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Summary 

The activity of  cyclic AMP phosphodiesterase (3':5'-cyclic-nucleotide 5'- 
nucleotidohydrolase,  EC 3.1.4.17) in 105 000 Xg supernatant fraction from 
frozen-thawed rat liver was 2.5 times higher than the corresponding preparation 
from fresh liver. This increased activity of  frozen liver enzyme was accompanied 
by a decreased sensitivity of  the enzyme to known activators such as a-tocoph- 
eryl phosphate and trypsin. Neither membrane-bound cyclic AMP phosphodi- 
esterase, nor supernatant cyclic GMP phosphodiesterase increased in frozen 
liver preparation. It is unlikely that the activator protein of  phosphodiesterase 
participated in the observed change of enzyme activity. Among rat tissues so 
far tested, the increased level of  cyclic AMP phosphodiesterase was noted only 
in tissues rich in lysosome content.  In the recombination experiment where 
phosphodiesterase from fresh liver was incubated with lysosomal fraction, stim- 
ulation of  the enzyme activity was observed with a concomitant  loss of sensi- 
tivity to above-mentioned activators. Since the stimulation by lysosomal frac- 
tion was effectively inhibited by cathepsin B1 inhibitors, leupeptin and anti- 
pain, it was deduced cathepsin-B1 (EC 3.4.12.3) type protease(s) was the main 
causative of  activating the cyclic AMP phosphodiesterase. The freezing-thawing 
process of  rat liver made the lysosomal membrane more permeable, and hence 
lysosomal proteases were released into soluble fraction during phosphodiester- 

* To whom correspondence should be addressed. 
Abbreviations: Cyclic AMP, adenosine 3t,5f-monophosphate; cyclic GMP, guanosine 3~,5t-mono - 
phosphate; TLCK, N~-tosyl-L-lysyl-chloromethyl ketone; leupeptin, acetyl- and propionyl-L-leu- 
cyl-L-leucyl-L-arginine; antipin, S-l-caxboxy-2-phenylethyl-carbamoyl-L-arginyl-L-varyl-L-argininc; 
pepstatin, isovaleryl-valyl-valyl-4-amino-3-hydroxy-6-methylheptanoyl-alanine~ EGTA, ethylene- 
glycol-bis-(13-aminocth yleth er )-N,N t-te traac e tic acid. 
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ase preparation. These results provide a warning not  to use frozen liver for 
phosphodiesterase preparation, otherwise altered properties of  the enzyme will 
be seen. 

Introduction 

Our previous papers showed that cyclic AMP phosphodiesterase (3':5'-cyclic 
nucleotide 5'-nucleotidohydrolase, EC 3.1.4.17) of  the supernatant fractions 
from rat brain [1] and from rat liver [2] were stimulated by a- tocopheryl  phos- 
phate, a vitamin E derivative. In the course of  these experiments,  we had con- 
sistently noted that  cyclic AMP phosphodiesterase with markedly increased ac- 
tivity was obtained from frozen-thawed rat liver as compared to fresh liver 
preparation. Furthermore,  this increased activity of  frozen liver preparation 
was accompanied by a diminished sensitivity of the enzyme to a- tocopheryl  
phosphate.  These findings aroused questions as to (a) whether  the increased en- 
zyme activity is extractable from other frozen tissues, (b) what  type  of  multi- 
ple forms of  liver phosphodiesterases [3--9] is stimulated in frozen-thawed 
preparation and, (c) by what  mechanism the phosphodiesterase was activated 
during freezing and thawing procedure. In this communicat ion,  we shall report  
that  the increased activity of  cyclic AMP phosphodiesterase with frozen liver 
preparation is a result of  modifications by protease(s) released from liver lyso- 
somes. We shall discuss the roles of  activator protein [10--17] as well as of  in- 
hibitor protein [18,19] with regard to the observed stimulation of  phosphodi- 
esterase by frozen liver. 

Materials and Methods 

Materials. Cyclic [G-3H]AMP (38 Ci/mmol) and [G-3H]GMP (2.1 Ci/mmol) 
were purchased from New England Nuclear. Unlabeled cyclic AMP, cyclic 
GMP, snake venom (Crotalus atrox), trypsin and soybean trypsin inhibitor 
were purchased from Sigma Chemical Co. TLCK was obtained from Cyclo 
Chemical Co., Los Angeles. Leupeptin,  antipain and pepstatin were from Insti- 
tute  of  Microbial Chemistry, Tokyo.  a-Tocopheryl  phosphate (sodium salt) was 
obtained from Eisai Pharmaceutical Co. Tokyo.  DEAE-cellulose, DE-52 micro- 
granular (Whatmann Biochem.), Dowex l - X 8 , 2 0 0 - - 4 0 0  mesh (Bio-Rad Labora- 
tories), DEAE-Sephadex A-50 (Pharmacia) were purchased as indicated. All 
other  chemicals were of  analytical grade quality. 

Preparation of the supernatant fraction from fresh rat liver. Unless otherwise 
indicated, all operations were carried ou t  at 4°C. Male Wistar rats weighing 150-- 
200 g were killed by decapitation and liver was excised. The tissue was minced 
with scissors and was homogenized in five volumes (w/v) of  0.32 M sucrose/ 
40 mM Tris • HC1 buffer (pH 8.0) in a glass homogenizer with five strokes of  
a Teflon pestle. The liver homogenate  was then centrifuged at 105 000 × g for 
60 min. The supernatant was stored in small aliquots at --20°C until used. 

Preparation of frozen-thawed liver supernatant. Rat  liver was taken out  as 
described above. The liver lobes in glass vials were quickly frozen in a solid CO2/ 
ethanol bath and were kept  in a freezer (--20°C) for 72 h prior to use. They 
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were allowed to thaw at 37°C for 3--5 min and then were minced with scissors. 
These liver pieces were homogenized and centrifuged to obtain the frozen 
liver supernatant fraction according to the same method as employed for the 
fresh liver preparation. The supernatant fraction thus obtained from frozen 
liver were stored --20°C up to 3 weeks without  appreciable change of phospho- 
diesterase activity. 

Preparation of  membrane-bound phosphodiesterase. Membrane-bound phos- 
phodiesterase was prepared by discontinuous sucrose gradient [4,20]. Rat 
liver was homogenized with a Teflon-glass homogenizer in five volumes (w/v) 
of  0.04 M Tris • HC1 buffer (pH 8.0) containing 0.32 M sucrose. A density gra- 
dient was made 1.7 ml each of 1.2 M sucrose (bottom), 0.8 M sucrose {middle) 
and 1.7 ml of liver homogenate containing 0.32 M sucrose {top) in centrifuge 
tubes of  5.5 ml capacity. The tubes were centrifuged at 92 000 X g for 90 min 
using a swinging bucket rotor. The cytoplasmic membrane fraction [4,20] at 
1.2--0.8 M interface was collected through a syringe needle, and was used as 
preparation of membrane-bound phosphodiesterase. 

Phosphodiesterase assay. The enzyme activity was assayed by Boudreau- 
Drummond's  modification [21] of the method of Thompson and Appleman 
[22]. The reaction mixture (final volume, 0.2 ml) contained 10 mM MgC12, 
40 mM Tris • HCI (pH 8.0), 25 ~g of bovine serum albumin, 1 ~M cyclic [3H]- 
AMP or cyclic [3H]GMP (90 000 cpm), and an appropriate amount  of the en- 
zyme, and was incubated at 37°C for 5 min. The reaction was terminated by 
boiling for 45 s, and then 150 pg of snake venom were added. The mixture was 
incubated at 37°C for another 15 min. No more than 15% of the substrate was 
generally hydrolyzed during the enzyme assay. Enzyme activity is expressed as 
pmol of  cyclic nucleotide hydrolyzed per min per mg protein or per ml of en- 
zyme fraction. 

Preparation of  a lysosome fraction of  rat liver. A lysosome fraction was pre- 
pared from rat liver according to the method of Sawant et al. [23]. This isola- 
tion method was based on both differential centrifugation and density gradient 
centrifugation techniques. The F I I I  pellet fraction [23] which was suspended 
in a small amount  of 70 mM acetate buffer (pH 6.5) was frozen in solid CO2/ 
ethanol) and thawed (in ice/water) five times to disrupt the lysosomal mem- 
brane. The lysed lysosome was centrifuged at 105 000 × g for 60 min and the 
clear supernatant fraction was obtained. The supernatant was used as "lysosomal 
fract ion" in our current studies. 

DEAE-cellulose chromatography. A similar system to that  reported by 
Terasaki and Appleman [8] was employed for DEAE-cellulose chromatog- 
raphy. 2--4-ml aliquots of 105 000 × g liver supernatant were applied to a col- 
umn (bed volume, 20 ml) equilibrated with 90 mM acetate buffer (pH 6.5). 
Fractions were developed with a linear 200 ml gradient from 70 mM to 1 M 
acetate buffer (pH 6.5). Fractions of 7 g eluent were collected, and aliquots 
(25--50 pl) of  the fraction were examined for phosphodiesterase activity. Al- 
though the pH of phosphodiesterase reaction mixture (pH 8.0, Tris • HC1 buff- 
er) dropped to 7.9--7.6 by addition of the aliquots, the pH decrease did not 
cause an appreciable change in phosphodiesterase activity. 

Estimation of  activator protein. Standard activator protein or protein modu- 
lator [10--17] was purified from bovine brain by the procedure of Kato et al. 
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[24]. The homogenei ty  and physical properties of  thus purified activator pro- 
tein were described elsewhere [24].  The activator protein-sensitive phosphodi- 
esterase that  was required to estimate the content  of  endogenous activator pro- 
tein in rat liver was prepared as described previously [1]. In brief, the 105 000 X 
g supernatant of rat brain homogenate  was fractionated by DEAE-cellulose 
chromatography.  In the presence of  activator protein and Ca 2÷, the P2 fraction 
of  activator-sensitive phosphodiesterase was stimulated eight times over the 
basal (non-stimulated) activity [1]. Since the activator protein was heat stable, 
the liver supernatant was first boiled at 100°C for 60 s to denature the phos- 
phodiesterase, and then the boiled supernatant was used for the estimation of  
endogenous activator protein. 

Gel filtration. Gel filtration of  liver supernatant fraction was carried out  on a 
Sephadex column (2 X 30 cm) with a bed volume of 100 ml. The gel was equi- 
librated and eluted with 70 mM acetate buffer (pH 6.5) which was the identical 
buffer  employed in DEAE-cellulose chromatography. As a routine, 2 ml of liver 
superntant  were applied to the column and 1.8-g fractions were collected. The 
void volume (V0) was calibrated using Blue Dextran-2000. 

Results 

Cyclic nucleotide phosphodiesterase activities from fresh or frozen liver prepa- 
rations 

As indicated in Table I, the 105 000 X g supernatant fraction from frozen rat 
liver contained 2.3 times higher activity of  cyclic AMP phosphodiesterase than 
the supernatant of  fresh liver preparation. This increased activity of  cyclic AMP 
phosphodiesterase was accompanied by the abolishment of  the stimulatory ef- 
fects of  known phosphodiesterase activators such as trypsin and a-tocopheryl  
phosphate.  Alternatively, these phosphodiesterase activators were effective 
only on the supernatant from fresh liver preparation. In contrast  to cyclic AMP 
phosphodiesterase activity, there was no significant difference in cyclic GMP 
phosphodiesterase activity between fresh and frozen liver preparations (Table 
I). Virtually no difference was noted in the membrane-bound cyclic AMP phos- 
phodiesterase activity from preparation of  either fresh or frozen liver. To test 
whether  increased cyclic AMP phosphodiesterase activity from frozen liver was 
due to increased amount  of activator protein in the supernatant [10--17],  the 
contents  of  endogenous activator protein from both preparations were estimated 
using purified activator protein as standard. As seen in Table I~ almost identical 
amounts  of  activator protein were present in fresh and frozen liver supernatants. 
Unlike phosphodiesterase from the brain [1],  we were unable to induce cyclic 
AMP phosphodiesterase activation, regardless of  enzyme preparation, by addi- 
t ion of  purified activator protein. Therefore, it is unlikely that  activator pro- 
tein participated in the observed activation of  cyclic AMP phosphodiesterase. 
Since there was little difference in the protein content  between fresh and frozen 
liver preparation (see legend of  Table I), we concluded from Table I that  cyclic 
AMP phosphodiesterase itself was activated being accompanied by a concomi- 
tant loss of  trypsin and a- tocopheryl  phosphate activation. 

Kinetic analysis of  cyclic AMP phosphodiesterases from the supernatant frac- 
tions of  fresh and frozen liver gave an equal apparent Km value of  3.1 pM, 
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when substrate concentration was between 1 and 50 pM. On the other hand, V 
of  frozen liver preparation was 8.4 nmol/min per mg protein, which was 2.4 
times higher than the corresponding preparation of  fresh liver. 

Effects of tissue freezing 
As a means of characterizing the activation, several rat tissues were tested to 

see whether  preparations from frozen tissues contained more cyclic AMP phos- 
phodiesterase activity than fresh tissue preparation. Table II shows the increased 
phosphodiesterase activity in the supernatant from frozen spleen and kidney, 
but  not  from the brain. It was also proved with spleen and kidney that the in- 
crement in the activity was accompanied by the insensitivity to trypsin or a- 
tocopheryl  phosphate activation. Since liver, spleen and kidney are reported to 
be rich in lysosome content,  whereas the brain contains few [25,26],  and since 
trypsin activation was noted only by the supernatant of  fresh tissues (liver, 
spleen and kidney), we assumed that the observed enzyme activation of  frozen 
liver was a result of  at tack by lysosomal protease(s) released by freezing-thaw- 
ing procedure on the latent form of cyclic AMP phosphodiesterase. 

To prepare the supernatant enzyme from frozen liver, we routinely stored 

T A B L E  II 

E F F E C T S  OF T R Y P S I N  AND ~ - T O C O P H E R Y L  P H O S P H A T E  ON CYCLIC AMP P H O S P H O D I E S T E R -  
ASES P R E P A R E D  FROM F R E S H  OR F R O Z E N  TIS S UES  

Ra t  t issues were  h o m o g e n i z e d  in five v o l u m e s  of  0 .32  M suc rose /40  mM Tris bu f f e r  (pH 8.0).  The  
105 000  × g s u p e r n a t a n t  was used  for  phosphod ies t e ra se  assay.  To p repa re  phosphod ies t e ra se  f r o m  f rozen  
tissues, ra t  t issues were  kep t  at  - -20°C for  72 h pr ior  to h o m o g e n i z a t i o n .  Cyclic AMP c o n c e n t r a t i o n  was  
1 pM. Values s h o w n  are m e a n  -+ S.D. of  dupl ica te  de t e rmina t ions .  Pe rcen t  re lat ive to each basal ac t iv i ty  is 

given. 

Phosphodies te rase  Addi t ions  Cyclic AMP phosphod ies t e ra se  
p repara t io  n act iv i ty  

p m o l / m i n  per  Relat ive 
mg  p ro te in  (%) 

Kidney ,  fresh None  (basal)  338 + 10 100 
+ Tryps in  (0.5 Dg/ tube)  676  ± 29 199 
+ (~-Tocopheryl  p h o s p h a t e  (0 .25  raM) 801 + 16 237 

Kidney ,  f rozen  None  (basal)  470  ± 8 100 
+ Tryps in  (0.5 }~g/tube) 372  + 24 79.2 
+ ~ - T o c o p h e r y l p h o s p h a t e  ( 0 . 2 5 m M )  412-+ 29 87.6  

Spleen,  fresh None  (basal) 215  -+ 17 100 
+ Tryps in  (0.5 p g ] t u b e )  302 -+ 16 140 
+ ~ - T o c o p h e r y l  p h o s p h a t e  (0 .25  mM)  353 + 9 164 

Spleen,  f rozen None  (basal)  257 + 11 100 
+ Tryps in  (0.5 Dg/ tube)  219 ± 5 85 .4  
+ ~ - T o c o p h e r y l  p h o s p h a t e  (0 .25 mM)  231 ± 19 89.8  

Brain, fresh N o n e  (basal)  806  ± 48 100  
+ Tryps in  (0.5 Dg/ tube)  2840  _+ 220 353 
+ c~-Tocopheryl  p h o s p h a t e  (0 .25  raM) 3040  + 273 378 

Brain, f rozen  None  (basal)  856 +- 137 100 
+ Tryps in  (0.5 Dg/ tube)  2740  _+ 246 320  
+ c~-Tocopheryl  p h o s p h a t e  (0 .25  mM) 2760 -+ 192 323 
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the tissue at --20°C for 72 h prior to homogenization.  It was also a useful pro- 
cedure to obtain increased enzyme activity by five times repeated freezing of  
intact liver lobes in solid CO2/ethanol, fol lowed by thawing in an ice-and-water 
slurry. In other experiment (data not  shown),  a supernatant fraction was pre- 
pared from the liver which was kept at 4°C from 3 to 24 h. This procedure did 
not  cause the activity change of  cyclic AMP phosphodiesterase. It was noted 
that storing the 105 000  × g supernatant fraction, once it has been separated 
from particulates, did not  cause an appreciable change in the basal phospho- 
diesterase activity as well as enzyme sensitivity to trypsin and ~-tocopheryl 
phosphate,  whether fresh or frozen liver was used as source, even after the en- 
zyme had been kept at --20°C up to 3 weeks (data not  shown).  These results 
led us to suspect that a necessary process for the enzyme activation involved 
protease leakage from liver lysosomes. 

Effects of lysosomal fraction on cyclic AMP phosphodiesterase activity 
To obtain the direct evidence that lysosomal proteases are participating in 

activation step of  phosphodiesterase, a lysosomal fraction was isolated from rat 
liver as described in Materials and Methods. When a liver supernatant fraction 
was preincubated with the lysed lysosomal fraction, only the fresh liver phos- 
phodiesterase was stimulated by lysosomal fraction and no stimulation occurred 
with the frozen liver enzyme (Table III). Since lysosomes contain a series of  
cathepsin group proteases, several classes of  protease inhibitors were tested to 

T A B L E  III 

E F F E C T S  O F  L Y S O S O M A L  F R A C T I O N  O N  T H E  A C T I V I T Y  O F  C Y C L I C  AMP P H O S P H O D I E S T E R -  
ASE 

Rat liver 1 0 5  0 0 0  X g superuatant  fraction from either fresh or frozen  liver was  obta ined  as described in 
Materials and Methods .  The  l y s o s o m a l  fract ion was  prepared from rat liver according to  the m e t h o d  o f  
Sawant  et al. [ 2 3 ] .  The  F-III fract ion [23]  was  subjected five t imes  to  a freezing and thawing cycl ic  in  
7 0  m M  a c e t a t e  b u f f e r ,  p H  6 .5 ,  and then  centrifuged at 1 0 5  0 0 0  X g f o r  6 0  min to  obta in  " l y s o s o m a l  
fract ion".  Phosphodies terases  and the " lysosomal  fract ion" ( 5 0  # g / t u b e )  were  pre incubated  at 15°C in 
7 0  m M  a c e t a t e  b u f f e r ,  p H  6 .5 ,  c o n t a i n i n g  5 m M  2-mercaptoethanol  and bovine  serum a lbumin  ( 5 0  p g /  

tube)  for 15 rain in a f ina l  v o l u m e  of  1 5 0  pl .  Various  proteasc  inhibitors ,  where  indicated,  were  added 
prior to  the  addi t ion  of  the " lysosomal  fract ion".  Cycl ic  AMP concentrat ion  was  1 #M. Values  are means  
o f  dupl icate  exper iments .  Percent relative to  each basal act ivity is given. STI ,  s o y b e a n  trypsin  inhibitor .  

Phosphodiesterasc  Addi t ions  
preparat ion 

Cyclic AMP p h o s p h o -  
diesterase act ivity 

p m o l / m i n  
per m g  
prote in  

Relative 
(%) 

Fresh Hver 

Frozen  liver 

N o n e  (basa l )  1 5 4  
+ L y s o s o m a l  fract ion 3 7 6  
+ L y s o s o m a l  f r a c t i o n  + l e u p e p t i n  (5 p M )  1 4 9  
+ L y s o s o m a l  fract ion + ant ipaln  (5 ~M)  1 5 1  
+ L y s o s o m a l  fract ion + T L C K  (5 pM)  1 5 7  
+ L y s o s o m a l  fract ion + STI  (2  p g / t u b e )  2 7 0  
+ L y s o s o m a l  f r a c t i o n  + p e p s t a t i n  (5 pM)  2 7 6  

N o n e  (basa l )  2 3 5  
+ L y s o s o m a l  f r a c t i o n  2 2 9  

1 0 0  
2 4 4  

9 7 . 0  
98 .2  

1 0 2  
1 7 5  
1 7 9  

1 0 0  
9 7 . 5  
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see whether inhibitors preferentially stunt the observed activation of  phospho- 
diesterase. As seen in Table III, complete inhibition of  lysosome-induced activa- 
tion was exhibited by leupeptin and antipain, the known cathepsin B1 inhib- 
itor [27,28],  while pepstatin, a recognized antagonist of  cathepsin D [29,30] 
and soybean trypsin inhibitor were found to be moderately effective inhibitors, 
giving approx. 50% depression of protease-induced phosphodiesterase activa- 
tion. A substantial inhibitory effect was also noted in TLCK, which is known 
to suppress the activity of  trypsin-like protease as well as these of  sulfhydryl- 
active sites [31,32].  These data strongly suggest that a cathepsin Bl - type  pro- 
tease is the main lysosomal enzyme which induces the phosphodiesterase ac- 
tivation. 

DEAE-cellulose column chromatography 
In the next  series of  experiment, chromatographic profiles of  supernatant 

phosphodiesterase from fresh and frozen liver were compared using DEAE- 
cellulose columns. In case of  fresh liver supernatant, DEAE-cellulose chroma- 
tography yielded three active peaks of cyclic nucleotide phosphodiesterases 
(F-l ,  F-2 and F-3 in Fig. 1A). However, the supernatant fraction prepared from 
frozen rat liver gave four active peaks designated as F- l ,  F-2, F-3 and F-4. De- 
spite the different elution pattern of  cyclic AMP phosphodiesterase, there was 
a good similarity between fresh and frozen liver in the elution profile of  cyclic 
GMP phosphodiesterase activity. This observation is predictable from the re- 
sults of  Table I, in which no appreciable difference in cyclic GMP phosphodi- 
esterase activity was noted between fresh and frozen liver preparations. The 
recovery of  cyclic AMP phosphodiesterase activity from all the DEAE-cellu- 
lose fraction was 38% for fresh liver and 42% for frozen liver. The recovery of  
cyclic GMP phosphodiesterase activity was 54% for fresh liver and 52% for 
frozen liver. 

Effects o f  phosphodiesterase activators on DEAE-cellulose fractions 
Experiments were conducted to test the effects of  various phosphodiesterase 

activators [1,2] on the different types of  cyclic AMP phosphodiesterases sepa- 
rated by DEAE-cellulose chromatography (Table IV). The F-3 from fresh liver 
was demonstrated to be preferentially stimulated by trypsin as well as a-tocoph- 
eryl phosphate,  whereas, the same fraction from frozen liver was not  activated. 
Moreover these chemicals were even inhibitory on F-2 and F-4 from frozen 
liver. These findings support  the concept  that cyclic AMP phosphodiesterase 
from frozen liver was already activated by proteolytic process. Thus, no further 
activation was attained by trypsin t reatment  in the case of  frozen liver prepara- 
tion. None of  the DEAE-cellulose fractions was stimulated by addition of  acti- 
vator protein (Table IV). 

Gel filtration o f  liver supernatant 
The elution patterns of  cyclic AMP phosphodiesterases were compared be- 

tween fresh and frozen liver preparations using Sephadex G-200 column. The 
results from typical experiments are shown in Fig. 2. The top diagram (A) 
shows the elution pattern obtained with freshly prepared 105 000 X g superna- 
tant fraction; the bo t tom diagram (B) was obtained with frozen liver superna- 
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Fig. 2. Sephadex  G-200  gel f i l t ra t ion  of  the  105  000  X g supernatant fraction f r o m  e i ther  fresh (A) or  
f rozen  (B) ra t  liver. The  s u p e r n a t a n t  f r ac t ion  (2 ml )  was  c h r o m a t o g r a p h e d  on  a Sephadcx  G-200  c o l u m n  
(100  ml) .  F rac t ions  of  1.8 g were  co l lec ted  a nd  assayed  for  phosphodiesterase activity using 1 #M cyclic 
AMP (e  s )  or  1 pM cyclic  GMP (o o). Detai ls  are desc r ibed  in Materials  an d  Methods .  

tant. In case of fresh liver the main peak of cyclic AMP phosphodiesterase ac- 
tivity appeared immediately behind the void volume with a VJVo value of 
1.11. On the other hand the principal cyclic AMP phosphodiesterase activity of 
frozen liver moved into fraction No. 24, which gave the Ve/Vo value of 1.33. 
Furthermore, an additional small peak of the enzyme activity appeared in frac- 
tion No. 33 (Ve/Vo = 1.83). These results suggest that cathepsin effects on 
phosphodiesterase of frozen liver preparation consisted of production of a 
smaller form of the enzyme with a concomitant increase of enzyme activity. 
The main peak of cyclic AMP phosphodiesterase from fresh liver was activated 
three times over the basal activity in the presence of trypsin, or ~-tocopheryl 
phosphate {data not shown). However, there was no stimulatory effect of these 
agents upon the cyclic AMP phosphodiesterase activity from frozen liver frac- 
tions. As expected from the results of DEAE-cellulose chromatography, the 
elution pattern of cyclic GMP phosphodiesterase activity did not differ signif- 
icantly between fresh and frozen liver supernatant (Fig. 2). 

Discussion 

We postulate that freezing and thawing of rat liver makes lysosomal mem- 
branes "leaky", and consequently a large amount of lysosomal protease(s) is re- 
leased into the soluble fraction during phosphodiesterase preparation. As a 
result, the cyclic AMP phosphodiesterase is activated by the released protease(s). 
Judging from Table III that leupeptin and antipain effectively inhibited the 
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protease-induced activation of  phosphodiesterase, it was concluded that cathep- 
sin B1 was the main protease participating in phosphodiesterase activation. So 
far as we are aware, this is the first example in which the cyclic AMP phospho- 
diesterase was activated by endogenous protease. 

To prepare the supernatant fraction from frozenliver,  we routinely kept  the 
liver at --20°C for 72 h; a procedure that  was found to be useful in obtaining 
acid proteases from monkey liver lysosomes [25]. Earlier studies showed that 
kinetic changes of  phosphodiesterase were seen when homogenates of  rat liver 
[5] and lymphocytes  [33] or a kidney enzyme preparation [34] were either 
stored at 4°C or frozen and thawed. It is conceivable that lysosomal proteases 
modified the nature of  phosphodiesterase, since, in addition to storing the 
preparations at low temperature,  these authors sonicated them for the purpose 
of  releasing the particulate phosphodiesterase. Presumably lysosomal mem- 
branes could be disrupted by sonication. 

It wash shown by Cheung [10] that trypsin t reatment  of  brain phosphodies- 
terase caused the enzyme activation. Desensitization of  phosphodiesterase to 
EGTA inhibition was also reported after trypsin t reatment  [35]. Activation of 
enzymes by limited proteolysis were reported in several other  enzymes including 
phosphorylase phosphatase [36],  protein kinase [37] and fructose-l,6-diphos- 
phatase [38]. Common to these enzymes, inactive form of an enzyme existed 
as enzyme-inhibitor protein complex. Recently it was shown a protein inhib- 
itor of  phosphodiesterase was prepared from retina [18] and brain [19].  In 
both  cases, the inhibitor was susceptible to trypsin. These results suggest that 
cyclic AMP phosphodiesterase of  rat liver may exist in the inactive form as an 
enzyme-inhibitor complex. A possible reason why the membrane-bound en- 
zyme was not  activated by freezing and thawing (Table I), is that  lysosomal 
protease(s) was not  accessible to the membrane-integrated enzyme. 

Among the multiple types of  phosphodiesterase, the enzyme sensitive to 
trypsin activation was also stimulated by a- tocopheryl  phosphate [ 1]. This ob- 
servation was also confirmed in our present experiments. The activation of 
phosphodiesterase by a- tocopheryl  phosphate is likely to be due to a dissoci- 
ating effect  of  inhibitor from the latent enzyme-inhibitor complex. We have 
questioned the origin of  the multiple forms of  the enzyme from liver. As evi- 
dent  in DEAE-cellulose studies (Fig. 1), a more complicated elution pattern of  
cyclic AMP phosphodiesterase activity was observed with frozen and thawed 
then fresh liver preparations. It is reasonable to suggest that  the multiple forms 
of  phosphodiesterase may be artifacts generated, at least in part, by partial 
proteolysis of  the phosphodiesterase during preparation. 

Regarding the extent  of  activation attained by activator protein [10--17],  
there is a considerable variation among the sources of  phosphodiesterase. In the 
present study, neither crude nor partially purified liver enzyme was stimulated 
by activator protein. It was recently observed [39] that  chick liver cyclic AMP 
phosphodiesterase was also refractory to the activator protein, while the en- 
zyme from early stage embryo was sensitive to the activator protein. Kakiuchi 
et  al. [7] found that cyclic GMP hydrolysis was more enhanced by activator 
protein than the cyclic AMP hydrolysis by rat liver preparation. A considerable 
amount  of  activator protein was found in liver (Table I). Thus the protein ap- 
pears not  to function as an activator of cyclic AMP phosphodiesterase. Possi- 
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bly the protein serves as an activator of adenylate cyclase system [40--43]. Al- 
ternatively, the activator may function as an modulator  of  cyclic GMP hydrol- 
ysis [7]. 

The present work shows that  no increased activity of cyclic GMP phosphodi- 
esterase was obtained in the frozen liver preparation. Unlike cyclic AMP phos- 
phodiesterase, cyclic GMP phosphodiesterase was unaffected by, or resistant to, 
the lysosomal proteases. It may be deduced that  the enzyme capable of hydrol- 
lyzing cyclic GMP is different enti ty from the enzyme specific for cyclic AMP 
hydrolysis. 
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