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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 X g 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 3',5"-monophosphate; cyclic GMP, guanosine 3',5-mono-
phosphate; TLCK, N%tosyl-L-lysyl-chloromethyl ketone; leupeptin, acetvl- and propionyl-L-leu-
cyl-L-leucyl-L-arginine; antipin, S-1-carboxy-2-phenylethyl-carbamoyl-L-arginyl-L-varyl-L-arginine;
pepstatin, isovaleryl-valyl-valyl-4-amino-3-hydroxy-6-methylheptanoyl-alanine; EGTA, ethylene-
glycol-bis-(3-aminoethylether)-N,N'-tetraacetic 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 communication, 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-’H]AMP (38 Ci/mmol) and [G-*H]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 1-X8, 200—400 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 out 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 X 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 asolid CO,/
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 - HCI 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 MgCl,,
40 mM Tris - HCI (pH 8.0), 25 ug of bovine serum albumin, 1 uM cyclic [*H]-
AMP or cyclic [*’H]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 ug 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 III pellet fraction [23] which was suspended
in a small amount of 70 mM acetate buffer (pH 6.5) was frozen in solid CO,/
ethanol) and thawed (in ice/water) five times to disrupt the lysosomal mem-
brane. The lysed lysosome was centrifuged at 105 000 X g for 60 min and the
clear supernatant fraction was obtained. The supernatant was used as “lysosomal
fraction’’ 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-m} aliquots of 105 000 X 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 ul) of the fraction were examined for phosphodiesterase activity. Al-
though the pH of phosphodiesterase reaction mixture (pH 8.0, Tris - HCI 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 homogeneity 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®*, 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 (V,) 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-
tion 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 K,, value of 3.1 uM,



481

(6°L6 ) (101) (626 ) (oo1)

LG ¥ VY 6T ¥ 68T 9'8 ¥ 0¥0T LT ¥ 91¢€ 8% ¥ 9¢¢ 21 ¥ 008 8¢ ¥ €2¢ I3AT] UdZ0oxy
(506 ) (9L3) (1L2) oot

23 ¥ 08V 91 ¥ 981 G'ET ¥ ¥'86 11 5921 L% ¥ ¥8¢ ¥E€ ¥ LLE ST ¥ 68T I2AT] Ysaxg

(urojoad (reseq) sauoN
gur xad urw/fowd) urajoad 9reydsoyd (A1
juejeuxradns (It ot IOJRATIOV + -aydodo -0 + ursdAal + (Teseq) auoN
(I2AT[ 1oMm F X 000 SO1 xad urwt/Towd) =
g/8d) quajuod punoq ueIqUI N (uraroad 3w 19d utw/{owd) juejeusadns 8 X 000 SOT
urajoxd aserajsatpoyd
I0V1BATIDY -soyd JIND O124D asexdyserpoydsoyd JINV OMOLD $32IN0g

* A10AT}0adSaI “IDAT] USZOIJ PUR USaly WOLJ SUOIORIY juejeULadnS oY) UL 24T 19m 8/8w G GG pue G* LG sem * [$F] [
12 £1M07] JO POYJOW 9Y) £Q PAUTULIALSP ‘UIB}01] "SPOYISN PUE STELI2JRIN UT PIQUIOSIP SE PIUILLIIIIP 91aM SIUIIUOD u19301d I03BAIY ‘sasayjuared Ul UIAIR ST AJATIOR
{eseq yoes 0} SANE[AI JUIDIAJ “SIUPWHAAX3 23BIIdIX) JO "A’S ¥ SUBIW JIE SAaN[EA "Pajdels sem Aesse oy} 2103aq UTW ¢ 59qN) LBSSE O} PIPPR A[I02IIP IIam ‘Paedrputr
axoym ‘S10leATIOR 3SIY], LpeD W G'Q 3O 2ouasaid ayj ul aqny/8rn $°Q ‘urejoid 103eAIRE O W GZ'0 ‘areydsoyd [AI124do203-0 *q ‘aqny/8n G¢'Q ‘ursdLi} ‘e !siojea
-1j0€ SNOLIEA INOYIIM 10 YHM AJIATIOE asela)satpoydoyd JINV ONPAD 10] PILEsSSE Sem Uoljdely jquejeuradns ayL ‘NN T SEM UOIIBIJUIOUO0D (JNY OTQAD 10 JINV OID49)
a1eI)SANS *SPOIAIN PUE S[ELIaIRIN Ul POGUOSIP S8 paredaid 919m I2Al] U9ZOIJ PUE YSaly WOy UOIDEL PUNOG-IUBIqUIDLI Y} pue UOLoeL) juejeusadns 8 X 000 SOT aUL

SNOLLVEVJdAYd HIAI'T NIZOHd ANV HSFHA NI SLNALNOD NIZLOYd 4OLVALLOV ANV SHILIAILDV HSVHALSHIAOHdSOHd AAILOATONN DITOAD

14TV



482

when substrate concentration was between 1 and 50 uM. 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 Il 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 attack 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

TABLE I

EFFECTS OF TRYPSIN AND «-TOCOPHERYL PHOSPHATE ON CYCLIC AMP PHOSPHODIESTER-
ASES PREPARED FROM FRESH OR FROZEN TISSUES

Rat tissues were homogenized in five volumes of 0.32 M sucrose/40 mM Tris buffer (pH 8.0). The
105 000 X g supernatant was used for phosphodiesterase assay. To prepare phosphodiesterase from frozen
tissues, rat tissues were kept at —20°C for 72 h prior to homogenization. Cyclic AMP concentration was
1 #M, Values shown are mean * S.D, of duplicate determinations. Percent relative to each basal activity is
given.

Phosphodiesterase Additions Cyclic AMP phosphodiesterase
preparation activity
pmol/min per Relative
mg protein (%)
Kidney, fresh None (basal) 338+ 10 100
+ Trypsin (0.5 pg/tube) 676 + 29 199
+ a-Tocopheryl phosphate (0.25 mM) 801+ 16 237
Kidney, frozen None (basal) 470t 8 100
+ Trypsin (0.5 pg/tube) 372+ 24 79.2
+ a-Tocopheryl phosphate (0.25 mM) 412+ 29 87.6
Spleen, fresh None (basal) 2156+ 17 100
+ Trypsin (0.5 ng/tube) 302+ 16 140
+ a-Tocopheryl phosphate (0.25 mM) 3563 * 9 164
Spleen, frozen None (basal) 257+ 11 100
+ Trypsin (0.5 pg/tube) 219t 5 85.4
+ a-Tocopheryl phosphate (0.25 mM) 231t 19 89.8
Brain, fresh None (basal) 806 + 48 100
+ Trypsin (0.5 ng/tube) 2840 * 220 353
+ a-Tocopheryl phosphate (0.25 mM) 3040 * 273 378
Brain, frozen None (basal) 856 + 137 100
+ Trypsin (0.5 pg/tube) 2740 + 246 320

+ a-Tocopheryl phosphate (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 CO,/ethanol, followed 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 X 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 a-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

TABLE III

EFFECTS OF LYSOSOMAL FRACTION ON THE ACTIVITY OF CYCLIC AMP PHOSPHODIESTER-
ASE

Rat liver 105 000 X g supernatant fraction from either fresh or frozen liver was obtained as described in
Materials and Methods. The lysosomal fraction was prepared from rat liver according to the method of
Sawant et al. [23]. The F-III fraction [23] was subjected five times to a freezing and thawing cyclic in
70 mM acetate buffer, pH 6.5, and then centrifuged at 105 000 X g for 60 min to obtain “lysosomal
fraction”. Phosphodiesterases and the “lysosomal fraction’ (50 ug/tube) were preincubated at 15°C in
70 mM acetate buffer, pH 6.5, containing § mM 2-mercaptoethanol and bovine serum albumin (50 ug/
tube) for 15 min in a final volume of 150 ul. Various protease inhibitors, where indicated, were added
prior to the addition of the “lysosomal fraction’, Cyclic AMP concentration was 1 uM. Values are means
of duplicate experiments. Percent relative to each basal activity is given. STI, soybean trypsin inhibitor.

Phosphodiesterase Additions Cyclic AMP phospho-
preparation diesterase activity
pmol/min Relative
per mg (%)
protein
Fresh liver None (basal) 154 100
+ Lysosomal fraction 376 244
+ Lysosomal fraction + leupeptin (5 pM) 149 97.0
+ Lysosomal fraction + antipain (5 puM) 151 98.2
+ Lysosomal fraction + TLCK (5 utM) 157 102
+ Lysosomal fraction + STI (2 ug/tube) 270 175
+ Lysosomal fraction + pepstatin (5 uM) 276 179
Frozen liver None (basal) 235 100

+ Lysosomal fraction 229 97.5
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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-1, F-2 and F-3 in Fig. 1A). However, the supernatant fraction prepared from
frozen rat liver gave four active peaks designated as F-1, 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 of 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 treatment 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 of 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 bottom diagram (B) was obtained with frozen liver superna-
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Fig. 1. DEAE-cellulose column chromatography of fresh (A) and frozen (B) liver preparations. Rat liver
105 000 X g supernatant fraction from either fresh (A) or frozen (B) liver was prepared as described in
Materials and Methods. The supernatant was applied to the DEAE-cellulose column equilibrated with 70
mM acetate buffer (pH 6.5). The column was developed with a linear 200 ml gradient from 0.07to 1 M
acetate buffer (pH 6.5). Fraction of 7 g was collected. Phosphodiesterase activity was assayed using 1 M
cyclic AMP (———») or 1 uM cyclic GMP (0 0) as substrate. The major peaks of cyclic nucleo-
tide phosphodiesterase activity were designated to F-1, F-2, F-3 (and F-4) in order of elution.
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Fig. 2. Sephadex G-200 gel filtration of the 105 000 X g supernatant fraction from either fresh (A) or
frozen (B) rat liver. The supernatant fraction (2 ml) was chromatographed on a Sephadex G-200 column
(100 ml). Fractions of 1.8 g were collected and assayed for phosphodiesterase activity using 1 uM cyclic
AMP (8——=) or 1 uM cyclic GMP (0———0). Details are described in Materials and Methods.

tant. In case of fresh liver the main peak of cyclic AMP phosphodiesterase ac-
tivity appeared immediately behind the void volume with a V/V, 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 V_/V, value of 1.33.
Furthermore, an additional small peak of the enzyme activity appeared in frac-
tion No. 33 (V./V, = 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 a-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 frozen liver, 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 treatment of brain phosphodies-
terase caused the enzyme activation. Desensitization of phosphodiesterase to
EGTA inhibition was also reported after trypsin treatment [35]. Activation of
enzymes by limited proteolysis were reported in several other enzymes including
phosphorylase phosphatase [36], protein kinase [37] and fructose-1,6-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 [T].

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 entity from the enzyme specific for cyclic AMP
hydrolysis.
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