. Other additions to or alterations of this assay procedure 
are as indicated in the legends to the figures and the table. After 10 rain at 
30°C, the reaction was terminated by boiling for 3 min and the sample pro- 
cessed as described [12] .  The amount  of phosphodiesterase used was adjusted 
so that  no more than 15% of the cyclic nucleotide was hydrolyzed during the 
incubation time. 

Cyclic nucleotide phosphodiesterase activity from bovine heart was initially 
resolved into three peaks by a procedure involving ammonium sulfate precipi- 
tation and DEAE-cellulose chromatography as described previously [38] .  
Peak I activity, which represented approximately one-third of the total ac- 
tivity for cyclic AMP and cyclic GMP hydrolysis at this step, was stimulated 
by phosphodiesterase activator in the standard incubation mixture supplemented 
with Ca 2÷ [38] .  Peak I enzyme from 275 g of  bovine heart  was dialyzed against 
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15 1 of 10 mM potassium phosphate buffer, pH 7.4, and 2 mM 2-mercapto- 
ethanol. The dialysate was rechromatographed by applying it to a column of 
DEAE-cellulose (4 X 24 cm) which had been equilibrated with the homogeniza- 
tion buffer. The loaded column was eluted with a 1.0 1 gradient of 20--400 mM 
potassium phosphate buffer, pH 7.4, and 4 mM 2-meracptoethanol. Approx. 
10-ml fractions were collected and 10-pl aliquots were removed for assay with 
10 -6 M cyclic AMP or cyclic GMP as substrate in the standard procedure. The 
active peak was pooled as indicated in Fig. 1 and concentrated using a PM-10 
membrane in an Amicon ultrafiltration chamber. As indicated under Results, 
this enzyme preparation was found to be free of phosphodiesterase activator. 

Phosphodiesterase activator was prepared from bovine liver as described 
previously [ 38].  

Results 

The pattern of  elution of the activator-dependent cyclic nucleotide phospho- 
diesterase of bovine heart following rechromatography on a DEAE-cellulose 
column is presented in Fig. 1. The activity for both cyclic AMP and cyclic GMP 
hydrolysis co-chromatographed, with the enzyme hydrolyzing 2--3 times more 
cyclic GMP than cyclic AMP under the standard assay conditions. 

Linearity of 10 -6 M cyclic GMP or cyclic AMP hydrolysis was examined as 
a function of both time and enzyme concentration in the absence and presence 
of phosphodiesterase activator.It was noted that  the reaction was linear up to 
30 min under all conditions, provided that  the amount  of substrate hydrolyzed 
did not  exceed 20%. The lack of linearity above this level of hydrolysis was 
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Fig. 1. DEAE-cel lu lose  r e - c h r o m a t o g r a p h y  of  b o v i n e  heart  p e a k  1 p h o s P h o d i e s t e r a s e .  Details of  the  
c h r o m a t o g r a p h i c  p r o c e d u r e  are g iven u n d e r  Materials  and  M e t h o d s .  Aliquots  (10/~1) of  the ind ica ted  frac- 
t ions were  assayed wi th  10 -6 M cyclic  GMP or cyclic A M P  b y  the  s tandard  p r o c e d u r e  in the  a b s e n c e  of 
a d d e d  p h o s p h o d i e s t e r a s e  act ivator .  The  p e a k  t u b e s  w e r e  p o o l e d  as ind ica ted .  
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apparently due to substrate depletion and not  end-product  inhibition as the 
addition of 5'-AMP or 5'-GMP (10-8--10 -4 M) did not  alter the hydrolysis of  
cyclic AMP or cyclic GMP, respectively. 

The pH maxima for the hydrolysis of  both cyclic AMP and cyclic GMP in 
the presence of  phosphodiesterase activator was approximately pH 6.4, how- 
ever, the activity did not  vary greatly from pH 5.9 to 7.4. A similar pH profile 
of  cyclic GMP hydrolysis was observed in the absence of activator while that 
for cyclic AMP was quite fiat from pH 5.9 to 8.2. 

The addition of increasing amounts of phosphodiesterase activator resulted 
in the hydrolysis of  increasing amounts of  both  cyclic GMP and cyclic AMP 
when assayed with 10 -6 M substrate (Fig. 2). When fully activated the enzyme 
hydrolyzed 8-fold more cyclic GMP and 6.5-fold more cyclic AMP than in the 
absence of  activator. As previously shown [33,35] ,  the activity of  phosphodi- 
esterase activator required the addition of  calcium. The calcium requirement 
for half-maximal activator activity was approximately the same for cyclic AMP 
and cyclic GMP hydrolysis (Fig. 3). Kakiuchi et al. [18] noted with the en- 
zyme from rat cerebral cortex that the rate of  cyclic GMP hydrolysis was 
stimulated by a 50% lower concentration of Ca 2÷ than that of  cyclic AMP 
hydrolysis. The activity of  added phosphodiesterase activator with the bovine 
heart enzyme could be eliminated by the addition of EGTA which rather 
selectively chelates calcium. The addition of  10--150 pM EGTA, pH 7.4, in the 
absence of  added activator did not  decrease the hydrolysis of  cyclic AMP or 
cyclic GMP demonstrating that phosphodiesterase activator was not  a con- 
taminant of the enzyme preparation. 

The metal requirements of the hydrolysis of  10 -6 M cyclic AMP and cyclic 
GMP were examined in the absence and presence of  phosphodiesterase ac- 
t ivator {Table I). As Ca 2÷ is required for activator activity and Ca 2÷ alone does 
not  support  enzymatic activity, 20 pM CaCl~ and 10 pM EGTA, pH 7.4, were 
added to all samples both in the absence and presence of activator. The con- 
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Fig. 2. E f fec t  of  increas ing c o n c e n t r a t i o n s  of  phosphod ies t e ra se  ac t i va to r  on  the  hydro lys i s  of 10 -6 M 
cycl ic  GMP (4) and  cycl ic  AMP (e) .  All samples  con ta ined  10 pM E G T A ,  p H  7.4, and  20 pM CaCI 2. 
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Fig. 3. E f fec t  of  increas ing c o n c e n t r a t i o n s  of  CaCl 2 on  the  hydro lys i s  of  10  -6 M cyclic GMP (4) and cyclic 
AMP (e)  in the  p resence  of  phosphod ies t e ra se  ac t i va to r  (5 pg).  Open  s y m b o l s  ind ica te  hydro lys i s  in the 
absence  of  phosphod ies t e ra se  ac t iva tor .  

centration of metals used were those giving maximal enzyme activity in the 
absence of activator. Mg 2+, Mn 2+, Zn 2+, Ni 2+ and Co 2+ supported enzyme ac- 
tivity in the absence of activator, however, the substrate specificity of the en- 
zyme varied with the individual metals. For example, the enzyme hydrolyzed 
3.2-fold more cyclic GMP than cyclic AMP in the presence of Mg 2+ while the 
enzyme generally hydrolyzed more cyclic AMP and less cyclic GMP in the 
presence of other metals resulting in a rather non-specific enzyme. Cu ~÷ and 
Fe 2÷ did not  support enzyme activity in the absence of activator. In the presence 
of  phosphodiesterase activator, the divalent metals used to support unstimu- 
lated activity influenced both the substrate specificity of the enzyme and the 
degree of stimulation by activator. The enzyme hydrolyzed 4.3-fold more 
cyclic GMP than cyclic AMP with Mg 2÷ in the presence of phosphodiesterase 
activator. With Mn 2÷, the enzyme was relatively non-specific as the level of 
cyclic GMP hydrolysis was 46% of that  with Mg 2+ while cyclic AMP hydrolysis 
increased 67%. The enzyme was also relatively non-specific with Zn 2÷ and Co 2÷ 
and somewhat cyclic GMP specific with Ni 2÷ in the presence of phospho- 
diesterase activator. The greatest stimulation of cyclic AMP and cyclic GMP 
hydrolysis by activator occurred with Mn 2÷ and Mg 2÷, respectively, while the 
smallest stimulation of hydrolysis of both substrates occurred with Zn 2÷. 
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Fig.  4. H o f s t e e  p l o t  o f  cyc l i c  GMP ( 1 0 - 7 - - 1 0  - 4  M) h y d r o l y s i s  in the absence (o)  a n d  p r e s e n c e  (e)  o f  p h o s -  
p h o d i e s t e r a s e  a c t i v a t o r  (5 pg) .  All s a m p l e s  c o n t a i n e d  10 /~M E G T A ,  p H  7 .4 ,  a n d  2 0  p M  CaCl 2. 

The apparent Kr. of the enzyme for cyclic GMP and cyclic AMP was exam- 
ined in the absence and presence of saturating amounts of phosphodiesterase 
activator. Hofstee plots [39] of enzyme activity against a wide range of cyclic 
GMP concentrations (10-7--10 -4 M) indicate two apparent Km values (1 and 15 
#M) for cyclic GMP in the absence of activator (Fig. 4). A linear plot was ob- 
tained in the presence of  activator indicating a Km of 3 pM for cyclic GMP and 
a V 2-fold above that  in the absence of activator. Similar results with cyclic 
GMP as substrate have been observed with partially purified activator-dependent 
phosphodiesterases from bovine [27] and rat [18] cerebral cortex. Linear plots 
of cyclic AMP hydrolysis were obtained in the absence and presence of phos- 
phodiesterase activator (Fig. 5). The activator increased the V 1.7-fold while 
causing no significant change in the apparent Km (34 #M) for cyclic AMP. Teo 
et al. [32] noted in an earlier s tudy with a less purified enzyme from bovine 
heart that  the activator decreased the apparent K m for cyclic AMP from 1.4 to 
0.4 mM while increasing the V 3-fold. Goren and Rosen [30] reported that  the 
activator decreased the apparent Km of the bovine heart enzyme for cyclic 
AMP from 5.2 • 10 -4 to 2.2 • 10 -4 M and increased the V 75%. These earlier 
studies involved high substrate levels because of the use of a relatively insensi- 
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Fig. 5. H o f s t e e  p l o t  o f  cyc l i c  AMP ( 1 0 - 7 - - 1 0  -4 M) h y d r o l y s i s  in t he  a b s e n c e  (o)  a n d  p r e s e n c e  (e)  of  p h o s -  
p h o d i e s t e r a s e  a c t i v a t o r  (5 pg) .  All s a m p l e s  c o n t a i n e d  10  p M  E G T A ,  p H  7 .4 ,  a n d  2 0  p M  CaCl  2. 

tive spectrophotometric assay and this apparently is the major reason for the 
differences from the present results. 

It has been noted with the enzyme from rat cerebral cortex [18] that  the 
substrate specificity of the enzyme differed at low and high substrate levels. 
The enzyme from bovine heart similarly hydrolyzed about 4-fold more cyclic 
GMP than cyclic AMP in the presence of phosphodiesterase activator with 
10 -6 M substrate but hydrolyzed 3-fold more cyclic AMP with 5 • 10 -s M sub- 
strate. This change in substrate specificity at low and high substrate levels can 
be explained by the higher Km and 3-fold higher V for cyclic AMP as compared 
with cyclic GMP. In the absence of activator the enzyme hydrolyzed 3.2-fold 
more cyclic GMP than cyclic AMP with 10 .6 M substrate but hydrolyzed 1.5- 
fold more cyclic AMP than cyclic GMP with 5 • 10 -s M substrate. 

If the activator-dependent phosphodiesterase from bovine heart consists 
of one enzyme with a common catalytic site for both cyclic AMP and cyclic 
GMP, the two nucleotides should competitively inhibit the hydrolysis of each 
other with relative inhibitory potencies predictable from their apparent Km 
values as substrates. Both nucleotides were indeed inhibitors of the hydrolysis 
of each other by the enzyme + activator with cGMP more potent  in inhibiting 
cAMP hydrolysis than the converse. Dixon plots [40] of the data demonstrated, 
however, that  cyclic AMP competitively inhibited the hydrolysis of cyclic GMP 
with a K i of 50 pM while cyclic GMP non-competitively inhibited the hydrolysis 
of cyclic AMP with a K i of 1.8 pM. 

Discussion 

Activator-dependent cyclic nucleotide phosphodiesterase from bovine heart 
is a relatively cyclic GMP-specific enzyme when assayed in the presence of  
optimal levels of Mg 2÷ and 10 -6 M cyclic GMP or cyclic AMP. However, the 
enzyme was less cyclic GMP specific in the presence of other divalent metals. 
Tipton and Cooke [41] reported that  the levels of divalent metals in the 
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human heart are 7.8 mM Mg 2÷, 1.3 mM Ca 2÷, 1 mM Fe 2÷, 0.5 mM Zn 2÷, 60 pM 
Cu 2÷, 4.6 pM Mn 2÷, 1 #M Ni 2÷ and 1 pM Co 2÷. The physiological significance of 
the differences observed in the substrate specificity of the enzyme in the 
presence of the various metals is unknown since the concentration of these 
metals that would be free for interaction with this phosphodiesterase are un- 
known. As suggested by others, Ca 2÷ probably has an important  role in regu- 
lating not only the activity of the activator-dependent cyclic nucleotide phos- 
phodiesterase of various tissues [15--37],  but also may regulate the activity of 
guanylate cyclase [42--44] and adenylate cyclase [45--49]. The high in vivo 
levels of Mg 2÷ and Zn 2÷ suggest that  these divalent metals may be able to in- 
fluence enzyme activity provided, of course, that  a significant amount  of the 
metal is free for interaction with the enzyme. The low in vivo levels of Ni 2÷, 
Co 2÷ and Mn 2÷ suggest that  these metals probably have little physiological role 
in this system unless they are compartmentalized in association with the en- 
zyme. Schultz and Schultz [50] have recently noted that  the addition of Mg 2÷, 
Cd 2÷, Co 2÷, Ni 2÷ or Mn 2÷ (2 mM) to an isolated rat ductus deferens preparation 
pre-incubated without  Ca 2÷ caused 50--1500% increases in the intracellular 
cyclic GMP levels. Part of the increase could be due to the metals substituting 
for Ca 2÷ in the regulation of guanylate cyclase activity [42--44] but the metals 
may also have altered the activity of one or more cyclic nucleotide phosphodi- 
esterases. 

The activator-dependent phosphodiesterase from bovine heart displays non- 
linear kinetics in the hydrolysis of cyclic GMP but not  cyclic AMP when 
assayed with 5 mM Mg 2÷ and 10 pM CaC12 in the absence of phosphodiesterase 
activator. Non-linearity of cyclic GMP hydrolysis has also been observed with 
the enzymes from rat [18] and bovine [27] cerebral cortex when assyed under 
similar conditions. However this was not observed with the enzymes from rat 
brain [24],  pig coronary arteries [34] or rat liver [12].  Linear kinetics of cylic 
GMP hydrolysis in the presence of phosphodiesterase activator have been 
observed in this and previous studies [18,24,27,34].  Several studies [24,34] 
have suggested that  cyclic GMP and cyclic AMP have the same catalytic site, as 
both cyclic nucleotides competitively inhibited the hydrolysis of the other with 
K i values rather close to their own apparent Km values as substrates for the en- 
zyme. However, in this study cyclic GMP non-competitively inhibited the 
hydrolysis of cyclic AMP in the presence of phosphodiesterase activator with a 
K i about the same as its apparent Km while cyclic AMP competitively inhibited 
the hydrolysis of cyclic GMP with a Ki about twice its apparent K m. The results 
suggest that  the activator-dependent phosphodiesterase from bovine heart may 
have more than one binding site for cyclic GMP while there may only be one 
binding site for cyclic AMP. 

Acknowledgements 

The author is indebted to Arne Rasmussen and Theresa Pinkerton for their 
excellent technical assistance in this study. This work was supported by Grant 
GM 22424 from the National Institutes of Health and a grant from the Pharma- 
ceutical Manufacturers' Association Foundation. 



203 

References 

1 Brooker, G., Thomas, L. and Appleman, M.M. (1968) Biochemistry 7, 4177--4181 
2 Cheung, W.Y. (1969) Anal. Biochem. 28, 182--191 
3 Jard,  S. and Bernard, M. (1970) Biochem. Biophys. Res. Commun. 4 1 , 7 8 1 - - 7 8 8  
4 Rosen, O.M. (1970) Arch. Biochem. Biophys. 137 ,435- -441  
5 Monn, E. and Christiansen, R.O. (1971) Science 173, 540--542 
6 Klotz, U., Berndt, S. and Stock, K. (1972) Life Sei. 11, 7--17 
7 Thompson,  W.J. and Appleman, M.M. (1971) Biochemistry 10, 311--316 
8 Thompson, W.J. and Appleman,  M.M. (1971) J. Biol. Chem. 246, 3145--3150 
9 Uzunov, P. and Weiss, B. (1972) Biochim. Biophys. Acta 284,220---226 

10 Campbell,  M.J. and Oliver, I.T. (1972) Eur. J. Biochem. 28, 30--37 
11 Hrapchak, R.J. and Rasmussen, H. (1972) Biochemistry 11, 4458--4465 
12 Russell, T.R., Terasaki, W.L. and Appleman,  M.M. (1973) J. Biol. Chem. 248, 1334--1340 
13 Pichard, A.L., Hanouc, J. and Kaplan, J.C. (1973) Biochim. Biophys. Acta 315 ,370- -377  
14 Schroder, J. and Rickenberg, H.V. (1973) Biochim. Biophys. Acta 303, 50--63 
15 Cheung, W.Y.(1970) Biochem. Biophys. Res. Commun. 38, 533--538 
16 Cheung, W.Y. (1971) J. Biol. Chem. 246, 2859--2869 
17 Kakiuchi,  S., Yamazaki,  R. and Teshima, Y. (1971) Biochem. Biophys. Res. Commun.  42, 968--974 
18 Kakiuchi, S., Yamazaki,  R., Teshima, Y. and Uenishi, K. (1973) Proc. Natl. Acad. Sci. U.S. 70, 3526--  

3530 
19 Weiss, B., Fertel,  R., Figlin, R. and Uzunov, P. (1974) Mol. PharmacoL 10, 615---626 
20 Strada, S.J., Uzunov, P. and Weiss, B. (1974) J. Neurochem. 23, 1097--1103 
21 Wolff, D.J. and Brostrom, C.O. (1974) Arch. Biochem. Biophys. 163 ,349- -358  
22 Lin, Y.M., Liu, Y.P. and Cheung, W.Y. (1974) J. Biol. Chem. 249, 4943--4954 
23 Kakiuchi,  S., Yamazaki,  R., Teshima, Y., Uenishi, K. and Miyamoto,  E. (1975) Biochem. J. 146, 

109--120 
24 Uzunov, P., Lehne, R., Revuelta,  A.V., Gnegy, M.E. and Costa, E. (1976) Biochim. Biophys. Acta 

422, 326--334 
25 Pledger, W.J., Thompson,  W.J. and Strada, S.J. (1975) Biochim. Biophys. Acta 391 , 334 - -340  
26 Lin, Y.M., Liu, Y.P. and Cheung, W.Y. (1975) FEBS Lett.  49 , 356 - -360  
27 Wickson, R.D., Boudreau, R.J. and Drummond,  G.I. (1975) Biochemistry 14 , 669 - -675  
28 Brostrom, C.O. and Wolff, D.J. (1976) Arch. Biochem. Biophys. 172, 301--311 
29 Goren, E.N., Hirsch, A.H. and Rosen, O.M. (1971) Anal. Biochem. 43 ,156- -161  

30 Goren, E.H. and Rosen, O.M. (1972) Arch. Biochem. Biophys. 153, 384--397 
31 Wang, J.H.C., Teo, T.S. and Wang, T.H. (1972) Biochem. Biophys. Res. Commun.  46, 1306--1361 
32 Teo, T.S., Wang, T.H. and Wang, J.H. (1973) J. Biol. Chem. 248, 588--595 
33 Teo, T.S. and Wang, J.H. (1973) J. Biol. Chem. 248, 5950--5055 
34 Wells, J.N., Wu, Y.J., Baird, C.E. and Hardman, J.G. (1975) Mol. Pharmacol. 11 ,775- -783  
35 Teshima, Y. and Kakiuchi,  S. (1974) Biochem. Biophys. Res. Commun. 56 ,489 - -495  
36 Pledger, W.J., Stnacel, G.M., Thompson,  W.J. and Strada, S.J. (1974) Bioehim. Biophys. Acta 370, 

242--248 
37 Hidaka, H., Asano, T. and Shimamoto,  T. (1975) Biochim. Biophys. Acta 377 ,103 - -116  
38 Donneny,  Jr., T.E. (1976) Arch. Biochcm. Biophys. 173, 375--385 
39 Hofstee, B.H.J. (1952) Science 116 ,329- -331  
40 Dixon, M. (1953) Biochem. J. 55, 170--174 
41 Tipton,  I.H. and Cook, M.J. (1963) Health Phys. 9 , 1 0 3 - - 1 4 5  
42 Schultz, G., Hardman, J.G., Schultz, K., Davis, J.W. and Sutherland,  E.W. (1973) Proe. Natl. Acad. 

Sci. U.S. 70, 1721--1723 
43 Clyman, R.I., Blaeksin, A.S., Sandier, J.A., Manganiello, V.C. and Vaughan, M. (1975) J. Biol. Chem. 

250, 4718--4726 
44 Kimura, H. and Murad, F. (1975) J. Biol. Chem. 250, 4810---4816 
45 Bar, H.P. and Hechter,  O. (1969) Biochem. Biophys. Res. Commun. 35 , 681 - -685  
46 Bradham, L.S., Holt,  D.A. and Sims, M. (1970) Biochim. Biophys. Acta 201 ,250 - -258  
47 Bradham, L.S. (1972) Biochim. Biophys. Acta 276, 434--438 
48 Hungen, K.V. and Roberts ,  S. (1973) Nature 242, 53--59 
49 Sehultz, J. and Kleefeld, G. (1975) Naunyn-Schmiedebergs Arch. Pharmakol.  Exp. Pathol. 287, 

289--295 
50 Schultz, K.D. and Schultz, G. (1976) Naunyn-Sehmiedebergs Arch. Pharmakol.  Exp. Pathol. 291, R33 


