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ABSTRACT: Most of twenty-one 8-substituted adenosine 
3‘,5’-monophosphate derivatives were found to inhibit com- 
petitively the hydrolysis of adenosine 3’,5’-monophosphate 
by partially purified high K ,  (Michaelis-Menten constant) 
phosphodiesterase from hog brain cortex, which had one ac- 
tive site a t  high concentration of adenosine 3’,5’-monophos- 
phate (0.3 to 4.0 mM). The Ki value for the 8-substituted 
alkylaminoadenosine 3’,5’-monophosphate derivative was 
found to decrease with increasing unbranched carbon chain 
of the substituent, and a minimum value was obtained in 
the case of 8-octylaminoadenosine 3’,5’-monophosphate. 
The K ,  value, however, increased gradually as the substitu- 
ent of derivative became longer than that of 8-octylami- 
noadenosine 3’,5’-monophosphate. The similar phenomenon 
was observed in the 8-substituted alkylthioadenosine 3’,5’- 
monophosphate. The standard affinity for adenosine 3’,5’- 

T h e  intracellular levels of adenosine 3’,5’-monophosphate 
seem to be controlled by the difference in activities between 
adenylate cyclase and cyclic AMP’ phosphodiesterase. 
Thompson and Appleman have demonstrated that most 
mammalian tissue contains a t  least two kinds of phosphodi- 
esterase (1971a,b); one is low in molecular weight with low 
K ,  for cyclic A M P  and exists in the particulate fraction, 
and the other has a high molecular weight with high K ,  
and exists in the soluble fraction. Beavo et al. (1971) and 
Jard and Bernard (1970) have also reported similar facts. 
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I Abbreviations used are: cyclic AMP, adenosine 3’,5’-monophos- 
phate; cyclic GMP, guanosine 3’,5’-monophosphate; cyclic IMP, inos- 
ine 3’,5’-monophosphate; 8-Ami-CAMP, 8-aminoadenosine 3’,5’-mono- 
phosphate; 8-Met-A-CAMP, 8-methylaminoadenosine 3’,5’-monophos- 
phate; 8-Eth-A-CAMP, 8-ethylaminoadenosine 3’,5’-monophosphate; 
8-Pro-A-CAMP, 8-propylaminoadenosine 3‘,5’-monophosphate; 8-But- 
A-CAMP, 8-butylaminoadenosine 3’,5’-monophosphate; 8-Hex-A- 
CAMP, 8-hexylaminoadenosine 3’,5’-monophosphate; 8-Oct-A-CAMP, 
8-octylaminoadenosine 3’,5’-monophosphate; 8-Dec-A-CAMP, 8-dec- 
ylaminoadenosine 3’,5’-monophosphate; 8-Und-A-CAMP, 8-undecyla- 
minoadenosine 3’,5’-monophosphate; g-Dod-A-cAMP, S-dodecylami- 
noadenosine 3’,5’-monophosphate; 8-Thi-CAMP, 8-thioadenosine 
3’,5’-monophosphate; 8-Met-S-CAMP, 8-methylthioadenosine 3’,5’- 
monophosphate; 8-Eth-S-CAMP, 8-ethylthioadenosine 3’,5’-monophos- 
phate; 8-Pro-S-CAMP, 8-propylthioadenosine 3’,5’-monophosphate; 8- 
But-S-CAMP, 8-butylthioadenosine 3’,5’-monophosphate; 8-Pen-S- 
CAMP, 8-pentylthioadenosine 3’,5’-monophosphate; 8-Hex-S-CAMP, 
8-hexylthioadenosine 3’,5’-monophosphate; 8-Hep-S-CAMP, 8-heptyl- 
thioadenosine 3’,5’-monophosphate; 8-Oct-S-CAMP, 8-octylthioaden- 
osine 3’,5’-monophosphate; 8-Dec-S-CAMP, 8-decylthioadenosine 
3’,5’-monophosphate; 8-Dod-S-CAMP, 8-dodecylthioadenosine 3’,5’- 
monophosphate; 8-Br-CAMP, 8-bratnoadenosine 3’,5’-monophosphate; 
K, ,  Michaelis-Menten constant. 

monophosphate of the high Km phosphodiesterase was 5.0 
kcal/mol, which was calculated from K,. The standard af- 
finity for 8-hexylthioadenosine 3’,5’-monophosphate, which 
inhibited most strongly the enzyme activity, was 7.2 kcal/ 
mol. The difference (2.2 kcal/mol) between the standard 
affinity for adenosine 3’,5’-monophosphate and that for 8- 
hexylthioadenosine 3‘,5’-monophosphate seems to be based 
on the partial affinity for the substituent (hexylthio group) 
of the active site on the enzyme or its neighborhood. 

A characteristic similar interrelation between substituent 
length of derivatives and their inhibitory effect on the en- 
zyme activity was observed similarly in two different series 
of derivatives, 8-substituted alkylaminoadenosine 3’,5’- 
monophosphate and alkylthioadenosine 3’,5‘-monophos- 
phate. The results may indicate the characteristic structure 
a t  the active site of the enzyme or its neighborhood. 

This high K ,  phosphodiesterase also hydrolyzes another 
cyclic nucleotide, guanosine 3’,5’-monophosphate. At a high 
concentration of either of these cyclic nucleotides, the hy- 
drolysis of the other is inhibited noncompetitively but, a t  
low concentration of cyclic G M P  or cyclic IMP, the enzyme 
activity for the hydrolysis of cyclic A M P  is enhanced 
(Beavo et al., 1971; Thompson and Appleman, 1971a,b). 
The high K ,  phosphodiesterase obtained from supernatant 
fraction seems to be an allosteric enzyme consisting of het- 
erogeneous subunits. 

Cultured 3T3 fibroblast cells have been reported to con- 
tain both low K ,  and high K ,  phosphodiesterases (Hei- 
drick and Ryan, 1971; Manganiello and Vanghan, 1972). 
But SV40-3T3 cells (Armiento and Pastan, 1972) and 
human tumor (Perkins et al., 1971) have been shown to 
contain only low K ,  phosphodiesterase. However, the func- 
tion of high K ,  phosphodiesterase in regulating intracellu- 
lar levels of cyclic nucleotide is unknown. 

We have, therefore, tried to elucidate the role of high K ,  
phosphodiesterase in regulating intracellular concentrations 
of cyclic nucleotides. In this paper, we describe some prop- 
erties of high K ,  phosphodiesterase partially purified from 
hog brain cortex and report the effects of cyclic A M P  deriv- 
atives on the enzyme activity, specifically, in the cyclic 
A M P  hydrolysis. 

Materials and Methods 
Preparation of Cyclic AMP.  Cyclic A M P  was prepared 

from the fermentation broth of a mutant derived from Bre- 
uibacterium liquefaciens (ATCC, 14929). The fermenta- 
tion broth was centrifuged and the supernatant was applied 
to the column packed with Amberlite 900 (CI- type). Cy- 
clic A M P  was eluted as free type with 0.02 N HCI from the 
column and crystallized a t  pH 2.0. For the purpose of fur- 
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ther purification, this cyclic AMP crystallite was dissolved 
into cold alkaline solution (0.1 N NaOH) and then recrys- 
tallized at  pH 2.0. 

Organic Synthesis of 8-Substituted Cyclic AMP Deriva- 
tives. The solvent system used for paper chromatography 
was: (A) I-butanol-acetate-water (4:1:5); (B) ethanol-0.5 
N ammonium acetate (5:2). Ultraviolet spectra were deter- 
mined using a Hitachi Perkin-Elmer Model 124 and 139. 

The following derivatives were synthesized in the same 
manner as Muneyama’s method (197 1): 8-bromoadenosine 
3’,5’-monophosphate; 8-aminoadenosine 3’,5’-monophos- 
phate; 8-methylaminoadenosine 3’,5’-monophosphate; 8- 
ethylaminoadenosine 3’,5’-monophosphate; Whioadenosine 
3’,5’-monophosphate; 8-methylthioadenosine 3’,5’-mono- 
phosphate; and 8-ethylthioadenosine 3’,5’-monophosphate. 
Muneyama’s method with minor modification was also used 
for the synthesis of new 8-substituted cyclic AMP deriva- 
tives. 

8-Propylaminoadenosine 3’,5’-Monophosphate. To a 
mixed solution of n-propylamine (25 ml, 0.31 mol) and eth- 
ylene glycol monomethyl ether (25 ml) was added 820 mg 
of 8-Br-CAMP (2 mmol). After the reaction mixture was 
refluxed at  100 O C  for 5 h, the mixture was filtered and 
evaporated to dryness at below 40 OC. Fifteen milliliters of 
1 N ammonia-water was added to the dried matter, this 
mixture was washed with 100 ml of ethyl acetate twice to 
remove the residual amine, and the water phase was 
dripped into 200 ml of cold acetone and adjusted to pH 2.5 
with 5 N HCl in an ice-water bath. The obtained 8-Pro-A- 
cAMP (730 mg, 18.8 mmol) was further recrystallized. The 
crude crystallite was dissolved into 50 ml of cold 0.25 N 
NaOH, and then the solution was titrated with 5 N HCl to 
pH 2.5 slowly and kept in a cold room with stirring over- 
night to obtain the crystallite of 8-Pro-A-CAMP. The re- 
crystallization for all derivatives was repeated until each de- 
rivative indicated one spot in paper chromatographies and 
electrophoresis. Finally, 535 mg of crystallite 8-Pro-A- 
cAMP was obtained in a 69% yield: A,,, (pH 2.0) 277 nm 
(t  13 350), A,,, (pH 13.0) 277 nm; l ? ~  (solvent A) 0.44, RJ 
(Solvent B) 0.55. The melting point was 226 OC. Anal. 
Calcd for C I ~ H I ~ N ~ O ~ P ~ . H ~ ~ :  C, 38.61; H, 5.20; N, 20.79; 
0, 27.72. Found: C, 38.6; H ,  5.1; N ,  20.0; 0, 28.2. 

8-Butylaminoadenosine 3‘,5‘-Monophosphate. 8-But-A- 
cAMP (583 mg, 1.45 mmol) was synthesized in a 72% yield 
from 820 mg of 8-Br-CAMP (2 mmol) and 25 ml of n-bu- 
tylamine (258 mmol) in the same manner as in the synthe- 
sis of 8-Pro-A-CAMP: A,,, (pH 2.0) 277 nm ( t  12 670), 
A,,, (pH 13.0) 277 nm; Rf (solvent A) 0.50, RJ (solvent B) 
0.63. The melting point was 233 OC. Anal. Calcd for 

29.36. Found: C, 38.1; H,  5.5; N, 19.8; 0, 30.2. 
8-Hexylaminoadenosine 3’,5’-Monophosphate. 8-Hex- 

A-CAMP (635 mg, 1.48 mmol) was synthesized in a 74% 
yield from 820 mg of 8-Br-CAMP (2 mmol) and 25 ml of 
n-hexylamine (188 mmol) in the same manner as in the 
synthesis of 8-Pro-A-CAMP: Amax (pH 2.0) 277 nm ( t  

13620), A,,, (pH 13.0) 277 nm; RJ (solvent A) 0.64, RJ 
(solvent B) 0.72. The melting point was 224 OC. Anal. 
Calcd for C I ~ H ~ ~ N ~ O ~ P I - H ~ O :  c, 43.05; H,  6.05; N ,  18.83; 
0, 25.11. Found: C, 43.0; H, 6.1; N, 19.3; 0, 24.8. 

8-Octylaminoadenosine 3’,5’-Monophosphate. 8-Oct-A- 
cAMP (650 mg, 1.43 mmol) was synthesized in a 71% yield 
from 820 mg of 8-Br-CAMP (2 mmol) and 25 ml of n-oc- 
tylamine ( 1  51 mmol) in the same manner as in the synthe- 
sis of 8-Pro-A-CAMP: A,,, (pH 2.0) 277 nm (t  13 040), 

C I ~ H ~ I N ~ O ~ P ~ * ~ H ~ O :  C, 38.53; H, 5.73; N, 19.27; 0, 

A,,, (pH 13.0) 277 nm; Rf (solvent A) 0.65, Rf (solvent B) 
0.78. The melting point was 223 OC. Anal. Calcd for 

Found: C, 46.6; H,  6.4; N, 18.2; 0, 20.9. 
8-Decylaminoadenosine 3’,5‘-Monophosphate. n-De- 

cylamine (3.14 g, 20 mmol), ten times in excess of amount 
of 8-Br-cAMP, was dissolved into 20 ml of methyl glycol 
monomethyl ether containing 820 mg of 8-Br-CAMP (2 
mmol), and the mixed solution was refluxed for 2 h. The re- 
action mixture was cooled and then mixed with 200 ml of 
ethyl ether and 200 ml of 1 N ammonia-water and shaken 
vigorously to remove the residual excess amine. The lower 
phase was adjusted to pH 1.5 with 5 N HC1 and then evap- 
orated to 15 ml. The fluid was added to 100 ml of cold 
methyl alcohol and stirred in a cold room to crystallize the 
product. The crystallite (440 mg) was obtained in a 46% 
yield. This low yield was based on the loss of the compound 
in the course of evaporation: A,,, (pH 2.0) 277 nm ( t  

lO760), A,,, (pH 13.0) 277 nm; RJ (solvent A) 0.72, RJ 
(solvent B) 0.82. The melting point was 226 OC. Anal. 
Calcd for C & ~ ~ N ~ O ~ P I . H ~ O :  C ,  47.81; H,  6.97; N ,  16.73; 
0, 22.31. Found: C, 47.4; H ,  6.9; N, 16.9; 0, 22.3. 

8-Undecylaminoadenosine 3‘,5’-Monophosphate. 8-Und- 
A-CAMP (785 mg, 1.58 mmol) was synthesized in a 79% 
yield from 820 mg of 8-Br-CAMP (2 mmol) and 3.4 g of n- 
undecylamine (20 mmol) in the same manner as in the syn- 
thesis of 8-Dec-A-CAMP: A,,, (pH 2.0) 277 nm ( e  10 820), 
A,,, (pH 13.0) 277 nm; RJ (solvent A) 0.75, RJ (solvent B) 
0.83. The melting point was 227 OC. Anal. Calcd for 
C Z ~ H ~ ~ N ~ O ~ P I * H ~ O :  c ,  48.84; H, 7.17; N, 16.28; 0, 21.71. 
Found: C, 48.8; H, 7.2; N, 16.1; 0, 21.3. 

8-Dodecylaminoadenosine 3‘,5‘-Monophosphate. 8-Dod- 
A-CAMP (750 mg, 1.46 mmol) was synthesized in a 73% 
yield from 820 mg of 8-Br-CAMP (2 mmol) and 3.7 g of n- 
laurylamine (20 mmol) in the same manner as in the syn- 
thesis of 8-Dec-A-CAMP: A,,, (pH 2.0) 277 nm (t  11 180), 
Amax (pH 13.0) 277 nm; RJ (solvent A) 0.77, RJ (solvent B) 
0.85. The melting point was 234 OC. Anal. Calcd for 

24.41. Found: C, 47.8; H, 7.2; N, 15.5; 0, 24.6. 
8-Propylthioadenosine 3’,5‘-Monophosphate. 8-Br-CAMP 

(2.46 g, 6 mmol) was refluxed in 50 ml of ethanol contain- 
ing 2.18 ml of n-propanethiol (23 mmol) and sodium meth- 
oxide (18 mmol) for 1 h. After 1 h of reaction, the reaction 
mixture was cooled and then evaporated to dryness at  tem- 
peratures below 40 OC. The residue was dissolved in 60 ml 
of cold water and the fluid was adjusted to pH 6.0. One 
hundred milliliters of ethyl ether was added to the pH 6.0 
solution and shaken vigorously and the lower phase was ad- 
justed to pH 2.0 slowly and kept in a cold room to crystal- 
lize. Finally, 1.93 g of 8-Pro-S-CAMP (4.79 mmol) was ob- 
tained in a 80% yield: A,,, (pH 2.0) 284 nm ( t  19 300), 
Amax (pH 13.0) 282 nm; RJ (solvent A) 0.48, RJ (solvent B) 
0.64. The melting point was 225 O C .  Anal. Calcd for 
C I ~ H I ~ N S O ~ P ~ S I :  c ,  38.71; H, 4.47; N, 17.37; 0, 23.82. 
Found: C, 38.7; H, 4.6; N, 16.9; 0, 23.5. 

8-Butylthioadenosine 3’,5’-Monophosphate. 8-But-S- 
cAMP (1.79 g, 4.29 mmol) was synthesized in a 72% yield 
from 2.46 g of 8-Br-CAMP ( 6  mmol) and 2.2 ml of n-bu- 
tanethiol (19.6 mmol) in the same manner as in the synthe- 
sis of 8-Pro-S-CAMP: A,,, (pH 2.0) 284 nm ( t  20 090), 
A,,, (pH 13.0) 282 nm; RJ (solvent A) 0.53, RJ (solvent B) 
0.73. The melting point was 224 O C .  Anal. Calcd for 

Found: C, 39.2; H ,  4.7; N ,  16.3; 0, 23.4. 

C18H29N606P1: c, 47.37; H,  6.36; N ,  18.42; 0, 21.11. 

C22H37N606P1*2~hH20: C, 47.40; H ,  7.54; N, 15.08; 0, 

C I ~ H ~ O N ~ ~ ~ P I S ~ :  c, 40.29; H ,  4.80; N ,  16.79; 0, 23.02. 
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FIGURE 1: Kinetic analysis at  pH 8.0 of cyclic AMP hydrolysis by 
DEAE fraction from hog brain cortex. The reaction was performed in 
1 ml of reaction mixture for 15 min at  30 ‘C, which contained 40 mM 
Tris-HCI (pH 8.0), 5 mM MgC12, 0.3 to 4.0 mM cyclic AMP, and the 
enzyme preparation (82 pg of protein per tube). Hill plot was obtained 
from the same data as the double reciprocal plot. 

8-Pentylthioadenosine 3’,5‘-Monophosphate. 8-Pen-S- 
cAMP (2.22 g, 5.15 mmol) was synthesized in a 85% yield 
from 2.46 g of 8-Br-CAMP (6 mmol) and 2.2 ml of n-pen- 
tanethiol (16.9 mmol) in the same manner as in the synthe- 
sis of 8-Pro-S-CAMP: A,,, (pH 2.0) 284 nm ( E  19 310), 
Amax (pH 13.0) 282 nm; Rf (solvent A) 0.60, Rf (solvent B) 
0.77. The melting point was 226 OC. Anal. Calcd for 

Found: C, 41.5; H,  5.0; N, 16.2; 0, 22.3. 
8-Hexylthioadenosine 3’,5’-Monophosphate. 8-Hex-S- 

cAMP (2.16 g, 4.92 mmoles) was synthesized in a 82% 
yield from 2.46 g of 8-Br-CAMP (6 mmol) and 2.2 ml of n- 
hexanethiol (1 3 mmol) in the same rnanner as in the syn- 
thesis of 8-Pro-S-CAMP: A,,, (pH 2.0) 285 nm (E 20 330), 
A,,, (pH 13.0) 282 nm; Rr  (solvent A) 0.66, RJ (solvent B) 
0.83. The melting point was 228 OC. Anal. Calcd for 

Found: C,  42.9; H,  5.2; N ,  15.6; 0, 21.0. 
8-Heptylthioadenosine 3’,5’-Monophosphate. 8-Hep-S- 

cAMP (2.26 g, 4.9 mmol) was synthesized in a 82% yield 
from 2.46 g of 8-Br-CAMP (6 mmol) and 2.2 ml of n-hep- 
tanethiol (1 3.3 mmol) in the same manner as in the synthe- 
sis of 8-Pro-S-CAMP: A,,, (pH 2.0) 285 nm ( E  20 330), 
A,,, (pH 13.0) 282 nm; Rr (solvent A) 0.66, Rf (solvent B) 
0.83. The melting point was 228 OC. Anal. Calcd for 
C I ~ H ~ ~ N ~ O ~ P I S ~ :  c ,  44.44; H,  5.66; N ,  15.25; 0, 20.91. 
Found: C, 43.9; H, 5.2; h-, 15.6; 0, 20.6. 

8-Octylthioadenosine 3’,5’-Monophosphate. 8-Oct-S- 
cAMP (2.32 g, 4.95 mmol) was synthesized in a 83% yield 
from 2.46 g of 8-Br-CAMP (6 mmol) and 2.2 ml of n-oct- 
anethiol (1 2.1 mmol) in the same manner as in the synthesis 
of 8-Pro-S-CAMP: A,,, (pH 2.0) 285 nm ( 6  18 260), A,,, 
(pH 13.0) 282 nm; Rf (solvent A) 0.67, Ry (solvent B) 0.85. 
The melting point was 223 “C. Anal. Calcd for 

22.81. Found: C, 43.2; H,  6.1; N ,  14.1; 0, 22.9. 
8-Decylthioadenosine 3’,5’-Monophosphate. 8-Dec-S- 

cAMP (1.91 g, 3.81 mmol) was synthesized in a 64% yield 

C15H22N506P1S1: C, 41.76; H,  5.10; N, 16.24; 0, 22.27. 

C16H24N506P1Sl: C, 43.14; H ,  5.39; N, 15.73; 0, 21.57. 

C18H28N506P1S1*H2O: C, 43.54; H,  6.11; N ,  14.26; 0. 

from 2.46 g of 8-Br-CAMP (6 mgol) and 2.2 ml of n-de- 
canethiol (10.1 mmol) in the same manner as in the synthe- 
sis of 8-Pro-S-CAMP: A,,, (pH 2.0) 285 nm (t  17 790), 
A,,, (pH 13.0) 282 nm; RJ (solvent A) 0.68, R/ (solvent B) 
0.86. The melting point was 227 OC. Anal. Calcd for 

Found: C,  47.4; H, 6.2; Iv, 14.0; 0, 20.5. 
8-Dodecylthioadenosine 3’,5’-Monophosphate. 8-Dod-S- 

cAMP (2.62 g, 4.95 mmol) was synthesized in a 83% yield 
from 2.46 g of 8-Br-CAMP (6 mmol) and 2.2 ml of n-dode- 
canethiol (8.7 mmol) in the same manner as in the synthesis 
of 8-Pro-S-CAMP: A,,, (pH 2.0) 285 nm ( E  17 830), Amax 

(pH 13.0) 282 nm; RJ (solvent A) 0.75, Rf (solvent B) 0.88. 
The melting point was 228 OC. Anal. Calcd for 
C ~ ~ H ~ ~ N ~ O ~ P I S I :  c, 49.91; H,  6.81; N ,  13.23; 0, 18.15. 
Found: C,  49.7; H, 6.8; N, 13.3; 0, 19.1. 

Preparation of High K ,  Phosphodiesterase. The high 
K ,  phosphodiesterase (modulator-deficient form) was pre- 
pared by the method of Teo et al. (1973). 

A fresh hog brain cortex was homogenized in four vol- 
umes of 0.1 M TrisaHCI buffer (pH 7.5) containing 1 mM 
MgCl2 and 1 mM imidazole, and the homogenate was cen- 
trifuged at 12 OOOg for 30 min. The supernatant was taken 
to 55% saturation with (NH4)$304 solution and centri- 
fuged at 12 OOOg. The precipitate was suspended in 0.02 M 
Tris-HCI buffer (pH 7.5) containing 0.08 M NaCI, 1 mM 
MgC12, and 1 mM imidazole and then dialyzed against the 
same buffer. The dialyzed fluid was applied to a DEAE-cel- 
lulose column (3.7 X 18 cm), and an active fraction was ob- 
tained by eluting with the buffer containing 0.22 M NaCI. 
After the dialysis, the active fraction was used as enzyme 
preparation. 

Phosphodiesterase Assay. The enzyme activity was mea- 
sured by the procedure of Butcher and Sutherland ( 1  962), 
employing 5’-nucleotidsse. The reaction was initiated by 
adding phosphodiesterase preparation to the mixture of 1 .O 
ml containing 40 pmol of Tris-HC1 (pH 8.0), 5 pmol of 
MgC12, and 1 .O pmol of cyclic AMP, conducted for 15 min 
at  30 OC, and terminated by boiling for 2 min. To liberate 
inorganic phosphate from 5‘-AMP formed in the above re- 
action, the reaction mixtures were kept for another 30 min 
at  30 “C after 5’-nucleotidase (1 50 pg of protein per tube, 
1.4 units) was added. The 5’-nucleotidase was provided by 
Mr. Kameyama, which was originated in bull sperm and 
purified by protamine treatment, (NH4)2S04 fractionation, 
and DEAE-cellulose column chromatography. One unit of 
the enzyme is defined as the amount converting 1 pmol of 
5’-AMP to adenosine and inorganic phosphate per minute 
at  30 OC. The resulting inorganic phosphate was deter- 
mined by the method of Takahashi (1955). 

Determination of inorganic phosphate was performed 
under a strong acid condition, but no detectable amounts of 
inorganic phosphate were released from cyclic AMP and 
cyclic AMP derivatives. 

The measurement of protein was carried out by the meth- 
od of Lowry et al., using bovine serum albumin as standard 
(1951). One milligram of the enzyme protein was shown to 
hydrolyze 0.150 pmol of cyclic AMP per minute under the 
standard condition (1 mM cyclic AMP). 

Results 
Some Properties of the Phosphodiesterase Preparation. 

The enzyme preparation exhibited normal Michaelis-Men- 
ten kinetics in a high concentration range of cyclic AMP, 
0.3 to 4 0 mM (Figure 1 ) .  K ,  of this enzyme for cyclic 

C ~ O H ~ ~ N ~ O ~ P I S ~ :  c ,  47.90; H,  6.39; N, 13.97; 0, 19.16. 
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AMP was 0.20 mM. The Hill plot was almost straight and 
the binding constant for cyclic AMP was nearly 1. The 
above facts seem to indicate that the activity of the prepara- 
tion is homogeneous at such high concentrations of cyclic 
AMP as shown in Figure 1 and the enzyme has a single 
binding site for cyclic AMP. Therefore, the mode of action 
of the enzyme was determined at unphysiologically high 
levels of cyclic AMP, 0.3 to 4.0 mM. In these experiments, 
the enzyme preparation was confirmed to contain no 5'- 
nucleotidase. 

The optimum pH of the enzyme was examined at a high 
concentration of cyclic AMP (1 mM). The reaction was 
carried out under the standard condition described in the 
text. In TriseHCI buffer, the enzyme preparation exhibited 
the highest activity in the range of pH 7.5 to 8.8. In glycine- 
NaC1-HCI buffer, the enzyme was fully active in the range 
of pH 8.5 to 9.0. These results indicate that the optimum 
pH of the high K ,  phosphodiesterase from hog brain cortex 
is in the range of 7.5 to 9.0. 

The effect of magnesium on the enzyme activity was ex- 
amined. Although a relatively high enzyme activity was ob- 
served without addition of MgC12, much more high enzyme 
activity was obtained when MgC12 was added newly to the 
reaction mixture and the optimum concentration of MgC12 
was found to be one mM. When EDTA was added to the 
reaction mixture without an additive Mg2+, the enzyme ac- 
tivity was lost. The effect of EDTA was partially neutral- 
ized by the addition of excess magnesium ion: when 10 mM 
MgC12 was added to the reaction mixture containing 1 mM 
EDTA, the enzyme activity was restored to a level of ap- 
proximately one-half of full activity. Therefore, magnesium 
ion was proved to be essential for the high K ,  phosphodies- 
terase activity. 

The Mode of Action of 8-Substituted Cyclic AMP De- 
rivatives on the Phosphodiesterase Activity. The inhibitory 
effect of 8-Met-A-cAMP, 8-Met-S-cAMP, and 8-Eth-S- 
cAMP on the phosphodiesterase isolated from pig brain 
cortex has been evaluated already by Muneyama et al., but 
it is still obscure as to whether either the inhibitory mode of 
such derivatives is competitive or noncompetitive (1971). 

Therefore, an effect of 8-substituted cyclic AMP deriva- 
tives on the phosphodiesterase activity was determined and 
the results depicted by Lineweaver-Burk plot are shown in 
Figure 2. The methods of this experiment are described in 
the figure legend. All of the 8-substituted cyclic AMP de- 
rivatives, except 8-Dod-A-CAMP and 8-Dod-S-cAMP, were 
found to inhibit competitively the cyclic AMP hydrolysis by 
the enzyme preparation. The mode of action of these deriv- 
atives is shown in Figure 2. Only 8-Dod-A-CAMP and 8- 
Dod-S-CAMP noncompetitively inhibited it. All of the de- 
rivatives, except 8-Ami-cAMP, were not hydrolyzed to their 
corresponding 5'-nucleotides by our phosphodiesterase 
preparation under the standard condition using 1 mM for 
each derivative as substrate. The rate of 8-Ami-CAMP hy- 
drolysis was 57% of that of cyclic AMP hydrolysis. 

On the other hand, the effects of free substituents, alk- 
ylamines, and alkylthiols were determined. Almost all of 
these compounds had no effect on the phosphodiesterase ac- 
tivity, except that decylamine, decanethiol, and dodecane- 
thiol inhibited it noncompetitively. 

The above results suggest that almost all of these deriva- 
tives bind to the same site as cyclic AMP, and they compet- 
itively inhibit the enzyme reaction at  high concentrations of 
substrate. The noncompetitive inhibition observed in the 
case of 8-Dod-A-CAMP and 8-Dod-S-CAMP may result 
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FIGURE 2: Effect of 8-substituted cyclic AMP derivatives on high K ,  
phosphodiesterase activity in DEAE fraction from hog brain cortex. 
The reaction was performed for 15 min at  30 OC in the same reaction 
mixture as in Figure 1, but containing 0.5 or 1.0 mM derivative as in- 
hibitor. (A) Effects of 8-alkylamino cyclic AMP derivatives on high 
K, phosphodiesterase activity: (a) with 1 .O mM 8-Met-A-CAMP; (b) 
with 1.0 mM 8-Eth-A-CAMP (c) with 1.0 mM 8-Hex-A-CAMP; (d) 
with 0.5 mM 8-Dec-A-CAMP. (B) Effects of 8-alkylthio cyclic AMP 
derivatives: (a) with 0.5 mM 8-Eth-S-CAMP; (b) with 0.5 mM 8-Pro- 
S-CAMP; (c) with 0.5 mM 8-Hex-S-CAMP; (d) with 0.5 mM 8-Dec- 
S C A M P .  

from the interaction between their substituents and other 
than the active site on the enzyme. 

In  this experiment, we found that the inhibitory ability of 
8-substituted cyclic AMP derivatives varied in a character- 
istic way according to the elongation of the carbon chain of 
the substituents. Therefore, to clarify this fact in more de- 
tail, Ki values for the derivatives were determined. 

Relation between the Ki Value and the Length of the 
Substituent of Derivative. K ,  values were determined from 
Lineweaver-Burk and Dixon plots for competitive inhibi- 
tors and just from Dixon plot for noncompetitive inhibitors. 
The reaction was carried out under the standard conditions: 
40 mM Tris-HCI (pH 8.0), 5 mM MgC12, 0.3 to 4.0 mM 
cyclic AMP, 0.1 to 1.0 mM derivative, and the enzyme 
preparation (82 Kg of protein per tube). The results are 
shown in Table I. To obtain the Lineweaver-Burk plot, the 
reaction was carried out in the mixtures containing 0.3 to 
4.0 mM cyclic AMP as substrate and 1 .O mM cyclic AMP 
derivative as inhibitor. The Dixon plot was obtained using 
the reaction mixtures containing 0.5 mM cyclic AMP and 
varing concentrations of derivative (0.1 to 1.0 mM). In this 
case, K ,  for cyclic AMP was 0.24 mM and V,,, was 0.182 
wmol per mg of protein per minute. 

The K ,  value for 8-alkylamino cyclic AMP derivatives 
was found to decrease as the carbon chain of substituents in 
derivatives was extended, and a minimum value was ob- 
tained in the case of 8-Oct-A-CAMP. The Ki value, thereaf- 
ter, increased as the carbon chain was further extended and 
the K ,  value for 8-Dod-A-CAMP became higher than the 
K ,  value. 

Phenomena quite similar to those described above were 
also observed in 8-alkylthio cyclic AMP derivatives. The in- 
hibitory effect of the derivative became stronger with in- 
creasing the carbon chain of substituent, and 8-Hep-S- 
cAMP exhibited a maximum inhibitory activity. The inhib- 
itory ability decreased with further increasing the carbon 
chain. 
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Table I: Standard Affinity of 8-Substituted Cyclic AMP Derivatives 
for Phosphodiesterase. 

Partial 
K ,  or Ki Standard Affinity Affinity" 

Substituent LmM) (kcal/mol) (kcal/ mol) 

-H(cAMB) 0.24 5.00 
-NH2 0.85 4.238 -0.76 
-NHCH3 0.21 5.08 0.84 
-NHCH*CH, 0.12 5.41 0.33 
-NH(CH2)2CH3 0.23 5.02 -0.39 
-NH(CH?)jCH, 0.12 5.41 0.39 
-NH(CH2)sCH, 0.058 5.85 'h(0.44) 
-NH(CH2)&H3 0.0093 6.94 'h( 1.09) 
-NH(CH2)9CH3 0.082 5.64 'h(-1.30) 
-NH(CHdloCH3 0.17 5.20 -0.44 

-H(cAMP) 0.24 5.00 
-SH 0.8 1 4.27 -0.73 
-SCH3 0.079 5.66 1.39 
-SCH*CH3 0.037 6.12 0.46 
-S(CH2)2CH3 0.078 5.67 -0.45 
-S(CH2)3CH3 0.074 5.70 0.03 
-S(CH2)4CH3 0.040 6.07 0.37 
-S(CH2)5CH3 0.019 6.52 0.45 
-S(CH2)6CH3 0.0095 6.93 0.49 
-S(CH2)7CH3 0.016 6.62 -0.3 I 
-S(CHd9CH3 0.046 5.99 'h( -0.63) 
- S ( C H ~ ) I I C H ~  0.14 5.32 'h( -0.67) 

- N H ( C H ~ ) I  I C H ~  0.66 4.39 -0.8 1 

By one methylene group. 

A considerable similarity in relation between substituent 
length in derivatives and their Ki values was confirmed in 
two different series of derivative. 

When the K ;  values described in Table I were plotted on 
a semilogarithm graph as a function of the carbon number 
of substituent in cyclic A M P  derivatives, two minimum 
points were found in the case of 8-alkylamino cyclic A M P  
derivatives as shown obviously in Figure 3A: one was 8-Eth- 
A-CAMP (carbon number, 2 )  and the other was 8-Oct-A- 
cAMP (carbon number, 8). As the substituent in 8-Eth-A- 
cAMP obtained one more methylene group to form 8-Pro- 
A-CAMP, the K ,  value increased. But the Ki value from 8- 
Pro-A-CAMP to 8-Oct-A-CAMP decreases almost linearly. 
As the length of the substituent became longer than that of 
8-Oct-A-CAMP, however, on the contrary, the values in- 
creased linearly. The curve obtained from the 8-alkylthio 
cyclic A M P  derivative was also found to be similar to that 
from the 8-alkylamino cyclic A M P  derivative, as shown in 
Figure 3B. The minimum points were observed in both 8- 
Eth-S-CAMP and 8-Hep-S-CAMP. 

The basic character of the interaction between the en- 
zyme and the inhibitor is clearly indicated by these marked- 
ly similar and highly characteristic curves in two different 
series of cyclic A M P  derivatives. 

Discussion 
High K ,  phosphodiesterase from hog brain cortex was 

confirmed to be similar to that from brain of other mam- 
mals in such properties as optimum pH, magnesium re- 
quirement, and K ,  for cyclic AMP. The enzyme was indi- 
cated to have one active site under the condition that cyclic 
A M P  was used in the high concentration range from 0.3 to 
4.0 mM. 

The function of high K ,  phosphodiesterase in regulating 
intracellular levels of cyclic nucleotide remains quite uncer- 
tain, even though the enzyme has been found to have the 

S A S A K I  E T  A L  
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FIGURE 3: Relation between the logarithm of the Ki value and the 
length of the derivative's substituent. The Ki value for each cyclic 
AMP derivative was calculated from Lineweaver-Burk and Dixon 
plots and is shown in Table 1. The reaction was carried out under con- 
ditions similar to those in Figure 2. The carbon number corresponds to 
the methylene (methyl) number of the substituent. A carbon number 
of zero indicates 8-Ami-CAMP (A) and 8-Thi-CAMP (B) .  (A) 8-AIk- 
ylamino cyclic AMP derivative series. (B) 8-Alkylthio cyclic AMP de- 
rivative series. 

following properties. (1) The hydrolysis of cyclic nucleo- 
tides by the high K ,  phosphodiesterase is stimulated by a 
protein-like modulator in the presence of magnesium and 
calcium ion (Cheung, 1967a,b, 1969; Kakiuchi, et al., 1970, 
1973). (2) The hydrolysis of cyclic A M P  is stimulated by 
low concentration of cyclic G M P  or cyclic I M P  (Beavo et 
al., 1970, 1971). (3) The high concentration of one cyclic 
nucleotide has been shown to interfere with the hydrolysis 
of the other (Beavo et al., 1970, 1971; Russell, et al., 1973). 

Eighteen among the 8-substituted cyclic A M P  deriva- 
tives described in this paper were found to inhibit competi- 
tively the hydrolysis of cyclic A M P  by the high K ,  phos- 
phodiesterase, except that 8-Ami-cAMP, 8-Dod-A-cAMP, 
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and 8-Dod-S-CAMP inhibited noncompetitively the cyclic 
AMP hydrolysis. To elucidate the inhibitory effect of cyclic 
AMP derivative on the enzyme activity, the standard affini- 
ty for cyclic AMP or cyclic AMP derivatives was calculated 
from the K, or Ki values. 

Generally, a standard affinity for a substrate or inhibitor 
of enzyme is provided by the following equation: 

-AG = -RT In K, (or Ki) 

It is assumed that K, is equal to K, (dissociation constant). 
An alteration in affinity (partial affinity) is provided by 

A(-AG) = ( - A G ) ( n  + 1) - ( - A G ) n  

in this case, n is carbon number of substituent. In our ex- 
periment, the partial affinity should be based on the affinity 
for one methylene (or methyl) group of the substituent. 

In the case of g-alkylthio cyclic AMP derivatives, the 
partial affinity energy for each methylene group from the 
second to the seventh except both the third and fourth is al- 
most close to one hydrogen bond energy, about 0.5 kcal/ 
mol. 8-Hep-S-cAMP, formed by the addition of a meth- 
ylene to 8-Hex-S-cAMP, is presumed to fit tightly to the 
active site on the enzyme and/or the adjacent site. There- 
fore, the partial affinity value for the seventh methylene 
group (0.49 kcal/mol) might be higher than that for other 
methylene groups. In the case of 8-alkylamino cyclic AMP 
derivatives, the partial affinity value for the eighth might be 
also interpreted in the same manner as described above. 

The partial affinity value for the first methyl group is 
quite high, 1.38 kcal/mol, compared with the other meth- 
ylene groups in the 8-alkylthio cyclic AMP derivative. This 
observation can be explained as follows. The hydrothio 
group at  the eighth position of 8-Thi-CAMP may repel the 
active site or its adjacent site and thereby may reduce the 
affinity for the derivative. But the repulsion force of the hy- 
drothio group is masked by the addition of the first methyl 
group to the hydrothio group, and thereby the first methyl 
group may appear to obtain such high affinity energy. Even 
in the case of 8-alkylamino cyclic AMP derivative, such 
high partial affinity energy for the first methyl group can 
be also confirmed in the same manner as described above. 

The third methylene group is also found to reduce the af- 
finity for cyclic AMP derivative and its partial affinity is 
negative value: -0.45 kcal/mol for the alkylthio derivative 
series and -0.39 kcal/mol for the alkylamino derivative se- 
ries. These negative values are too small to indicate a strong 
electrostatic repulsion or a steric hindrance. 

With increasing carbon chain of the substituent, the af- 
finity for the derivative increases progressively, and 8-Hep- 
S-CAMP and 8-Oct-A-CAMP exhibit maxima in affinity 

energy. Any further lengthening, however, results in a re- 
duction in the affinity for the derivatives. 

The facts shown in Figure 3 and Table I are understood 
to be based on the characteristic structure at the active site 
or the adjacent site on high K, phosphodiesterase. 
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