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The inhibitory effects of adenosine 5f-phosphate esters with lipoid hydroxy co'~lPounds on rabbit 
skeletal muscle protein kinase are in comparison with adenosine or adenosine 5'-monophosphate 
relatively weak. The inhibitory effect is in some cases preceded by the enzyme stimulation which 
can reach up to 70-80% of the stimulation by cyclic AMP. While the inhibitory effect seems 
to be caused by the adenosine' moiety of the compound, the nature of the stimulatory effect 
is not yet elucidated. 

In our studie s following the effects of adenosine Sf -phosphate esters with hydroxy 
compounds (adenosine nucleolipids) on the activity of enzymes of cyclic AMP 
system we have found several new features of these compounds1

- 3. The most pro
nounced effect of adenosine nucleolipids is the inhibition of the activity of adenylate 
cyclase! ,2,4. The activity of cyclic AMP phosphodiesterase was inhibited only mode
rateIy! ,2. The effects of adenosine Sf-phosphate esters with hydroxy compounds 
on the activity of protein kinase were quite inconsistent , depending on the alcohol 
moiety! ,2,5. 

The activity of protein kinase from rat live r and adipose tissue, basal as well as stimulated 
by cyclic AMP, was inhibited by ethyl ester of 5f -AMP while dihydroxypropyl ester of 5'-AMP 
revealed stimulation of basal enzyme activity which reached 5 about one half of the stimu latory 
effect of cyclic AMP. Some of the adenosine nucleolipids a lso revealed the stimulation of pro
tein kinase. from, rat heart and ad ipose tissue a nd the inhibition of the enzyme by high drug 
concentra tlOns 1. -. 

EXPERIMENT AL 

Materials 

Adenosine 5' -[y32P)triphosphate, triethylammonium salt (50- 100 Ci /mmol) was prepared 
in our laboratory6 from carrier free 32PO~ - without CI - (22[P 032)003) supplied by Isocommerz, 
Berlin, G.D.R. Sephadex G-JOO was a product of Pharmacia Fine Chemicals AB. Sweden, 
and umbelliferone a product of Sigma, U.S.A. Cyclic AMP and other chemicals used were 
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supplied by Lachema, Czechoslovakia. Histone for the phosphorylation of protein kinase was 
prepared from the calf thymus 7 ,8. 

Adenosine 5'-phosphate ethyl ester (E-AMP) , 2,3-dihydroxypropyl es ter (G-AMP), 2-palmit
amidoethyl ester (PEA-AMP) , 2-0leamidoethyl ester (OEA-AMP) and octadec-I-yl ester (C!s
-AMP) (Table I) were prepared as described earlier' , 2,4 ,5. 

Pro tein Kinase Assay 

Protein kinase preparation was isola ted from the fres h rabbit ske letal muscle through the 
am monium sulphate precipitation step9 Fraction 1 (0-25% am monium sulphate saturation) 
contained the enzyme sensiti ve to cyclic AMP stimulation, fraction 2 (25-45% ammonium sul
phate sa tura tion ) contained mostly the catalytic unit of protein kinase. To remove the rest 
of regulatory subunit fro m pro te in kinase , the frac tion 2 was further purified' 0 in the presence 
of 0·3 IlM cyclic AMP on a Sephadex G-IOO column (0'9 x 10 cm; the second peak eluted 
by 10 mM phosphate buffer with 10 mM EDT A pH 6'0) was no t stimulated by cyclic AMP 
and was considered as a catalytic unit of pro tein kinase (fraction 3). 

The activity of prote in kinase was determined acco rding to Miyamoto and coworkers9 with 
slight modificati ons5

. The standard incubati on medium of total 100 III conta ined: 50 mM phos
phate bufle r (pH 6· 0), 6 mM Mg2 +, 0·5 mM EDTA, 5 mM sodium flu oride , 5 mM theophylline, 
100 Il g of h is tone, enzyme preparat ion corresponding to 20- 30 Ilg of prote in! 1 

, 10 IlM ATP 
(i n kine tic st udi es increas ing concentrations 10- 100 IlM ATP), and about 500000 cpm of 
32 p_i'_ATP. The stimulat ion of enzyme was carried out by I 11M cyclic AMP. The reaction was 
started by th e add iti on of ATP to the ice-cold mi xt ures and the samples were incubated at 30°C 
for 20 min . The reaction was stopped, and the phosphorylated hi stone precipitated by the ad
dition of 3 ml of ice-co ld 7' 5% trichl oracetic ac id; 0·2 ml of 1% human albumin were added 
as histone car rier. In experiments in which the efl'ects of adenosine nuc1eolipids were tested 
in the presence of albumin , the amount of hi stone carrier was lowered to obtain the same final 

T A BLE J 

Chemica l Structure and Abbreviat ions of Adenosi ne 5' -Phosphate Esters wi th Various Hydroxy

-Compounds 
.- ------ - - ------_. 

Abbrev ia t ions 

E-A MP 
G-AMP 
PEA-AMP 
O EA-AMP 
CIs-AMP 

o 
II 

R - 0 - P-0-adenosine-5 ' -yJ 
1 I. 

0 -

ethyl 
2,3-dihydroxypropyJ 
2-paJmitamidoethyl 
2-0leamidoethyl 
I-octadecyl 
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albumin concentration in all samples. After centrigugation, the precipitate was dissolved in 0'3 ml 
of IM-NaOH. Precipitation and centrifugation (5 min at 2400 g) were carried out four times. The 
last precipitate was dissolved in 0·2 ml of IM-NaOH and the radioactivity was transferred quanti
tatively from the centrifugation tubes into the scintillation vials. 32 p was measured by the Ceren
kov's radiation in solution containing 30 mg of umbelliferone in J I of water. 

All results are representative experiments carried out in triplicate or duplicate. They are 
expressed in absolute amount of 32 p incorporated into histone /mg protein /20 min incubation 
period. In kinetic studies the results are presented in a double-reciprocal way according to Line
weaver and Burk. 

RESULTS 

The effects of adenosine 5'-phosphate esters with various hydroxy-compounds were 
tested on the activity of partially purified rabbit skeletal muscle protein kinase. 
The effects of drugs were tested either on the holoenzyme (fraction' 2), unstimulated 
or stimulated by 1 ~M cyclic AMP, or on the catalytic unit of protein kinase (frac
tion 3). The aim of the work was to find the explanation for the inconsistent effects 
of various esters of AMP o.n the activity of protein kinase. 

Data presented in Fig. 1 compare the inhibitory effects of E-AMP and G-AMP, 
with the inhibitory effects of adenosine and 5'-AMP on the fraction 2 of muscle 

E 

FIG. J 

Effect of G-AMP (1), E-AMP (2), Adenosine 
(3) and AMP (4) on Rabbit Skeletal Muscle 
Protein Kinase 

The enzyme activity (EJ of the fraction 2 
(see Methods) was estimated in the presence 
of I ).1M cyclic AMP and is expressed as nmol 
for mg protein. 

0 5 

0'1 mM 

FIG. 2 

Compari son of the Inhibitory Effects of 
PEA-AMP (1) and OEA-AMP (2) with the 
Effect of Adenosine (3) on Rabbit Skeletal 
Muscle Protein Kinase 

Experimental conditions were identical 
as described in Fig. I. 
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protein kinase stimulated by cyclic AMP. The enzyme inhibition caused by E-AMP 
and G-AMP were much weaker than the inhibitory effects of adenosine and its 
5'-monophosphate. G-AMP was inhibitory only at concentrations above 1 mM. 
Fig. 2 shows inhibitory effects of two adenosine nucleolipids on the same prepara
tion of protein kinase as described in Fig. 1. In comparison with adenosine the 
inhibitory effects of PEA-AMP were observed only when the concentrations above 
0·3 mM were used. The inhibitory effects ofOEA-AMP, which contain the unsaturated 
lipoid moiety, show quite unusual type of inhibition which was similar to that 
of PEA-AMP only at the highest drug concentration. 

PEA-AMP and C 1s-AMP revealed the inhibition of the catalytic unit of protein 
kinase. This inhibitory effect was preceded by the slight activation of the enzyme 
by lower drug concentrations (Fig. 3). This stimulatory effect of PEA-AMP was 
very pronounced on the unstimulated holoenzyme. While PEA-AMP stimulation 
reached 70-80% of the stimulation of 1 ~tM cyclic AMP, no stimulation was ob

served when OEA-AMP was tested (Fig. 4) . 
Data shown in Figs 5 and 6 quantitatively analyse the inhibitory effects of adenosine 

and PEA-AMP on the catalytic unit of muscle protein kinase. The inhibitory effects 
of adenosine in the range of 0·1 to 3·2 mM concentrations were purely competitive 

08f 
0 4 

If-~01 -mM~10 -----"--' 
FIG. 3 

Comparison of the Inhibitory Effects of C IS -

-AMP ( 1) and PEA-AMP (2) with the Effects 
of Adenosine (3) on the Rabbit Skeletal 
Musc le Protein Kinase 

The effects of drugs (mM) were estimated 
on the act ivity of the catalyt ic unit of protein 
kinase, isolated on Sephadex G- JOO (frac
tion 3). 

E 

FIG.4 

Cumparison of the Effects of PEA-AMP (1) 

and OEA-AMP (2) with the Effects of Adeno
sine (3) and J J.lM cyclic AMP (an upper circle) 
on the Rabbit Skeletal Muscle Protein 

Kinase 
The effects of drugs (mM) were estimated 

on the fracti on 2 of protein kinase un stimul

ated by cyclic AMP. 
----------.--------------~-------~.-.---
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with respect to ATP (Fig. 5). Similar competitive type of inhibition was observed 
when PEA-AMP was tested in the narrow inhibitory concentrations from 0·59 

to 1·30 mM(Fig. 6). 

In the last experiment (Fig. 7) the il~hibitory effects of PEA-AMP on the holoenzyme, 
stimulated by cycli c AMP, were tested without and in the presence of 0·3 and 1·0% 
of human albumin . The addition of albumin to the assay system shifted the in
hibitory dose-response curve of PEA-AMP to the right, however, the steep shape 
of the inhibition by thi s nucleolipid remained unchanged by albumin addition . 

DISCUSSION 

In order to explain inconsistent effects of various esters of 5'-AMP on the activity 
of protein kinase1.2 ,5 we have compared these effects with the well ,known inhibitory 
effects9 .12-14 of adenosine and 5'-AMP on the partially purified enzyme from the 

- 7 -4 

FIG . 5 

Inhibitory Effect of Adenosine on the Activity 
of Rabbit Skeleta l Muscle Protein Kinase 
Expressed in Double Reciproca l Plots 

The effects of increasing concentrations 
of adenosine, 0 mM (1) , 0· 1 111M (2),0'3 mM 
(3), ]·0 mM (4) and 3 mM (5), we re estimated 
on the act ivity of the catalytic un it of muscle 
protein kinase (fraction 3). Y, 32 P incorpor
ated from 32 p _y_ATP into hi stone expressed 

as J..lmol jmg p rotei n j20 m in o f incubation. 

, " " 1 
,/ 
//J 
~I ,~! 

-7 -1 1 4 10 
1/(ATPI,O'1mM" 

F IG. 6 

Inhibitory Effec t of PEA-A MP on the Act i
vity of Rabbit Skeletal Muscle Protein 
Kinase Expressed in Double Reciprocal 

Pl o ts 
The effects of increasing concentrations 

of PEA-A MP, 0 111M (1), O' 59 mM (2),0'77 mM 
(3), 1·0 mM (4), and 1·3 lllM (5) were esti
ma ted on the acti vity of the ca talytic unit of 
muscle protein kinase (frac ti on 3) . Y, 32p 

incorpo ra ted in to hist one mol jmg protein/ 

/ 20 min o f incubati on. 
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rabbit skeletal muscle. Protein kinase activity, stimulated by cyclic AMP, was in

hibited by esters of AMP much weaker than by adenosine and 5'-AMP and appeared 

only when higher concentrations (above 0·3 mM) of these drugs were used (Figs 1-4). 
The inhibition of the enzyme by adenosine nucleolipids was, however, nearly com

plete within one order of the drug concentration (Figs 2 - 4) . 

In the experiment using partially purified catalytic unit ofproteil1 kinase (fraction 3), 

the strong inhibitory effects of adenosine nucleolipids PEA-AMP and Cis-AMP 
followed after the s light enzyme activation by the lower drug concentrations (Fig. 3). 

This effect was much more pronounced in the experiment using the holoenzyme 

unstimulated by cyclic AMP. Here , the stimulatory effect of PEA-AMP reached 
70-80>;; of the stimu latory effect of the natural protein kinase activator (Fig. 4). 

Also in this experiment, similarly to the experiment shown in Fig . 2, OEA-AMP 

(with the unsaturated lipoid moiety) did not show any stimul atory effect. 
Thus, it can be summarized that adeno sine 5' -phosphate esters revealed the inhi

bitory effects on protein kinase which depended on the alky l moi ety of the drug used 
and could be demonstrated onl y in a very narrow range of drug concentrations. 

The inhibitory effect s of most nuc leol ipids follow after very inconsistent effects of 

these drugs and depend on the drug used and the condit ion of enzyme studied. 
The nature of the inhibitory effects of adenosine nucleolipids could be estimated 

from the quantitative ana lys is of the inhibitory effects of adenosine nucleolipids 

(F ig. 6). High concentrations of these drugs showed similar competitive type ofinhibi
t ion with respect to ATP on the catalytic unit of protein kinase as adenosine . These 

results suggest that the basi s of the inhibitory effects of adenosine nucleolipids is the 

presence of adenosine moiety in their structure. 
Data presented in Fig . 7 olTer the explanation for the delayed start of the inhibitory 

effects on protein kinase at very high concentrat ions of adenosine nucleolipids . 

The shift of the dose-response curve to the right of the inhibitory concentrations 

FIG.7 

En'ec t o r Albumin o n the Inhib itory £frect 
o r PEA-AMP on Rabbit Skele tal Muscle 
Prote in Kinase 

The inh ibit o ry effect or PEA-AMP were tes

ted lI s ing enzyme fr acti on 2 stimu lated by 1 ~M 
cyclic AMP in the presence of 0 ( 1) , 0 ·3 (2) 

o r J'OJ~ (3) of human a lbumin added to the 
assay sys tem. E, enzyme ac ti vit y expressed 
as nillol per mg pr o tein , IllM , co ncentrati on 
o r PEA-AMP. 
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of adenosine nucleolipids in the presence of human albumin added to the assay 
system, together with the preservation of the steep inhibitory curve, suggest that the 
binding of the lipoid moiety of adenosine nucleolipids to the enzyme proteins 
is responsible for the delayed inhibitory effect of these drugs. It seems that the in
hibitory effect of adenosine nucleolipids is the manifestation of the unbound portion 
of the drugs. 

The stimulatory effects of some adenosine nucleolipids on protein kinase as shown 
previouslyl ,2 and in this paper are interesting from the theoretical point of view. 
The nature of this effect is not yet known and therefore it seems desirable to find 
whether this stimulation is similar or different from the mechanism of the stimulation 
of protein kinase by cyclic AMP. 
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