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Synthesis and Biological Activity of Some 2 '  Derivatives of 
Adenosine 3',5'-Cyclic Phosphatet 

Jon P. Miller,* Dennis A. Shuman, Mieka B. Scholten, Mary K. Dimmitt, 
Charles M. Stewart, Tasneem A. Khwaja, Roland K. Robins, and Lionel N. Simon 

ABSTRACT: A series of 2' derivatives of CAMP were synthe- 
sized and their biological properties in r im) were investigated 
by studying their ability to serve as substrates for and inhibitors 
of CAMP phosphodiesterases, and to activate CAMP-depen- 
dent protein kinases. The unblocked 2'-OH in the ribo con- 
figuration was found to be necessary for the activation of 
protein kinase by CAMP. 2'-O-Substituted derivatives and 
2 '-deoxy-CAMP were relatively good substrates for and in- 

V arious derivatives of adenosine 3 ' , 5  '-cyclic phosphate, 
most notably N6,2 '-0-dibutyryl-CAMP1 and several S-alkyl- 
thio-CAMP analogs (Free er nl., 1972), have been shown to be 
more effective than CAMP itself in many whole cell systems 
(see reviews by Robison e r  a/ . ,  1971, and Drummond and 
Severson, 1971). Reasons for the low activity of CAMP might 
include the low permeability of cAMP across cell membranes 
and its intracellular or extracellular hydrolysis by CAMP 
phosphodiesterase. It has been proposed that N6,2 '-0-di- 
butyryl-CAMP is both more rapidly transported across cell 
membranes and less rapidly hydrolyzed by the phospho- 
diesterase (Posternak et nl., 1962; Robison et ul., 1971). It has 
further been suggested that the acylated derivatives of cAMP 

-. ~ ~~~~~ .- ~~ ~ ~ ~~~ 

i Contribution from ICN Nitclcic Acid Research Institute, I n i n c ,  
California. R e w i i e d  Deceiiiher 6, lY72. 

.AI~bi-e\ iatioiis used a r c :  C A M P ,  adenosine 3',5'-c)clic phosphate;  
2'-O-,iccr! I-CAMP, 2'-O-ocet\ l~ idenosine 3',5'-cqclic phosphate;  2 ' - 0 -  
mcth! I-CAMP, 7 ' -O-n~e th~I ,~dcnos ine  3 ',5'-cyclic phosphate;  2 ' - 0 -  
Dnp-CAMP, 2 ' - 0 - ( 2 , 1 - d i i ~ i t r o p l ~ e 1 ~ ~  I)adenosine 3 ' , 5  '-cyclic phosphate;  
1 '-O-bur> i ' ~  I-cA MP, 2'-O-hiit? rqladenosinc 3 ',"-c>clic phosphate:  

-CAMP,  . \ , -but)  r>latlcnosinc 3',5 '-cyclic phosphate;  .'ic--2'- 
I - C A M  P, V'-2 ' -0-dibut)  idcnosine 3',5'-c>clic phospharc: 

;ira-cA M P, ~ -~ -u -~ r r ,~b inofu r ; lnos r l a t l en ine  3 ' ,5  '-cyclic phosphatc:  and 
1'-dcox> -CAMP, '.'-ilcox\ ,rcicncsiiic 3 ' , 5  '-c) clic phosph,ite. 
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hibitors of CAMP phosphodiesterases while 9-P-D-arabino- 
furanosyladenine 3',5 '-cyclic phosphate was both a relatively 
poor substrate and inhibitor. The product of phosphodiester- 
ase action of the 2'-O-substituted derivatives was found to be 
the corresponding 2'-O-substituted 5 '-nucleotide. Ne-Butyryl- 
cAMP and N6,2'-0-dibutyryl-CAMP were studied in the same 
way. The results indicate that Ne-butyryl-CAMP is the active 
form of N6,2 '-0-dibutyryl-CAMP. 

were deacylated by soluble esterases before becoming active 
(Posternak er ul., 1962; Henion et a/.,  1967). Exposure of 
HeLa S3 cells to Ne,2'-O-dibutyryl-cAMP led to intracellular 
levels of Ne-butyryl-CAMP that were 30 times that of basal 
cAMP levels (Kankel and Hilz, 1972; Kankel et ul., 1972). 
Consistent with these observations, it has been shown that 
Ne-butyryl-CAMP and N6,2 '-0-dibutyryl-CAMP were not 
hydrolyzed by cAMP phosphodiesterase from beef heart 
(Moore et ai., 1968), liver (Levine and Washington, 1970; 
Menahan er ul., 1969), adipose tissue (Hepp et a/.,  1969; 
Blecher et a/., 1971), or brain (Drummond and Powell, 1970). 
Thus, in some systems, at least, N6-butyryl-CAMP is pos- 
tulated to be the active metabolite of N6,2'-O-dibutyryl- 
cAMP (Kankel et a/ . ,  1972); however, a comparable under- 
standing of the biologically active form of the 2' derivatives of 
cAMP has awaited investigation. In  this paper, we wish to 
report on the in citro enzymatic properties of some repre- 
sentative 2 '  derivatives of cAMP in comparison with Ne- 
butyryl-CAMP and N6,2 '-0-dibutyryl-CAMP. 

Experimental Section 

Synthetic. N6,2 '-0-Dibutyryl-CAMP, Ne-butyryl-c AMP, and 
2'-O-butyryl-cAMP were purchased from Sigma Chemical 
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Co. All three compounds werd chromatographed on thin 
layer to ascertain purity. The N6,2'-O-dibutyryl-cAMP con- 
tained -2 % of 2'-O-butyryl-cAMP and no detectable CAMP. 
The N6-butyryl-CAMP contained -3 % of 2'-O-butyryl- 
cAMP and -6% CAMP. The 2'-0-butyryl-CAMP contained 
-3 of N6,2 '-0-dibutyryl-CAMP and -3 % CAMP. These 
levels of impurities were judged to be insignificant and the 
compounds were used as received without further purification. 
2'-O-Acetyl-cAMP was synthesized by the procedure of 
Falbriard et ai. (1967). Ara-CAMP (Khwaja et ai., 1972) and 
2'-deoxy-cAMP (Khwaja and Robins, unpublished results) 
were synthesized from CAMP. Aquascint I1 and 8-[ 3H]cAMP 
were obtained from ICN Chemical and Radioisotope Divi- 
sion. 

Thin-layer chromatography was performed on 0.1-mm 
Brinkman EM cellulose glass plates prewashed with distilled 
water. The solvent systems used were A (acetonitrile-0.1 M 
ammonium chloride, 7 :3), B (acetonitrile-0.1 M ammonium 
chloride, 4 : l),  and C (isopropyl alcohol-concentrated am- 
monium hydroxide-water, 7 :1 :2). Evaporations were per- 
formed under diminished pressure at less than 40". Ultra- 
violet spectra were determined on a Cary 15 spectrometer. 
High-voltage paper electrophoresis was run at 12.5 V/cm for 
90 min in 25 mM potassium phosphate buffer (pH 7.0) on 
Whatman No. 3MM paper. 

2'-O-Methyladenosine 3 ',5'-Cyclic Phosphate. 2 '-0-Meth- 
yladenosine (1.0 g, 3.56 mmol) (Broom and Robins, 1964) 
was stirred in 9 ml of trimethyl phosphate at ice-bath tem- 
perature and 0.70 ml of P0Cl3  was added. After 90 min Et3- 
NHCO, (0.5 M) was added to the reaction mixture until the 
pH reached 7.5. The solution was concentrated and any 
crystals which had formed were filtered. The filtrate was 
evaporated in cucuo and the resulting solid residue was dis- 
solved in 15 ml of H20 and applied to a Whatman DE-52 
cellulose column (HC03- form, 28 x 6.3 cm). Elution with a 
gradient of Hs0-0.05 M Et3NHC03 (3:3, v/v) yielded 1.36 g 
of 2'-O-methyladenosine 5 '-phosphate (Rottman and Hein- 
lein, 1968) triethylammonium salt after evaporation of the 
appropriate fractions. Electrophoresis of the product in 
phosphate buffer (pH 7.2) showed the 2'-O-methyladenosine 
5 '-phosphate to be homogeneous with a mobility identical 
with that of adenosine 5I-phosphate. 2 '-0-Methyladenosine 
5 '-phosphate triethylammonium salt (1.36 g, 2.41 mmol) and 
4-morpholine-N,N'-dicyclohexylcarboxamidine (0.87 g, 3.1 
mmol) were dissolved in 75 ml of pyridine and 15 ml of H-0 .  
The solution was evaporated and azeotroped with pyridine. 
The resulting glass was dissolved in 300 ml of pyridine and 
was added dropwise to a refluxing solution of 1.25 g (6.0 
mmol) of dicylohexylcarbodiimide in 300 ml of pyridine over 
1 hr. The solution was refluxed an additional 2 hr and then 
10 ml of HzO was added and the solution evaporated to  dry- 
ness. The residue was partially dissclved in HzO and filtered, 
and the filtrate was evaporated. The residue was dissolved in 
0.5 M Et3NHC03, concentrated, and added to a Whatman 
DE-52 cellulose column (HC03- form, 30 x 6.3 cm). Elution 
with a gradient of Hz0-0.5 M EtsNHC03 (3:3, v/v) yielded 
0.72 g of the triethylammonium salt of 2'-O-methyladenosine 
3',5 '-cyclic phosphate after evaporation of the proper frac- 
tions. The cyclic nucleotide was dissolved in 20 ml of HzO and 
the pH was adjusted to 2 with concentrated HCI; addition of 
EtOH gave crystalline 2 '-0-methyladenosine 3 '3  '-cyclic 

Direct alkylation of c A M P  has also been reported to give 2I-O- 
methyl-CAMP (Tazawa e l  al., 1972). 

phosphate: A&:,' 256 nm ( E  14,780), A:::' 258 nm ( E  15,- 
170). 

Anal. Calcd for CllH14N506P.2.5Hz0: C, 34.02; H ,  
4.93; N,  18.03; P, 7.97. Found: C, 34.40; H, 5.30; N, 
18.16; P,7.93. 

2 '-0-(2,4-DinitrophenyI)adenosine 3 '3  '-Cyclic Phosphate. 
To a stirred suspension of cAMP (3.29 g, 10 mmol) in N,N- 
dimethylformamide (20 ml) was added Et3N (7.4 g, 40 mmol) 
and 2,4-dinitrofluorobenzene (3.72 g, 20 mmol). The solution 
was maintained under anhydrous conditions at room tem- 
perature overnight. MeOH (20 ml) was added and the solu- 
tion evaporated in cucuo. The residual gum was dissolved in 
EtOH (30 ml) and the product precipitated with excess Et20 
(200 ml). The gummy precipitate was repeatedly triturated 
with HzO to obtain a pale powder (5.63 8). The powder was 
dissolved in MeOH by addition of 2 N N H 4 0 H  and repre- 
cipitated by acidification. The precipitate was dissolved in 
H 2 0  by addition of 2 N NH,OH and the solution was acidified 
with 2 N HCI to cause precipitation of 2'-0-(2,4-dinitro- 
pheny1)adenosine 3',5'-cyclic phosphate (4.7 g, 97 %) A::,' 
256,294 sh nm ( E  23, 900), A$!:' 258,291 sh nm ( E  24,000). 

Anal. Calcd for C1GH14NiOl~P1~HzO: C ,  37.42; H ,  3.11; 
N ,  19.10. Found: C, 37.52; H ,  3.21; N,18.99. 

Methods 

The cAMP phosphodiesterases were purified from rabbit 
lung and kidney and beef cerebral cortex and heart. The 
method of preparation described below was used for all four 
tissues. All operations were performed at 4". Fresh tissue was 
homogenized in 3 volumes of buffer I(0.33 M sucrose-10 mM 
imidazole-HC1 (pH 7.5-10 mM magnesium acetate) for 1 min 
in a Waring blender at full speed. The homogenate was cen- 
trifuged at 30,OOOg for 1 hr and the supernatant was filtered 
through glass wool previously washed with buffer I. Solid 
(NH4)2S01 was added slowly to 50% of saturation. the sus- 
pension was stirred for 20 min and the precipitate was col- 
lected at 20,OOOg for 20 min. The precipitate was dissolved in 
buffer I ( l 0  m1/100 ml of original homogenate) and dialyzed 
against a 100-fold excess of buffer I1 (buffer I without sucrose) 
for 18 hr. The precipitate that formed during dialysis was re- 
moved by centrifugation and the clarified protein solution was 
applied to a column of DEAE-cellulose (S&S Type 70, 20 
ml of packed column volume/100 g of tissue) previously 
equilibrated with buffer 11. The column was eluted at 1.0 ml/ 
min with buffer I1 until the A s o  n,,, of the effluent was 50.05. 
The column was then eluted with buffer I1 containing 0.4 M 
KCI. All fractions (10 ml) with an A?80nnr  of 0.2 or greater 
that had a A7so:Azs0 ratio of 1.0 or greater were pooled and 
dialyzed for 18 hr against a 100-fold excess of buffer 11. The 
dialyzed enzyme was clarified by centrifugation and frozen at 
-20". The protein concentration varied between 1 and 2 mg 
per ml. 

CAMP-dependent protein kinase was purified through the 
DEAE-cellulose step as previously described (Miyamato 
et ul., 1969; Kuo and Greengard, 1969). The assay for the 
stimulation of this enzyme by cAMP and the determination 
of K, values were performed as previously described (Muney- 
ama et af . ,  1971). 

3 2'-O-Dnp-cAMP was obtained i n  an attempt to prepare adenosine 
3',5 '-cyclic phosphorofluoridate. The  synthesis of 2 '-O-Dnp-cAMP 
was recently reported by JastorfT and Freist (1972) after this wjork h a d  
been completed. 
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TABLE I : Stimulation of CAMP-Dependent Protein Kinases 
by 2 '  Derivatives of CAMP." 

TABLE 1 1 :  2'  Derivatives of cAMP as Substrates for High 
K,,, cAMP Phosphodiesterases. 

K,' Value 

Bovine Bovine 
Compound Brain Heart 

cAMP 
2 '-0-Acetyl-CAMP 
2 '-0-Methyl-CAMP 
2 '-0-Dnp-CAMP 
2 '-0-Butyryl-CAMP 
N6-Butyryl-c AMP 
N6-2 '-0-Dibutyryl-CAMP 
Ara-CAMP 
2 '-Deoxy-CAMP 

1 . 0  
0.0057 
0.0023 
0,0008 
0,0030 
0 .84  
0.0010 
0.0013 
0,0038 

1 . 0  
0,0040 
0.0017 
0.0012 
0.0017 
0 . 9 2  
0,0033 
0.0029 
0.0048 

"Values reported are K,' values; where K,' = K, for 
cAMPIK., for test compound. K;, is the activation constant. 
The K:, values for cAMP were 4 x and 7 x 10-6 M for 
the enzymes from brain and heart, respectively. The assay 
was performed as described under Methods. 

Re1 Rate of Hydrolysis" 

Compound 

cAMP 
2 '-0-Acetyl-CAMP 
2 '-0-Methyl-CAMP 
2 '-0-Dnp-CAMP 
2 '-0-Butyryl-CAMP 
N6-But yryl-c AMP 
N6,2 '- 0-Dibutyryl-CAM P 
Ara-c AMP 
2 '-Deoxy-c AMP 

Beef 
Heart 

100 
58 
49 
17 
81 

8 
7 

18 
92 

Beef 
Brain 

100 
55 
39 
6 

71 
7 
3 

15 
59 

_.____._ 

Rabbit Rabbit 
Lung Kidney 

100 100 
43 5 0  
20 30 
12 1 1  
22 37 
16 3 

I 3 
25 17 
38 67 

~ .__ 

The rates of hydrolysis by each enzyme are expressed 
relative to  that of CAMP. The actual rates of cAMP hydrolysis 
(nmol of 5'-nucleotide formed per min) were 12, 22,  12, and 
30 by the heart, brain, lung, and kidney enzymes, respectively. 
The rates were determined by colorometric determination of 
the phosphate produced by the action of bacterial alkaline 
phosphatase on the 5 '-nucleotide product of phosphodi- 
esterase hydrolysis. 

When testing cAMP derivatives as substrates for cAMP 
phosphodiesterase, the standard reaction mixture contained 
in 0.60 ml: 3.0 pmol of cAMP or cAMP derivative, 6 pmol 
of MgCI2, and 0.1-0.3 mg of phosphodiesterase protein. The 
incubation times were determined from pilot assays to give 
kinetically valid data. Incubation was from 10 to  45 min at 
30". The reaction was terminated by heating to 90" for 2.5 
min. Control tubes contained enzyme inactivated in the same 
way before the incubation. The mixtures were centrifuged to 
remove denatured protein and a 50-111 portion of the super- 
natant was chromatographed on cellulose thin layer. The 
plates were developed in a suitable solvent and then visualized 
tinder ultraviolet light. Each spot was scraped from the plate; 
the material was eluted from the cellulose with 0.1 M (NH&- 
C03 or distilled H 2 0  and the amount was quantitated opti- 
cally. Control experiments with 8-[ 3H]cAMP showed that 
>96 of the material applied to the plate was recovered. 

A second method was also used to determine the amount 
of 5 '-phosphate product formed from phosphodiesterase 
action on the cAMP analogs. An identical reaction mixture 
was incubated and the reaction was terminated by heating. A 
control reaction contained heat-inactivated enzyme. Then 
100 pg (10 p l )  of bacterial alkaline phosphatase (Worthington 
BAPSF or BAPC) was added and incubation was continued 
for 1 hr at 30". Control experiments with 5'-AMP and 2 ' -0-  
methyl-5 '-AMP showed that under these conditions, there was 
stoichiometric conversion of these compounds to  adenosine 
and 2 '-0-methyladenosine, respectively. The reaction with 
alkaline phosphatase was terminated by addition of 100 p1 
of 55 trichloroacetic acid. The precipitate was removed by 
centrifugation and the supernatants were analyzed for in- 
organic phosphate by a modification of the method of Lowry 
and L6pez (1946). 

In experiments where the analogs were tested as inhibitors 
of phosphodiesterase, the reaction contained in 1.0 ml: 30 
pmol of Tris-HCI (pH 7.5), 10 pmol of MgCI2, 10-200 pg of 
phosphodiesterase protein, and 160 pmol or 100 nmol of 
8-['H]cAMP, for the assay of the low K,,, and high K,,, phos- 
phodiesterases, respectively. Approximately 350,000 cpm 
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assay was present at both cAMP concentrations. The con- 
centration of the cAMP analogs was varied over an appropri- 
ate range. The reaction mixture was incubated at 30" for 
10 min, and then heated to  90' for 2 min to  terminate the 
reaction. An identical reaction mixture was heat inactivated 
immediately for the determination of the background radio- 
activity of the assay. After the reaction was cooled to room 
temperature, 0.1 ml of a 1-mg/ml solution of snake venom 
(Crotalus alrox) was added to each reaction mixture which 
was then incubated for 10 min at 30". Next, 1 ml of a 1 :  3 
suspension of neutral, base-washed Dowex 1 -X8 was added 
to each tube, which was then mixed well and centrifuged for 
10 min at 1000 rpm; 0.1 ml of the supernatant from each 
tube was added to  3 ml of Aquascint I1 and the radioactivity 
of each assay was determined in a liquid scintillation spec- 
trometer. 

Results 

In order to  ascertain the relative importance of the 2 '  
position of cAMP in binding to  enzymes which utilize CAMP, 
each of the derivatives was studied as an  activator of the cAMP 
dependent protein kinase and as a substrate and an inhibitor 
of the cyclic nucleotide phosphodiesterase. These properties 
were compared with those reported for Ne,2'-O-dibutyryl- 
CAMP, N6-butyryl-CAMP, and 2 '-0-butyryl-CAMP (Poster- 
nak et a/ . ,  1962; Henion et a[., 1967). 

Acticution of' CAMP- Dependent Protein Kinuses bJ' 2 ' -0 -  
Substituted cAMP Anulogs. The ability of the 2'-O-substituted 
cAMP analogs to stimulate protein kinase was tested, using 
enzymes from bovine brain and heart. The three butyryl 
analogs were also tested for comparison. As can be seen in 
Table I, all derivatives with a 2 ' - 0  substitution were less than 
l;looth as active as CAMP. N6-Butyryl-cAMP, by comparison, 
was almost as active as cAMP itself. 

2' Dericatices of CAMP US Sirbstrutes for cAMP Ph0~ph0- 
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diesterase. Table I1 gives the results of a study comparing the 
susceptibility of the 2’ derivatives of cAMP to cAMP phos- 
phodiesterases purified from rabbit lung, rabbit kidney, beef 
heart, and beef brain. These hydrolysis rates were determined 
by measuring the phosphate removed from the 5 ‘-nucleotide 
product with bacterial alkaline phosphatase. Essentially the 
same results were obtained when the hydrolysis rates were 
determined by chromatographic separation and quantitation 
of the resultant 5’-nucleotide. 

Most strikingly, No-butyryl-CAMP and N6,2 ’-0-dibutyryl- 
CAMP were found to be very poor substrates for each of the 
four enzymes. In comparison, 2 ’-0-butyryl-CAMP, 2‘-0- 
acetyl-CAMP, and 2 ’-0-methyl-CAMP, which do not contain 
an N6 substitution, were quite good substrates for cAMP 
phosphodiesterase, as was 2’-deoxy-cAMP. 2’-O-Dnp- 
CAMP, a 2’-O-ether containing a relatively large steric and 
electron-withdrawing substituent at the 2’ position, was a 
poor substrate. Ara-CAMP was also hydrolyzed at a relatively 
slow rate compared to CAMP. There were significant varia- 
tions in tissue specificity; for example, while 2 ’-0-acetyl- 
cAMP and ara-CAMP were each hydrolyzed at essentially 
the same rate by all four enzymes (50 and 25 %, respectively), 
2’-O-butyryl-cAMP was split four times faster by the heart 
enzyme than by the lung enzyme (81 us. 2 2 7 3  Of the four 
cAMP phosphodiesterase preparations investigated, the beef 
heart phosphodiesterase appeared to be the least sensitive to 
modifications of cAMP in the 2’ position. With the exception 
of ara-CAMP, the heart enzyme preparation was able to 
hydrolyze each of the 2’ derivatives of cAMP at a faster rate 
than any of the three other enzyme preparations. By compari- 
son, the lung enzyme preparation was the most sensitive to 
changes in the cAMP molecule at the 2’ position, and hy- 
drolyzed most of the derivatives a t  a slower rate than did the 
other three enzyme preparations. 

For those derivatives that were substrates, the nature of the 
products of phosphodiesterase action was also investigated. 
The product in all cases migrated like a nucleoside mono- 
phosphate upon electrophoresis in phosphate buffer a t  pH 
7.0. The product of the action of phosphodiesterase on 2’-0- 
methyl-CAMP was shown to be exclusively 2 ’-0-methyl- 
adenosine 5 ’-phosphate by chromatographic comparison in 
the solvent systems A and B (see Experimental) with an au- 
thentic sample of the corresponding 5 ’-nucleotide. With 
2 ’-0-acetyl-CAMP as substrate, the product was 2 ’-0-acetyla- 
denosine 5 ’-phosphate. This material was chromatographically 
distinct from 2 ‘-0-acetyl-CAMP, CAMP, and 5 ‘-AMP, in sys- 
tems A and B and migrated as a diionic species upon electro- 
phoresis a t  pH 7.0. When treated with 5 N NHIOH for 1 hr at 
50’ (to remove the 2’-O-acetyl group), the product was chro- 
matographically identical with 5 ’-AMP. By the same criteria, 
2’-O-butyryl-cAMP was shown to be hydrolyzed by phos- 
phodiesterase to 2’-O-butyryl-5 ’-AMP. Under the conditions 
used in the phosphodiesterase incubation, there was no de- 
tectable deacylation of the 2’-O-acyl-cAMP derivatives to 
CAMP by any of the four enzyme preparations. The ether 
linkage of the 2 ‘-0-methyl and 2 ‘-0-(2,4-dinitrophenyl) 
substituents were also stable under the incubation conditions 
used. 

2’ Dericatices of cAMP as Inhibitors of cAMP Phospho- 
diesterase. All tissues so far examined contain a t  least two 
CAMP phosphodiesterase activities; one with a K,, for cAMP 
of approximately lo-’ M (low K,,,) and a second with a K,, of 
approximately M (high KnJ 

Table I11 summarizes results of a study of the inhibition of 
the low K,,, cAMP phosphodiesterases from the four tissues. 

~ ~~ 

TABLE 111: Inhibition of Low K,, cAMP Phosphodiesterases 
by 2’ Derivatives of CAMP. 

Beef Beef Rabbit Rabbit 
Compound Heart Brain Lung Kidney 

2 ’-0-Acetyl-CAMP 
2 ’-0-Methyl-CAMP 
2 ’-0-Dnp-CAMP 
2 ’-0-Butyryl-CAMP 
N6-Butyryl-CAMP 
N6,2 ’-0-Dibutyryl-CAMP 
Ara-CAMP 
2 ‘-Deoxy-CAMP 
Theophylline 

10 150 
8 . 7  230 

26 57 
5 . 6  23 

37 230 
37 710 
24 1200 
21 210 

130 230 

~~ 

5 .0  110 
4 .8  41 

25 89 
5 . 6  36 

46 180 
230 320 
190 800 
11 180 

250 160 

a Zsa equals the concentration of compound that produces 
50% of maximal inhibition. The concentration of CAMP 
used was 1.7 X 10-7 M and the assay was performed as cle- 
scribed under Methods. 

The results are expressed as I50 values4 and the cAMP con- 
centration in all cases was 1.6 X lo-’ M. The I&, values for 
theophylline were found to be very similar for each of the 
four enzyme preparations. The various cAMP derivatives, on 
the other hand, demonstrated large differences in potency as 
well as large differences in tissue specificity with respect to 
their inhibitory ability. A comparison of the four 2’-O-sub- 
stituted derivatives; i.e., acetyl-, methyl-, butyryl-, and Dnp- 
cAMP shows that the lung and heart enzymes were more 
sensitive than the brain and kidney enzymes to inhibition by 
compounds containing relatively small substituents in the 
2‘-0 position. With the larger 2,4-dinitrophenyl substituent, 
the lung and heart enzymes were somewhat less sensitive to 
inhibition. The brain enzyme appeared to be more sensitive 
to inhibition when the derivative contained the bulkier 2,4- 
dinitrophenyl group and 2’-O-butyryl group compared to 
the inhibition produced by the smaller 2I-O-methyl and 2 ‘- 
O-acetyl group. 

A comparison of the three butyryl derivatives of cAMP 
against all four enzymes revealed that 2 ’-0-butyryl-CAMP 
was a better inhibitor than N6-butyryl-CAMP which in turn 
was a better inhibitor than N6,2’-O-dibutyryl-cAMP. The 
only exception to this order was with the heart enzyme where 
the latter two compounds were equally potent. N6-Butyryl- 
CAMP, like the 2’-0 derivatives compared above, was a 
better inhibitor of the heart and lung enzymes than the brain 
and kidney enzymes. 

The last two derivatives under consideration, 2 ’-deoxy- and 
ara-CAMP, were found also to preferentially inhibit the en- 
zymes from lung and heart over those from brain and kidney. 
The only exception to this is ara-CAMP which was 50 times 
more effective against the heart than the brain enzyme. In 
general, 2 ’-deoxy-CAMP was approximately equal in potency 
to those derivatives with a small substitution in the 2’ position 
while ara-CAMP was much less potent than the other com- 
pounds tested. The heart enzyme was an exception and did 
not demonstrate this differential sensitivity while the 2 ’-0- 

I X  = concentration of inhibiting compound that produces 50% 
inhibition of the  reaction. 
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TABLE I V :  Inhibition of High K,,, cAMP Phosphodiesterases 
by 2’ Derivatives of CAMP. 

Beef Beef Rabbit Rabbit 
Compound Heart Brain Lung Kidney 

2 ’-0-Acetyl-CAMP 190 160 260 
2 ’-0-Methyl-CAMP 190 160 260 
2 ’-0-Dnp-CAMP 190 75 450 
2 ’-0-Butyryl-CAMP 580 170 180 
Ne-Butyr yl-cAMP 290 660 820 
N6,2‘-O-Dibutyryl-cAMP 190 250 230 
Ara-CAMP 1900 3300 1800 
2 ’-Deoxy-CAMP 970 1100 450 
Theophylline 580 330 900 

150 
250 

75 
210 
250 
300 
500 
500 
150 

Zjo equals the concentration of compound that produces 
50% of maximal inhibition. The concentration of cAMP 
used was 1 x lo-* M and the assay was performed as de- 
scribed under Methods. 

substituted, ara, and 2‘-deoxy derivatives demonstrated al- 
most equal potency. 

Table IV shows the results of the determination of the 
potency of inhibition of the high K,,, cAMP phosphodiesterase 
activities of the four enzyme preparations by the 2’ deriva- 
tives of CAMP. Here the Z50 values for theophylline vary ap- 
preciably among the four enzymes, while being relatively con- 
stant for 2’-O-acetyl- and methyl-CAMP. 2j-O-Dnp-cAMP 
was a better inhibitor of the brain and kidney enzymes than 
of the heart and lung enzymes. 2’-O-Butyryl-cAMP inhibited 
all four enzymes equally, with the single exception of the 
heart enzyme against which was a poorer inhibitor. In addi- 
tion, this latter derivative was a poorer inhibitor of the heart 
enzyme than any of the other three derivatives of cAMP con- 
taining a substitution on the 2’  position. 

As in the case of the low K,,, enzymes, in general, 2’-deoxy- 
CAMP was a better inhibitor than ara-CAMP; but, unlike the 
low K,,, activities, 2’-deoxy-CAMP was a poorer inhibitor 
than the 2‘-O-substituted cAMP derivatives. 

Discussion 

In an  effort to gain additional knowledge about the rela- 
tionship of the carbohydrate moiety to the biological activity 
of CAMP, a series of 2’-modified derivatives of cAMP were 
synthesized and investigated. Falbriard et al. (1967) had pre- 
viously reported on the synthesis of acyl derivatives of CAMP; 
however, the question of biological and chemical stability of 
the acyl derivatives created some doubt as to their true bio- 
logical mechanism of action. The significance of the 2’ posi- 
tion of cAMP for interaction with protein kinase and phos- 
phodiesterase was therefore studied by a comparison of 2 ’- 
0-acyl derivatives of cAMP with the more chemically stable 
2’-0-methyl-, 2’-0-(2,4-dinitrophenyl)-, 2‘-deoxy; and ara- 
cAMP derivatives. 

All the compounds under study, which contained substit- 
uents or modifications at  the 2’ position were very poor ac- 
tivators of protein kinase suggesting that the unblocked 2’- 
OH in a rib0 configuration is necessary for interaction with 
the regulatory subunit of the protein kinase. The effect of 2‘- 
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0 modification was also evident in stimulation of protein 
kinase by N6-butyryl-CAMP and N6,2’-0-dibutyryl-CAMP. 
Whereas N6-butyryl-CAMP was almost as active as CAMP, 
N6,2‘-0-dibutyryl-CAMP was only l/loooth as active. 

The procedure used for the preparation of all four phos- 
phodiesterase activities produced a final preparation con- 
taining most (80-9Oz) of the activity present in the crude 
homogenate. In contrast to the results with protein kinase, 
all the 2‘  derivatives of cAMP were substrates for the phos- 
phodiesterases. Each of the four preparations contained both 
the low K,,, and the high K,,, phosphodiesterase activities. The 
K,,, for the former activity was approximately hi and that 
for the latter in the order of lop4  hi for all four preparations. 
The 2’ derivatives of cAMP were tested as substrates for the 
high K,,, phosphodiesterase at  a substrate concentration of 
5 X lop3 M, which was 50 times the K,,, of this enzyme. The 
higher concentration was necessary in order to obtain mea- 
surable rates with the method of assay employed. The prod- 
uct of phosphodiesterase hydrolysis of the 2 ’-substituted 
cAMP derivatives was found to be the corresponding 2’-sub- 
stituted 5’-nucleotide. With respect to their susceptibility to 
enzymatic hydrolysis, all of the 2’ derivatives of CAMP in- 
vestigated were substrates for the four different enzyme prep- 
arations (beef heart, beef brain, rabbit lung, and rabbit kid- 
ney), although to greatly varying extents. The necessity for an 
intact 2’-OH group for interaction of CAMP with the phos- 
phodiesterase enzyme substitute appeared to be tissue specific 
as demonstrated (Table 11) by the varying rates of hydrolysis 
of 2‘-deoxy-cAMP (between Y 2  and 38%) by the four en- 
zymes, where the beef heart enzyme was the most sensitive 
and the rabbit kidney the least sensitive to the absence of a 
2’-OH group. That 2’-deoxy-cAMP is a substrate for phos- 
phodiesterase to varying degrees is further verified by the 
results of Drumniond and Powell (1970) with beef brain 
phosphodiesterase, by Michal er d. (1970) with rat adipose 
tissue and by the results of Nair (1966) with dog heart phos- 
phodiesterase preparation. 

With the exception of 2’-O-Dnp-cAMP, the derivatives 
with a substitution on the 2’-OH group (acetyl, methyl. 
butyryl) were hydrolyzed at  approximately the same rate as 
was 2 ’-deoxy-CAMP. The effect of decreased substrate capa- 
bility of the 2 ’-0-substituted derivatives cannot. therefore, 
be explained solely by a steric effect. Additionally, 2 ’ 0  
butyryl-CAMP had a moderate rate of hydrolysis which was 
generally greater than the rate of hydrolysis of both the 2’-0-  
acetyl and 2’-O-niethyl derivatives. These data, therefore, 
suggest that while the 2’-OH group is necessary for optimal 
interaction with the enzyme, the presence of the oxygen is of 
less importance than the presence of the hydroxyl hydrogen. 
A second possibility is that the elfects 011 the ability of these 
two types of cAMP derivatives (2 ’ -0  substitution rs.  2’-OH 
removal) to interact with the enzyme are different, and that 
it is only coincidental that the rates of hydrolysis are similar. 

The importance of the rib0 configuration of the 2’-OH is 
illustrated by the relatively low rates of hydrolysis of ara- 
cAMP (Table 11). This effect cannot be entirely explained by 
the lack of a hydroxyl in the rib0 configuration because hy- 
drolysis of ara-CAMP by all four enzymes was less than that 
of 2’-deoxy-cAMP. This effect could be additionally explained 
by either (a) an  unfavorable interaction between the arabino- 
OH and the enzyme, and/or (b) by the presence of a potential 
rotational barrier (Schweizer and Robins, 1972) between the 
arabino OH and the adenine ring which could hinder the 
formation of a favorable conformation of ara-CAMP with 
the enzyme. 
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The comparative N%ubstituted derivatives, N6-butyryl- 
and N6,2 ‘-0-butyryl-CAMP, were very poor substrates for the 
phosphodiesterases. This finding is consistent with the results 
of others (Moore et al., 1968; Drummond and Powell, 1970; 
Michal et al., 1970; Meyer et al., 1972) who showed that 
N6 substitution, in general, resulted in resistance of the com- 
pound to  phosphodiesterase hydrolysis. The structure-activity 
relationship of the N6- and 6-substituted 3 ’3 ‘-cyclic nucleo- 
tides deserves further investigation. 

The manner in which derivatives of cAMP mimic the action 
of cAMP may, in part, be by inhibiting cAMP phosphodi- 
esterase and thereby increasing endogenous cAMP levels. 
We have, therefore, examined the ability of the 2’  derivatives 
of cAMP to inhibit both the low and high K,, cAMP phos- 
phodiesterases. Each of the phosphodiesterase inhibition 
studies were done at or near the K,, for the activity being in- 
vestigated. The four phosphodiesterases used here all had low 
K,,, values for cAMP of about M, and the cAMP con- 
centration used was 1.7 x 10-7 M. Whereas the values for 
theophylline for all four enzymes were similar, the I50 values 
for the 2‘  derivatives of cAMP showed distinct differences in 
tissue specificity and potency which were equal to  or better 
than the Z50 values of theophylline. The beef heart and rabbit 
lung were found to  be the most sensitive to  inhibition by all 
the derivatives. In general, the 2’-O-substituted and 2’-deoxy- 
cAMP derivatives were approximately equal in inhibitory 
activity and the more potent inhibitors of the low K,,, phos- 
phodiesterase enzymes. The N6-butyryl derivatives were less 
active and ara-CAMP was the least active as inhibitors of 
these enzymes. As in the substrate studies, the conformation 
and presence of the 2’-OH is important for interaction of the 
cyclic nucleotide with the low K,,, phosphodiesterase enzymes. 

In contrast to the Ijo values for the low K,,, phosphodi- 
esterases, the high K,,, enzyme Zjo values for theophylline 
varied more between enzymes while the Ijo values for the 2’- 
0-substituted derivatives varied less. Similar to  the low K,,, 
results, N6-butyryl-CAMP and 2 ’-deoxy-CAMP were equal in 
activity but somewhat less active than the above compounds, 
and ara-CAMP was the least active compound tested. It is 
interesting to note that 2 ’-0-butyryl-CAMP and N6,2’-0- 
dibutyryl-CAMP exhibited similar Zjo values against the high 
K,,, enzyme while N6-butyryl-CAMP was significantly less 
active. This is in contrast to  the Ij0 values for the same three 
compounds against the low K,,, enzyme where 2 ’-0-butyryl- 
cAMP was more active than the N6-mono- and N6,2‘-O-di- 
butyryl-CAMP derivatives. This suggests that the mechanism 
of inhibition of the butyryl derivatives is different for the two 
enzymes of differing K,, values. 

In comparing the ability of the derivatives to  act as sub- 
strates and as inhibitors of the high K,, phosphodiesterase 
enzymes, the experimental procedures dictate that the inhibi- 
tion studies take into account any competition for interaction 
with the enzyme between the cAMP derivative and cAMP 
itself, while the studies of the analogs as substrates were per- 
formed in the absence of cAMP and, therefore, measured no 
competition with CAMP. If the only means by which these 
analogs were acting as inhibitors of the phosphodiesterases 
was by competing with cAMP to be utilized as a substrate, 
then it would be expected that those derivatives which were 
the better substrates would also be the better inhibitors. Be- 
cause the 2’-O-substituted derivatives were all (with the ex- 
ception of N6,2’-O-dibutyryl-cAMP) both good substrates 
and good inhibitors, the values for these compounds were 
used as a standard against which to  compare the values for 
the other compounds. N6-Rutyryl-cAMP and ara-CAMP were 

both poor substrates and poor inhibitors. In contrast, N6,2’- 
0-dibutyryl-CAMP, 2 ’-0-Dnp-CAMP, and 2 ‘-deoxy-CAMP 
did not fit the pattern; N6,2‘-0-dibutyryl-CAMP and 2’-0- 
Dnp-CAMP were poor substrates but very good inhibitors, 
while 2’-deoxy-cAMP was a very good substrate but a poor 
inhibitor of the high K,, phosphodiesterases. This comparison 
suggests that for these latter compounds the mechanism of 
inhibition is quite different from one of simply mimicking 
the substrate. These findings are quite interesting in them- 
selves, as well as in light of the report of Russell et al. (1972), 
which suggests that phosphodiesterase contains two binding 
sites for cAMP and demonstrates negative cooperativity. 
Further kinetic studies are needed to  delineate the mechanism 
of phosphodiesterase inhibition by these 2’ derivatives of 
CAMP. 
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CORRECTIONS 

“The Nature of the Reverse Type I (Modified Type 11) 
Spectral Change in Liver Microsomes,” by John B. Schenk- 
man,* Dominick L .  Cinti, Sten Orrenius, Peter Moldeus, 
and Robert Kaschnitz, Volume 11, Number 23, November 7, 
1972, page 4243. 

Dr.  Kaschnitz’s name was erroneously spelled Kraschnitz, 
and his fellowship acknowledgment should have read, “Re- 
cipient of a short term fellowship from the European Mole- 
cular Biology Organization (Brussels).” 

“Mechanism of Activation of Bovine Procarboxypeptidase 
A Ss. Alterations in Primary and Quaternary Structure,” 
by Jack R. Uren and Hans Neurath, Volume 11, Number 24, 
November 21,1972, page 4483. 

The illustrations but not the legends of Figures 7 and 9 
should be interchanged, i.e., the legend of Figure 9 goes with 
Figure 7 and uice cersa. 

“A Calorimetric Investigation of the Copper-Bovine Plasma 
Albumin Interaction,” by Fred H. Reynolds, Jr.,  R.  K. Burk- 
hard, and Delbert D. Mueller, Volume 12, Number 2, Janu- 
ary 16,1973, page 359. 

On page 360, the first part of the second sentence under 
Results should read: “When F/A was plotted L A .  F ” On 
page 361, the units for the entropy changes in Table I should 
read cal mol-’ deg-I. 
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