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Summary 

DEAE-cellulose column chromatography of  the 105 000 X g supernatant 
from rat brain homogenate  showed the presence of three forms of  cyclic AMP 
phosphodiesterase (3':5'-cyclic-AMP 5'-nucleotidohydrolase,  EC 3.1.4.17) : P1, 
P2 and P3 enzymes according to their elution order from the column. Cyclic 
GMP phosphodiesterase activity was found only in P2. The P2 enzyme was 
stimulated 2--6-fold over the basal activity by three different types of  agents; 
Ca2÷-dependent activator protein, sodium a-tocopheryl  phosphate (a vitamin E 
derivative) and proteolyt ic  enzymes such as trypsin and chymotrypsin.  Unlike 
the activator protein, the last two types of  activators exerted their effects 
regardless of  the presence of  Ca 2÷. In contrast  to P2, P3 was unaffected by 
any of  the above-mentioned activators, whereas the activity of  the P1 was 
slightly enhanced in the presence of  each activator. Upon activating P2 with 
various activators, a decrease of the Kr, value for substrate (cyclic AMP or 
cyclic GMP) and an increase of  maximum velocity were commonly  observed. 

Treatment of  the brain supernatant with trypsin caused a substantial de- 
crease in the molecular weight of  activator-sensitive cyclic AMP phosphodi- 
esterase; the molecular weight of  the native (act ivator-dependent)enzyme was 
estimated to be approximately 150 000 by Sephadex G-200 gel filtration, while 
the trypsin-treated enzyme had a molecular weight of  80 000 and was insensi- 
tive to activator protein. These activator-dependent and activator-independent 
enzymes were separated by an affinity column, which was prepared by cyanogen 
bromide-activated Sepharose with purified activator protein. 

* To whom c o r r e s p o n d e n c e  should  be  addressed.  
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Introduct ion 

Cyclic nucleotide phosphodiesterases were found to be present ubiquitously 
in mammalian tissues including liver, heart, muscle, kidney and brain [1--6]. 
Of these, the brain is the most abundant  source of activator-dependent phos- 
phodiesterase as well as the activator protein [6--11].  Extensive studies have 
recently shown that in several tissues cyclic nucleotide phosphodiesterase(s) 
existed in multiple forms [1--6,12--22].  In the brain multiple forms of the 
enzyme have been demonstrated by various methods such as gel filtration chro- 
matography [6,23],  isoelectric focusing [24],  and polyacrylamide gel column 
[12]. We shall describe a method to prepare multiple forms of  activator-depen- 
dent and activator-independent cyclic AMP phosphodiesterases from rat brains 
using DEAE-cellulose chromatography.  These enzymes differed in the elution 
pattern from an affinity column of Sepharose coupled with purified activator 
protein. 

Besides the well-known Ca2÷-dependent activator protein [7,8,25,26],  two 
other types of compounds have been demonstrated to be activators of cyclic 
AMP phosphodiesterase both in a Ca2*-independent fashion: one type  is pro- 
teolytic enzymes which were first demonstrated by Cheung [7,27],  and the 
other type  a vitamin E derivative called sodium a-tocopheryl  phosphate. A pre- 
vious report  from our laboratories [28] established that the vitamin E deriv- 
ative selectively stimulated the cyclic AMP phosphodiesterase from liver; this 
stimulation may well be due to a detergent-like action of  sodium a-tocopheryl  
phosphate. Indeed, the detergent-induced activation of phosphodiesterase was 
also confirmed recently by Wolff and Brostrom [29] who showed that both  
phosphatidyl inositol and lysophosphatidyl  choline did effectively activate the 
enzyme prepared from the brain. In this communication we shall compare the 
activation mechanisms of  cyclic nucleotide phosphodiesterase induced by acti- 
vators including activator protein, proteolytic enzymes and a vitamin E deriva- 
tive. 

Materials and Methods 

Materials. [3H]adenosine 3':5'-cyclic phosphate (cyclic [3H]AMP) (39.8 Ci/ 
mmol) and [3H]guanosine 3':5'-cyclic phosphate (cyclic [3H]GMP) (2.1 Ci/ 
mmol) were purchased from New England Nuclear Corporation, Boston, Mass. 
AG 1-X8 was obtained from Bio Rad Laboratories, Richmond,  Calif. Unlabeled 
cyclic AMP, cyclic GMP and snake venom (from Crotalus atrox) were pur- 
chased from Sigma Chemical Co., St. Louis. Sodium a-tocopheryl  phosphate 
was from Eisai Pharmaceutical Co. Tokyo,  Japan. Trypsin, chymotrypsin,  car- 
boxypept idase A,  leUcine aminopeptidase were from Worthington Biochemical 
Corporation, Freehold, N.J. Bacillus subtilis alkaline protease was a gift from 
Daiwa Kasei, Osaka, Japan. DEAE-cellulose (DE 52 microgranular type)  was 
purchased from Whatman Ltd., Kent, U.K. Sepharose 2B and DEAE-Sephadex 
A-50 were from Pharmacia, Uppsala, Sweden. All other chemicals were of  com- 
mercial analytical grade quality. 

Preparation of  cyclic nucleotide phosphodiesterases from rat brain. Male 
Wistar rats were killed by decapitation. The brain was excised, minced and 
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homogenized in 5 volumes (w/v) of 0.04 M Tris • HC1 buffer (pH 8.0), contain- 
ing 0.32 M sucrose in a glass homogenizer with 5 strokes of a Teflon pestle. The 
homogenate was centrifuged at 105 000 Xg for 60 min. The resulting supernatant 
was used throughout  the studies. 

DEAE-cellulose chromatography. DEAE-cellulose column (bed volume, 20 
ml) was equilibrated at 4°C with 70 mM acetate buffer (pH 6.5), containing 0.1 
mM EGTA and 5 mM 2-mercaptoethanol. 2--4 ml of the brain supernatant 
were applied to the column and 7-g fractions were collected. The column was 
eluted with a linear 200 ml gradient from 70 mM to 1 M acetate buffer (pH 
6.5), containing 0.1 mM EGTA and 5 mM 2-mercaptoethanol. This chromatog- 
raphy system was a modification of the method reported by Russell et al. [4] 
for rat liver. 

Preparation of activator protein. Phosphodiesterase activator protein [7,8, 
25,26] was prepared from bovine brain by the procedure of Kato et al. [30]. 
Briefly, 2 kg of bovine brain were homogenized in 8 1 of 0.1 M potassium phos- 
phate buffer (pH 7.1), containing 1 mM EDTA and 55%-saturated ammonium 
sulfate. The homogenate was centrifuged at 10 000 X g and the supernatant was 
kept. To the supernatant solid ammonium sulfate was added to 85% saturation 
and the pH of the supernatant was adjusted to 4.6 by the addition of phos- 
phoric acid. The precipitate was collected by centrifugation and dissolved in a 
minimum amount  of 0.1 M potassium phosphate buffer (pH 7.1), containing 
1 mM EDTA and 0.05 M sodium chloride (Buffer A). After dialysis against the 
Buffer A, the dialyzed solution was applied to a DEAE-Sephadex A-50 column 
(100 ml) which had been equilibrated with Buffer A. The column was eluted 
by successive application of 300-ml portions of Buffer A containing increasing 
amounts of sodium chloride (0.22 M and 0.3 M). The activator protein was 
eluted by the buffer containing 0.3 M sodium chloride. The homogeneity and 
physical properties of the purified activator protein were described elsewhere 
[30]. 

Immobilization of  activator protein to Sepharose 2B. Phosphodiesterase acti- 
vator protein purified from bovine brain [30] ~as immobilized to Sepharose 
2B by the cyanogen bromide method [34] with some modifications [35]. To 
5 ml of Sepharose 2B suspension containing 3.5 ml of packed Sepharose gel 
were added 2.5 ml of 2% BrCN solution. The activation reaction was allowed 
to proceed for 9 min by the dropwise addition of 3 M NaOH, keeping the pH 
of reaction mixture to 11. BrCN-activated Sepharose 2B was immediately 
washed on a glass filter with 60 ml of  0.1 M borate/HC1 buffer (pH 8.15), 
and then mixed with 5 ml of the same buffer containing 9.0 mg of activa- 
tor protein and 10 mM CaC12. The coupling reaction was performed for 24 h 
at 25°C. Subsequently, the Sepharose was washed with 60 ml of 0.05 M 
borate/HC1 buffer (pH 8.15), containing 1 M NaC1 and 1 mM EDTA. The con- 
centration of activator protein coupled to the Sepharose was 1.5 mg/ml of  
packed gel. 

Phosphodiesterase assay. The modified procedure [31] of the radioisotopic 
method of  Thompson and Appleman [23] was employed for the assay of cyclic 
nucleotide phosphodiesterase activities. The volume of the final assay mixture 
was 0.2 ml which contained 10 mM MgC12, 40 mM Tris • HC1 (pH 8.0), 1 pM 
cyclic nucleotide (90 000 cpm) and 25--50 t~l of enzyme preparation, unless 
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otherwise indicated. The reaction was initiated by the addition of substrates, 
and was terminated by boiling for 45 s. After incubation for 5 min at 37°C, 
enzyme activities were determined in such a manner that  no more than 15% of 
the substrate was hydrolyzed during the reaction. Experiments were conducted 
in duplicate. 

Assay o f  phosphodiesterase activator activity. The ability of the activator 
protein to stimulate the activity of rat brain phosphodiesterase was assayed 
using the same assay procedure of phosphodiesterase as described above. The 
P2 enzyme which was prepared as described in Results from rat brain was used 
as activator protein<ieficient phosphodiesterase. The reaction mixture (0.2 ml) 
contained 40 mM Tris • HC1 (pH 8.0), 10 mM MgC12, 1 #M cyclic AMP, 1 mM 
CaC12 and an appropriate amount  (0--1 pg/tube) of the activator protein. 
The amount  of activator protein was estimated from the standard activa- 
tion curve using the purified bovine brain activator protein (prepared as 
described in the previous section). 

Gel filtration. The Sephadex G-200 column was 2 X 30 cm with a gel bed 
volume of 100 ml. The gel was equilibrated in 70 mM acetate buffer (pH 6.5), 
containing 5 mM 2-mercaptoethanol and 0.1 mM EGTA and was charged with 
1--2 ml of 105 000 X g brain supernatant. 1.8 g of the fractions were collected. 
The equilibration and elution buffers were identical. The molecular weights of 
the fractions eluted from the column were estimated from their Ve/Vo ratios, 
with cytochrome c, bovine serum albumin, catalase, human myeloma 7-globu- 
lin and Blue Dextran 2000 as standards. 

Results 

DEAE-cellulose column chromatography o f  brain supernatant 
2 ml of rat brain 105 000 X g supernatant (see Methods) were applied to a 

column of DEAE-cellulose and the column was eluted with a linear gradient 
of 70 mM acetate buffer (pH 6.5). Fig. 1 shows a typical elution profile of 
cyclic nucleotide phosphodiesterase. The peak of cyclic GMP phosphodiester- 
ase activity was single and nearly symmetrical, whereas the activity of cyclic 
AMP phosphodiesterase (assayed at I t~M substrate concentration) gave three 
peaks designated as P1, P2 and P3 as shown in Fig. 1. The P2 fraction was 
aligned with the peak of cyclic GMP phosphodiesterase activity. A single peak 
of the endogenous activator protein was observed around Fraction 18 (Fig. 1), 
to which none of the phosphodiesterase peaks corresponded. The fractions of 
P1 (Fraction Nos. 5, 6 and 7 in Fig. 1), P2 (Fraction Nos. 9, 10 and 11) and 
P3 (Fraction Nos. 15, 16 and 17) were pooled separately and were used to con- 
duct further characterization. 

Effects o f  various phosphodiesterase stimulators on DEAE-cellulose fractions 
Several agents are currently known to activate cyclic AMP phosphodiesterase 

from a variety of tissues. These agents are classified into three groups: (1) acti- 
vator protein or Ca2+-dependent regulatory protein [8,25,26]; (2) certain phos- 
phate containing detergents such as sodium a-tocopheryl phosphate (TPNa) 
[28] and lysophosphatidyl choline [29]; and (3) proteolytic enzymes [7,27, 
33]. A comparison of the phosphodiesterase activities of P1, P2 and P3 frac- 
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Fig.  1. DEAE-ce l lu lose  p ro f i l e  o f  cycl ic  n u c l c o t i d e  p h o s p h o d i e s t e r a s e  and  e n d o g e n o u s  a c t i v a t o r  p r o t e i n  

f r o m  rat  b ra in .  R a t  b ra in  105  000  X g s u p e r n a t a n t  f r ac t i on  was  o b t a i n e d  as desc r ibed  in M e t h o d s .  T w o  ml  
o f  t h e  s u p e r n a t a n t  (10  m g  p r o t e i n )  waS app l ied  to  the  DEAE-ce l lu lose  c o l u m n  e qu i l i b r a t e d  w i t h  70 m M  
a c e t a t e  b u f f e r  (pH 6.5)  c o n t a i n i n g  0.1 m M  E G T A  and  5 m M  2 - m e r c a p t o e t h a n o l .  The  c o l u m n  w a s  d e v e l -  
o p e d  wi th  a l inear  200  ml  g r a d i e n t  f r o m  0 .07  M to 1.0 M s o d i u m  ace ta t e  b u f f e r  (pH 6.5)  c o n t a i n i n g  0.1 
m M  E G T A  and  5 m M  2 - m e r c a p t o e t h a n o l .  F r a c t i o n s  (7 g) were  co l lec ted .  A l i q u o t s  o f  25 pl were  used  for  
p h o s p h o d i e s t e r a s e  a s s a y .  A c t i v i t y  w a s  m e a s u r e d  us ing  1 pM cycl ic  AMP (¢ -', s h a d e d ) ,  or  1 t tM c y -  

c l i c  G M P  (o ----c) and  w a s  e x p r e s s e d  as p m o l  of  cycl ic  n u c l e o t i d e  h y d r o l y z e d / m i n  per  tube .  T h e  m a j o r  

p e a k s  o f  c y c l i c  A M P  p h o s p h o d i e s t e r a s c  a c t i v i t y  were  d e s i g n a t e d  to  P1,  P2 and  P3 in o r d e r  o f  e lu t ion .  To  
m e a s u r e  e n d o g e n o u s  a c t i v a t o r  p r o t e i n  in each  f r a c t i o n ,  a i i quo t s  o f  f r a c t i o n s  were  f i rs t  bo i led  fo r  60 s to  

i n a c t i v a t e  t h e  p h o s p h o d i e s t e r a s e s  in  t h e  f r ac t i on  and  the  bo i l ed  a l iquo t s  were  used  for  t h e  a s s a y  o f  a c t i -  
v a t o r  p r o t e i n  as  desc r ibed  in M e t h o d s .  T h e  a c t i v a t o r  p r o t e i n  w a s  e x p r e s s e d  as #g  p r o t e i n / 0 . 1  ml  o f  f rac -  

t i o n  ( I - -  m). 

tions revealed the following facts with regard to the extent of  stimulation by 
these agents (Table I). Firstly, all three types of  the activators preferentially 
stimulated the P2 phosphodiesterase. The P1 fraction was also stimulated both 
by activator protein and by tryptic treatment, although the extent of  activa- 
tion was much smaller than that of  the P2 fraction. On the other hand, the P3 
enzyme was affected by none of  the stimulators. Secondly, cyclic GMP phos- 
phodiesterase of  the P2 fraction, too,  was stimulated by the same three stim- 
ulators; however, only 4-fold increase in cyclic GMP phosphodiesterase activ- 
ity was observed at a substrate concentration of  1 pM, as compared to 8-fold 
augment of the P2 cyclic AMP phosphodiesterase. As with cyclic AMP phos- 
phodiesterase, the P3 cyclic GMP phosphodiesterase was not activated in the 
presence of  activators. Likewise, the cyclic GMP phosphodiesterase of  the P1 
fraction was insensitive to activators. Thirdly, once the P2 cyclic AMP phos- 
phodiesterase was activated by one of  the effectors, there was no combined 
stimulatory effect by the further addition of any of  the other agent. More- 
over, the addition of  sodium a-tocopheryl phosphate to the activated P2 en- 
zyme constantly decreased cyclic AMP phosphodiesterase activity. 
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T A B L E  I 

E F F E C T S  OF V A R I O U S  A C T I V A T O R S  ON THE CYCLIC N U C L E O T I D E  P H O S P H O D I E S T E R A S E S  
F R A C T I O N A T E D  BY D E A E - C E L L U L O S E  C H R O M A T O G R A P H Y  

Rat  bra in  105 000  × g s u p e r n a t a n t  f rac t ion  was ob ta ined  and was c h r o m a t o g r a p h e d  on DEAE-cel lu lose  
as descr ibed  unde r  Methods .  The  P1, P2 and P3 e n z y m e s  were  assayed for  cyclic AMP as well as cyclic 
GMP phosphod ies t e ra sc  activi t ies wi th  or  w i t h o u t  var ious  act ivators .  Ac t iva to r s  were:  ac t i va to r  p r o t e i n  
(0.1 ~zg/tube) plus 1 mM CaC12, s o d i u m  c~-tocopheryl p h o s p h a t e  (0.5 raM) and  t ryps in  (0.5 p g / t u b e ) .  
E n z y m e  activi t ies were  expressed  as p m o l e s  of  cyclic nuc leo t ide  h y d r o l y z e d / m i n  per  tube .  In paren thes i s ,  
given the  relative act iv i ty  to each basal ac t iv i ty .  Values are the  m e a n  of  dupl ica te  expe r imen t s .  

Cyclic AMP phosphod ies te rase  ac t iv i ty  

P1 P2 P3 

Basal 5.19 (100 )  
Ac t iva to r  p ro te in  7 .42  (143 )  
Sod ium ~ - tocophe ry l  p h o s p h a t e  

(TPNa)  7.11 
Trypsin 7.00 (135)  
Ac t iva to r  p ro t e in  + TPNa 
Ac t iva to r  p ro t e in  + Tryps in  
TPNa + Tryps in  

2 .04  (100)  
17.1 (840)  

11.3 (552)  
13.3 (653)  

4 .37  (214)  
9 .85  (483)  
3 .10 (152)  

3 .14 (100)  
3.12 (99 .4)  

3.61 (115)  
3.29 (105)  

Cyclic GMP phosphod ies te rase  act iv i ty  

P1 P2 P3 

Basal 1 .02 (100 )  8 .09 (100)  2 .43 (100)  
Ac t iva to r  p ro t e in  1.04 (102 )  33.6 (415)  2 .38 (98 .0)  
Sod ium ~ - tocophe ry l  p h o s p h a t e  0 .84  (82 .3 )  30.8 (381)  2 .48 (102)  
Tryps in  0 .92  (90 .5)  32.8 (405)  2 .53 (104)  

Sodium a-tocopheryl phosphate effects on cyclic AMP phosphodiesterase o f  
P2 fraction 

Fig. 2A illustrates that the activity of cyclic AMP phosphodiesterase rose 
with increasing sodium a-tocopheryl  phosphate concentration. The activity 
velocity plots show that the half-maximal stimulation took  place at 0.1 mM 
(Fig. 2B). Based on this experiment,  sodium a-tocopheryl  phosphate at the 
concentration of 0.5 mM was routinely used to examine the maximum stim- 
ulation of  phosphodiesterase. The addition of  Ca 2÷ at the concentrations from 
1 pM to 1 mM did not  modify  sodium a-tocopheryl  phosphate stimulation (data 
not  shown) indicating that Ca 2÷ was not  required in the activation process by so- 
dium a-tocopheryl  phosphate unlike phosphodiesterase stimulation by acti- 
vator protein [8,25,26].  

Activation o f  P2 enzyme by proteolytic digestion 
It has been shown [7,27,33] that cyclic nucleotide phosphodiesterases are 

stimulated by  proteolytic digestion. We compared the proteolytic activation 
with other activators. Fig. 3 depicts the time course of  the trypsin activation of  
cyclic AMP phosphodiesterase in the P2 fraction. The phosphodiesterase stim- 
ulation by tryptic digestion was time- and temperature-dependent.  The rate of  
activation was linear for at least 1 min of incubation, and thereafter the rate 
gradually decreased (Fig. 3, curves B and C) and inactivation was observed in 
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Fig.  2A ( lef t ) :  E f f e c t  o f  s o d i u m  ~ - t o c o p h e r y l  p h o s p h a t e  c o n c e n t r a t i o n  on  cycl ic  AMP p h o s p h o d i e s t e r a s e  
ac t iv i ty  f r o m  the P2 f r ac t ion .  The  P2 e n z y m e  (see Fig .  1) was  p r e i n c u b a t e d  wi th  v a r y i n g  c o n c e n t r a t i o n  of  
s o d i u m  a - t o c o p h e r y l  p h o s p h a t e  at 0 ° C  for  10 ra in .  S o d i u m  ~ - t o c o p h e r y l  p h o s p h a t e  c o n c e n t r a t i o n  were  
those  wh ich  were  p r e sen t  in  f inal  assay tubes .  Cycl ic  AMP p h o s p h o d i e s t e r a s e  ac t iv i ty  was  a s sayed  in the  

s u b s t r a t e  c o n c e n t r a t i o n  o f  1 tzM and  was  e x p r e s s e d  as pe r  cen t  ove r  the  basal  ( con t ro l )  ac t iv i ty  of  1 .34 
p m o l e s  cycl ic  AMP h y d r o l y z c d / m i n  p e r  t ube .  B ( r igh t ) :  D o u b l e  r ec ip roca l  r e p r e s e n t a t i o n  o f  cyc l ic  A M P  
p h o s p h o d i e s t e r a s e  a c t i v a t i o n  by  s o d i u m  (~-tocopheryl  p h o s p h a t e .  T h e  d a t a  o f  Fig .  2A were  p l o t t e d  in  
d o u b l e  r ec ip roca l  m a n n e r .  V 0 is the  basal  cycl ic  AMP p h o s p h o d i e s t e r a s e  ac t iv i ty  m e a s u r e d  in  the  absence  
of  s o d i u m  (~-tocopheryl  p h o s p h a t e  and  V is the  e n z y m e  ac t iv i ty  at  a g iven c o n c e n t r a t i o n  o f  s o d i u m  ~- 

t o c o p h c r y l  p h o s p h a t e .  The  ha l f  m a x i m u m  e f f e c t  o f  s o d i u m  ~ - t o c o p h e r y l  p h o s p h a t e  waS 0.1 m M ,  which  

was  ca lcu la ted  f r o m  the  x-ax is  i n t e r s e c t i o n .  
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q u o t s  (50  ttg P r o t e i n )  o f  the  P2 f r a c t i o n  (see Fig.  1) was  p r e i n c u b a t e d  at  3 7 ° C  (A and  B) or  a t  0 °C  (C) 
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50 #1 a l iquo t s  were  t r a n s f e r r e d  to  the  t u b e s  w h i c h  c o n t a i n e d  Trasy lo l  ( 5 0 0  K I E )  to  t e r m i n a t e  the  t r yp -  
sin d iges t i on .  Cycl ic  A M P  p h o s p h o d i e s t e r a s e  was  a s sayed  at  a s u b s t r a t e  c o n c e n t r a t i o n  of  1 #M. The  

resu l t s  are e x p r e s s e d  as p e r  c e n t  o f  each  z e r o - t i m e  con t ro l .  
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T A B L E  II  

E F F E C T S  OF P R O T E A S E S  ON CYCLIC AMP P H O S P H O D I E S T E R A S E  FROM THE P2 F R A C T I O N S  

The P2 e n z y m e  was sepa ra ted  t h r o u g h  a DEAE-ce l lu lose  c o l u m n  accord ing  to the  p r o c e d u r e  as descr ibed  
in Fig. 1. Phosphodies te rasc  assay tubes  c on t a ine d  50 pl of  the P2 f rac t ion  (3 pg p ro te in ) .  Proteases  (0.5 
or  5 pg),  were appl icable ,  were d i rec t ly  added  to  assay tubes .  Af t e r  p r e i n c u b a t i o n  for  15 s on ice, the 
assay was s t a r t ed  by  the  add i t ion  of  subs t ra te .  Tube s  (c) and (d) rece ived soy bean  t ryps in  inh ib i to r  and 
Trasylol ,  respec t ive ly ,  p r io r  to the add i t ion  of  t ryps in .  Activi t ies  are expressed  as a pe rcen tage  of  the con-  
trol .  The  specific act iv i ty  of  the c on t ro l  e x p e r i m e n t  was 0 .58  p m o l  cyclic AMP h y d r o l y z e d / m i n  pe r  pg 
p ro te in .  Subs t ra te  c o n c e n t r a t i o n  was 1 gM. Values  are the  m e a n  of  dupl ica te  e x p e r i m e n t s .  

Cyclic AMP phosphod ies t e ra se  
act iv i ty  (% of con t ro l )  

(a) Cont ro l  100 
(b) Tryps in ,  0 .5 p g / t u b e  594 
(c) Tryps in ,  0 .5 p g / t u b e  + soy bean  t ryps in  

inh ib i tor ,  3 # g / t u b e  107 
(d) Tryps in ,  0 .5 p g / t u b e  + Trasylol ,  170  

K I E / t u b e  102 
(e) C h y m o t r y p s i n ,  0 .5 ~tg/tube 426  
(f) B. subtilis alkaline p ro tease ,  0 .5 ~tg]tube 586 
(g) C a r b o x y p e p t i d a s e  A, 0.5 # g / t u b e  94 .4  
(h) C a r b o x y p e p t i d a s e  A, 5 # g / t u b e  87 .5  
(i) Leucine  am i no  pep t idase ,  0 .5  p g / t u b e  97.1 
(j) Leucine  a m i n o  pep t idase ,  5 /~g/ tube  93 .9  

the presence of  a large amount  of  the proteinase (Fig. 3, curve A). 
The specificity of the proteolyt ic  enzymes in activation of  cyclic AMP phos- 

phodiesterase was tested as shown in Table II. Because in this assay system pro- 
teases were directly added to the phosphodiesterase assay tubes, proteolytic 
modifications of  phosphodiesterase occured simulutaneously with cyclic AMP 
hydrolysis. Of the five proteolyt ic  enzymes tested (trypsin, chymotrypsin,  alka- 
line protease, carboxypeptidase A and leucine aminopeptidase),  endopeptidase 
(trypsin, chymotrypsin and alkaline protease) only had a stimulatory effect 
while remaining two exopeptidases were essentially ineffective. As the case of 
sodium a-tocopheryl  phosphate,  Ca 2+ was not  required for proteolytic activa- 
tion (data not  shown). The trypsin activation of the phosphodiesterase was 
almost completely blocked by the addition of  such inhibitors as soy bean tryp- 
sin inhibitor or Trasylol (Table II). 

Trypsin treatment of crude brain supernatant 
Experiments were undertaken to see whether the molecular forms of  cyclic 

nucleotide phosphodiesterases were altered upon trypsin activation of the 
105 000 × g supernatant. Fig. 4A shows a typical profile of  cyclic AMP phos- 
phodiesterase from the untreated supernatant after Sephadex G-200 gel filtra- 
tion. Two activity peaks were observed when assayed with 1 pM cyclic AMP. 
The Ve/Vo ratios of  these activity peaks were 1.06 and 1.50 with estimated 
molecular weights of 400 000 and 150 000, respectively. In the presence of  
activator protein and calcium ions, there was a 6-fold activation of  the second 
peak cyclic AMP phosphodiesterase, while the first peak phosphodiesterase was 
activated to a much smaller extent  (Fig. 4A). There was a broad peak (Ve/Vo 
value 1.50) of cyclic GMP phosphodiesterase with a leading shoulder when 
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Fig.  4.  S e p h a d e x  G-200  gel f i l t r a t i on  o f  the  b ra in  s u p e r n a t a n t  f r ac t i on .  The  s u p e r n a t a n t  f r ac t i on  f r o m  
ra t  b r a i n  was  p r e p a r e d  as d e s c r i b e d  u n d e r  Me thods .  One  ml  o f  the  s u p e r n a t a n t  was  appl ied  t o  a Sepha-  

d e x  G-200  c o l u m n  eq u i l i b r a t ed  w i t h  70 m M  a c e t a t e  b u f f e r  (pH 6.5)  c o n t a i n i n g  0.1 m M  E G T A  and  5 m M  

2 - m e r c a p t o e t h a n o ] .  Pane l  (A) ,  Cycl ic  A M P  p h o s p h o d i e s t e r a s e  ac t iv i ty  f r o m  the  na t ive  s u p e r n a t a n t .  
Panel  (B),  cycl ic  G M P  p h o s p h o d i e s t e r a s e  ac t iv i ty  f r o m  the  na t ive  s u p e r n a t a n t .  Panel  (C) ,  cycl ic  A M P  
p h o s p h o d i e s t e r a s e  ac t iv i ty  f r o m  the  t r y p s i n - t r e a t e d  s u p e r n a t a n t .  Panel  (D) ,  cycl ic  GMP p h o s p h o d i e s t e r -  

ase ac t iv i ty  f r o m  the  t r y p s i n - t r e a t e d  s u p e r n a t a n t .  To  P repa re  the  t r y p s i n - t r e a t e d  s u p e r n a t a n t ,  one  ml  
of  the  b r a in  s u p e r n a t a n t  (5 m g  p r o t e i n )  was p r e i n c u b a t e d  w i t h  t r y p s i n  (0 .2  rag)  at  0 °C  fo r  5 ra in ,  and  
a t  t he  end  o f  the  p r e i n c u b a t i o n  soy b e a n  t r y p s i n  i n h i b i t o r  (0 .4  m g )  was  a d d e d .  50/~l  a l iquo t s  were  used 
for  e n z y m e  assay.  S u b s t r a t e  (cycl ic  A M P  or  cycl ic  G M P )  c o n c e n t r a t i o n  was  1 #M.  0 .1  # g  of  pu r i f i ed  acti-  

v a t o r  p r o t e i n  in  the  p resence  o f  1 m M  CaC12 was  a d d e d ,  w h e r e  i n d i c a t e d ,  to  each  assay t ube .  Cycl ic  nu-  
c l eo t ide  p h o s p h o d i e s t e r a s e  ac t iv i ty  was  e x p r e s s e d  as p m o l e s  o f  s u b s t r a t e  h y d r o l y z e d / m i n  p e r  assay 
t ube .  
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enzyme activity was assayed with 1 pM cyclic GMP as substrate (Fig. 4B). The 
phosphodiesterase activity of the peak and shoulder was equally stimulated 
by activator protein, although the degree of activation was merely twice the 
basal activity. In the next experiments, the supernatant was applied to the 
Sephadex G-200 column after a t reatment  with trypsin. As illustrated in Fig. 
4C, a broad single peak of  cyclic AMP phosphodiesterase activity appeared with 
Ve/Vo ratio of 1.65. The estimated molecular weight of this peak was approxi- 
mately 80 000. A wide activity peak of cyclic GMP phosphodiesterase was also 
found with VJVo ratio of 1.50 which was identical with that of the second 
peak of the untreated enzyme (Fig. 4D). It should be noted that  both cyclic 
AMP and cyclic GMP phosphodiesterases from the trypsin-treated supernatant 
were insensitive to activator protein (Fig. 4C and 4D), and that  the basal activ- 
ities of cyclic AMP as well as cyclic GMP phosphodiesterases from the trypsin- 
treated supernatant were higher than those from the untreated extract. 

Chromatography of  cyclic AMP phosphodiesterase on activator protein-Sepha- 
rose column 

The P2 fraction of DEAE-cellulose chromatography was sensitive to activa- 
tor protein, while the P3 fraction was insensitive to the activator as seen in 
Table I, and the trypsin-treated enzyme lost the sensitivity to the activator 
protein (Fig. 4). Therefore, the P2 enzyme was chosen as an activator-depen- 
dent phosphodiesterase, and; conversely, the P3 and the trypsin-treated en- 
zymes were employed as activator-independent enzymes. The both activator- 
dependent  and independent enzymes were examined by means of affinity chro- 
matography in order to see their difference in the binding characteristics to 
the activator protein. The affinity column was made of an activator protein 
that  had been purified from bovine brain and had been bound to Sepharose 2B 
particles. As seen in Table III, the activator-dependent phosphodiesterase was 
retained in the column, from which the enzyme was not  eluted unless a high 
concentration of EGTA and NaC1 were present. The recoveries of "basal" as 
well as "act ivated" activities of native P2 enzyme were more than 100%, sug- 
gesting that  a spontaneous activation of the enzyme might occur. It was of 
great interest that  after trypsin t reatment  the activator-dependent enzyme not  
only was converted into activator-independent form (Fig. 4C) but no longer 
kept the affinity to the activator-Sepharose column. Since trypsin-treated P2 
enzyme was unstable (data not  shown), the recoveries of  the enzyme from the 
affinity column was less than 100%. The activator-independent enzyme of P3 
was only loosely adsorbed to the affinity column; i.e. most of the enzyme 
activity was recovered in the elution buffer containing 1 mM EGTA alone. 
Regardless of  the enzyme types used in this experiment, the enzymatic prop- 
erty with regard to the sensitivity to activator protein was not  modified upon 
passing through the affinity column. 

Kinetic properties o f  the activator-dependent phosphodiesterase 
Lineweaver-Burk plots [36] of the basal cyclic AMP phosphodiesterases of  

the P2 fraction showed only a single kinetic form of enzyme activity with a 
K m of 31 pM for cyclic AMP and the maximum velocity of 25 nmol of cyclic 
AMP hydrolyzed/min per mg protein (Table IV). Activation of the phospho- 
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T A B L E  III  

A F F I N I T Y  C H R O M A T O G R A P H Y  OF CYCLIC AMP P H O S P H O D I E S T E R A S E  

The c y a n o g e n  b r o m i d e - a c t i v a t e d  Sepharose  2B was coup led  wi th  ac t i va to r  p ro t e in  as descr ibed  u n d e r  
Methods .  The  af f in i ty  c o l u m n  (2J5 ml  bed v o l u m e )  was equ i l ib ra ted  wi th  70 m M  ace ta te  b u f f e r  (pH 6.5)  
con ta in ing  1 m M  CaC12 (bu f f e r  I). (A)  5 ml  of  the  P2 f rac t ion  (300  #g p ro te in )  in the  p resence  of  1 m M  
CaCI 2 was appl ied  to the  aff in i ty  c o l u m n .  (B) 5 ml  of  the  P2 e n z y m e  was first ac t iva ted  wi th  t ryps in  
(50  pg  at  0°C for 5 rain and t h e n  soy bean  t ryps in  inh ib i to r  (100  pg)  was added .  The  t ryps in - t r ea t ed  P2 
e n z y m e  in the p resence  of  1 m M  CaC12 was appl ied to the  c o l u m n .  (C) 5 ml  of  the P3 f rac t ion  (200  pg 
p ro t e in )  in the Presence  of  1 m M  CaC12 was appl ied  to the  c o l u m n .  The  c o l u m n  was washed  s tepwise ,  
first wi th  5 ml  of  b u f f e r  I, subsequen t ly  wi th  10 ml  of  the  ace ta te  b u f f e r  (pH 6.5)  con ta in ing  1 m M  
E G T A  (bu f f e r  II)  and finally wi th  10 ml  of  the  ace t a t e  b u f f e r  (pH 6.5)  con ta in ing  1 mM E G T A  and 0.1 
M NaC1 (bu f f e r  I I I ) .  5-g f rac t ions  were  co l lec ted  and 50-#1 a l iquots  of  each  f rac t ion  were  used  for  cycl ic  
AMP phosphod ies t e ra se  ac t iv i ty  at  a subs t ra t e  c o n c e n t r a t i o n  of  1 pM. Org. shows  the original e n z y m e  
ac t iv i ty  appl ied to the  c o l u m n .  0.7 p g ] t u b e  of  ac t i va to r  p ro t e in  in the  p resence  of  1 m M  CaC12 was ad d ed  
where  ind ica ted .  E n z y m e  act ivi ty  was expressed  as p m o l  of  cycl ic  AMP h y d r o l y z e d / m i n  pe r  tube .  Values 
are the  m e a n  of  dup l i ca te  e x p e r i m e n t s .  

Frac t ions  Cyclic AMP p h o s p h o d i e s t e r a s e  ac t iv i ty  
appl ied to  
the a f f in i ty  Org. F r a c t i o n  n u m b e r  
c o l u m n  

1 2 3 4 5 6 

(A) P2 Basal 2 .32  
(na t ive)  + A c t i v a t o r  

p ro t e in  14 .60  

(B) P2 Basal 11 .30  
( t ryps in ized)  + A c t i v a t o r  

p ro t e in  11 .10  

(C) P3 Basal 1.31 
(na t ive)  + A c t i v a t o r  

p ro t e in  1.39 

Compos i t i on  of  e lu t ion  b u f f e r  

0 0 0 0 .28  2.42 1.37 

0 0 0 1.32 11 .10  4 .30  

0 .72  3.00 2.87 0 0 0 

0 .55  3 .33  2 .95  0 0 0 

0 0 .02  1.03 0 .27  0 .16  0 .10  

0 0 .07  1.28 0 .38  0.21 0 .10  

I II  I I I  

70 m M  Ac e t a t e  70 raM Ace t a t e  70 raM A c e t a t e  
( pH  6.5)  ( p H  6.5)  (pH 6.5)  
+ 1 m M  CaC12 + 1 m M  E G T A  + 1 m M  E G T A  

+ 0.1 M NaC1 

diesterase by activator protein, by trypsin and by sodium ~-tocopheryl phos- 
phate was equally accompanied by a decrease of the Km for cyclic AMP (17 
pM). At the same time, the maximum velocity of the activated enzyme in- 
creased more than 6-fold after incubation with various stimulators. Cyclic 
GMP phosphodiesterase of the P2 fraction also showed a change in kinetic 
behavior when the enzyme was activated (Table IV). The double reciprocal 
plot of the P2 cyclic GMP phosphodiesterase was also linear and the appar- 
ent Km value for cyclic GMP shifted from 13 pM (for basal state enzyme) to 
6 pM (for activated state enzyme). Likewise, activation of the P2 enzyme with 
stimulators increased the maximum velocity of cyclic GMP phosphodiesterase 
2--4-fold (Table IV). Thus, upon incubating the activator-sensitive P2 phospho- 
diesterase with various activators, a decrease of the Km value for substrate (cy- 
clic AMP or cyclic GMP) and an increase of maximum velocity were commonly 
observed. 
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T A B L E  IV 

S U M M A R Y  OF K I N E T I C  P A R A M E T E R S  OF P2 P H O S P H O D I E S T E R A S E  

A B C 
Basal * Ac t iva to r  Tryps in  *** 

p ro te in  ** 

D 
Sod ium (~-tocophery 
p h o sp h a t e  t 

Cyclic AMP phosphod ies t e ra se  t t  
Km (M~ X I0 s 3.1 1.7 1.7 1.7 
vT 25.0 167 181 153 

Cyclic GMP phosphodiesterase t i t  

K m (M) × l0 s 1.3 0.62 0.63 0.63 
V $ 22.2 82.6 86.2 43.5 

* Basal cycl ic  nuc leo t ide  phosphod ies t e ra se  activi t ies of  the  P2. 
** The  P2 e n z y m e  s t imu la t ed  by  ac t iva to r  p ro t e in  (0.5 p g / t u b e )  in the  p resence  of  1 m M  CaC12. 

*** T he  P2 f rac t ion  (3 # g ] t u b e )  were  p r e i n c u b a t e d  with t ryps in  (0.5 #g)  at  0°C for 5 rain and then  soy 
b e a n  t ryps in  inh ib i to r  (1 gg)  was added .  

t The  P2 f rac t ion  was p r e i n c u b a t e d  wi th  sod ium ~ - toeophe ry l  p h o s p h a t e  at 0°C for  15 rain and the  
e n z y m e  assay was s ta r ted .  Final c o n c e n t r a t i o n  of  s o d i u m  c~-tocopheryl p h o s p h a t e  was 0.5 raM. 

t t  T he  c o n c e n t r a t i o n  of  cyclic AMP var ied  f r o m  1 pM to 50 pM. 
t i t  The  c o n c e n t r a t i o n  of  cyclic GMP var ied  f r o m  1 pM t o  50 #M. 

:~ Veloci t ies  were  expressed  as n m o l e s  cyclic nuc leo t ide  h y d r o l y z e d / m i n  per  m g  p ro te in .  

Discussion 

In the high speed supernatant of rat brain we found three physically distinct 
forms of  cyclic AMP phosphodiesterase separated by DEAE-cellulose column 
chromatography. The second phosphodiesterase corresponding to the P2 in the 
chromatography was the activator-sensitive enzyme. The activator-dependent 
form of the phosphodiesterase displayed some activity even in the absence of 
activators whichever separation technique was employed, ion-exchange chro- 
matography or gel filtration chromatography (Figs. 1 and 4). There are a few 
possible explanations for this fact. (a) The activator-dependent phosphodiester- 
ase may exhibit by itself no activity in the absence of activators. Therefore the 
observed "basal" activity may be a consequence of a conversion of the inactive 
enzyme into a partially active form in the course of preparation. This possibil- 
ity is not  totally deniable, since a neutral proteinase has been reported to be 
present in the soluble fraction of rat brain [37], and since the activator-depen- 
dent enzyme was shown to be converted in to the independent form by endo- 
peptidases (Table II). (b) Although the activator-dependent enzyme may not  
possess any "basal" activity, the dependent enzyme may be contaminated with 
the independent form due to a poor preparative procedure. (c) The dependent 
phosphodiesterase fraction may contain some amount  of endogenous activator 
protein. This is very unlikely, however, because the endogenous activator pro- 
tein was completely removed from any forms of the phosphodiesterase by 
means of DEAE-cellulose chromatography (Fig. 1). (d) The dependent enzyme 
may have some intrinsic basal activity and activators may simply further stim- 
ulate the enzyme. It is our opinion that  the last explanation is the most prob- 
able one, although the first and second could not  be completely ruled out. 
The affinity chromatography using the activator protein coupled to Sepharose 
proved to be successful to distinguish the activator-independent form from the 
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dependent  form of cyclic AMP phosphodiesterase. The trypsinized phospho- 
diesterase (independent form) passed through the affinity column, whereas the 
activator-dependent enzyme was retained by the column, from which it was 
eluted only after the addition of  a buffer containing EGTA and NaC1 at high 
concentrations. The activator-dependent phosphodiesterase which was puri- 
fied through the affinity chromatography did still contain the "basal" enzyme 
activity and, in addition, the activity ratio of dependent  to independent  enzyme 
was comparable between original and purified preparation. These lines of evi- 
dence suggest that  observed "basal" activity in the activator-dependent phos- 
phodiesterase is at tr ibuted to its intrinsic properties. 

Although we made observations which were similar to those of Cheung [7] 
who first demonstrated the proteolytic activation of phosphodiesterase, we 
were able to obtain some additional results to give a deeper insight. It should 
be stressed that,  among the multiple forms of phosphodiesterase, the enzyme 
which was stimulated by the Ca2÷-dependent activator protein was also stim- 
ulated by proteolytic enzymes. It is also notewor thy that  kinetic changes in= 
duced by two different types of  activators were common and no additive ef- 
fect was observed in activating the enzyme. Nevertheless, these facts may 
support the idea that  a common mechanism is underlying in the activation pro- 
cess. A substantial reduction of molecular weight was accompanied by the pro- 
teolytic modification of the cyclic AMP phosphodiesterase. From our results 
it is difficult to discern how phosphodiesterase was activated by proteolytic 
modification, but one of attractive explanations is that  the enzyme was disso- 
ciated into active units upon proteolytic digestion. An alternative explanation 
is that  the proteolytic enzyme exerted its effect by destroying a phosphodi- 
esterase inhibitor, the presence of  which was proposed by Miki and Yoshida 
[38] and recently by Wang and Desai [39]. The possible explanation for the 
trypsin activation of  cyclic GMP phosphodiesterase, which was not  accompanied 
by the change of molecular weight, is the existence of  less active forms of 
the enzyme consisting of enzyme-inhibitor complexes which were converted 
into more active forms as a result of destruction and removal of the inhibitor 
moieties. 

The mechanism by which sodium a-tocopheryl phosphate (TPNa) activates 
cyclic nucleotide phosphodiesterase was not  established by our studies. Since 
we demonstrated here that  there was a stimulatory effect of sodium a-tocoph- 
eryl phosphate on a soluble enzyme that  was obtained after centrifugation at 
105 000 X g, its action to stimulate the phosphodiesterase(s) was not  attribut- 
able merely to the solubilizing effect. The contention is substantiated by our 
unpublished data that  the sodium a-tocopheryl phosphate-induced activation 
of phosphodiesterase was only noted in rat liver supernatant, not  in the partic- 
ulate fraction. However, it could not  be ascertained in our current experiments 
whether the dissociation of  enzyme occurred upon exposure to the phosphate- 
containing detergent, since the sodium a-tocopheryl phosphate-treated enzyme 
was not  sufficiently stable to endure the separation process by gel-filtration to 
confirm the alteration of molecular weight. In agreement with the results of 
Wolff and Brostrom [29] who have shown a partially purified cyclic nucleotide 
phosphodiesterase from brain was activated by phosphatidyl inositol and lyso- 
phosphatidyl choline, we observed the detergent-induced activation was cal- 
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cium-independent, and the sodium a-tocopheryl phosphate shared the enzyme 
stimulation with activator protein. Our studies indicate, in addition, that  
among the multiple types of phosphodiesterases, only the P2 enzyme was pre- 
ferentially activated by both sodium a-tocopheryl phosphate and activator 
protein. 

The activator sensitive enzyme, P2, has a specific affinity to the Sepharose- 
activator protein column, which will enable us to purify large quantities of this 
enzyme. We shall then be able to evaluate the regulatory mechanisms of the cy- 
clic nucleotide phosphodiesterase in more detail, which is now in progress in 
our laboratories. 
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