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SUMMARY 

The catalytic subunit(s) of the cyclic 3',5'-adenosine monophosphate (CAMP) 
dependent protein kinase(s) from rat muscle has been purified from crude ex- 
tract in a single step several thousand fold and with high yield. This was 
achieved by selective release and elution of the cationic catalytic part(s) 
from the anionic holoenzyme adsorbed to anion exchange cellulose by low 
amounts of CAMP. Evidence is presented for the existence of differently char- 
ged cationic catalytic subunits. 

INTRODUCTION 

The significance of protein phosphorylation is indicated by the many reports 

on the influence of cyclic nucleotides, which regulate the activity of the 

dependent protein kinases, on a series of biological control systems (1). In 
order to study protein phosphorylation, increasing use is being made of pro- 

tein kinases to catalyze this type of reaction in vitro.However, procedures 

so far available to purifiy the appropriate enzymes are laborious and not ef- 

ficient enough to allow its routine use as a tool. We describe here a simple 

method for the purification of the catalytic subunit(s) of the cyclic 3',5'- 

adenosine monophosphate (CAMP) dependent protein kinase(s) from rat muscle 

which is based on the following consideration. The literature values for the 

isoelectric points of CAMP dependent protein kinases from different mammalian 

tissues (2-6) suggest in general that the holoenzyme (CR) is a fairly acidic 

protein (pk 5.5), whereas the subunits differ greatly with regard to their 

charge. At neutral pH the CAMP binding regulatory subunit (R) is anionic 

(pI<4), the catalytic subunit (C), however, is cationic (~127.4). Quite si- 

milar relations were found for the rat muscle enzyme (unpublished). From this 

consideration it follows that the intact holoenzyme bound to an anion exchan- 

ger should be split by treatment with CAMP according to the generally accep- 

ted equation 
C-R + cAMP4 C + R-CAMP. 
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In this way the catalytic subunit(s) should become selectively elutable by the 

cyclic nucleotide whereas the R-CAMP complex should stay on the column. In this 

paper we demonstrate that the enzyme can indeed be purified several thousand 

fold from crude muscle extract in a single step and in very high yield. The en- 

zyme has the properties expected for the catalytic subunit of the CAMP depen- 

dent protein kinase. 

MATERIALS AND METHODS 

The following materials were obtained from the quoted sources:[r- 32Pl ATP (Sp. 
act.>10 Cilmmole) and L3H (G)l 3',5' CAMP (Sp.act. 37 Ci/mmole) from NEN,calf 
thymus histone type IIA and DEAE cellulose (0.85 mequiv/g medium mesh) from 
Sigma, protaminesulfate, the molecular weight standard proteins and the chemi- 
cals for gel-electrophoresis as well as gel-isoelectric focusing from Serva 
(Heidelberg, FRG). Ampholine was obtained from LKB, Sephadex G 200 from Phar- 
macia. The other chemicals used were of analytical grade. Skeletal muscle was 
obtained from female Sprague Dawley rats (250-400 g) and frozen until use. Pro- 
tein kinase was assayed in 0.2 ml incubation volume modified according to Mi- 
yamoto et al. (7). The assay medium contained 50 mM sodium acetate buffer pH 6, 
10 mM magnesium acetate, 40,ug hislone, and 25 pmoles [y-32Pl ATP. Some assays 
were done in the presence of 5x10- M CAMP. The reaction was stopped in an ice 
bath by the addition of 0.2 ml 2 mM ATP, 0.2 ml 0.63% bovine serum albu- 
min solution and 4 ml 7.5% trichloroacetic acid (TCA). The sediment was reso- 
lubilized twice in 0.1 ml of ice cold 1 N NaOH and reprecipitated each time 
with 2 ml 5% TCA to remove remaining [y- s2Pl ATP (according to Greenaway, 8). 
The final precipitate was dissolved in 0.1 ml 1N NaOH and counted in 10 ml 
Aquasol (NEN). The data were not corrected for the overall recovery of radio- 
active protein (recovery was more than 80%). One unit of enz me activity was 
defined as that amount of enzyme which transfers 1 pmole of Y 2P from [Y-32Pl 
ATP to the recovered protein during 5 min at 30°C. 
Electrophoresis in polyacrylamide gradient gels in the presence of sodium do- 
decylsulfate (SDS) was done essentially according to Laemnli (9) as described 
earlier (10). Isoelectric focusing in polyacrylamide gels and detection of 
focused enzyme in the gel using protaminesulfate as the phosphorus acceptor 
was carried out essentially according to Hirsch and Rosen (11) with minor mo- 
difications. Protein bound [3H (G)l CAMP was measured mainly according to Ku- 
mon et al. (12). Protein measurement was done either by the method of Lowry 
et al. (13) or modified according to Schaffner and Weissmann (14) by measu- 
ring solubilized TCA precipitates which were stained with amido black at 
630 nm. Bovine serum albumin was used as the standard. 

RESULTS AND DISCUSSION 

Enzyme purification was carried out at 4'. Frozen rat muscle was cut into 

small pieces and homogenized in 3 volumes 4 mM neutral EDTA containing 2 mM 
dithioerythritol (DTE) for 2 min in a cooled Waring Blender at highest speed. 

The homogenate was centrifuged at 25 000 x g,,, for 30 min. The supernatant 

was filtered through glass wool, brought to pH 6.5 with 1 M dipotassium phos- 

phate and dialysed against a total of 20 volumes 5 mM potassium phosphate buf- 

fer pH 6.5 containing 2 mM EDTA and 1 mM DTE for about 24 h with 2 changes of 

buffer. After dialysis the crude extract was clarified by filtration and im- 

mediately loaded on to a DEAE cellulose column containing 60 g of ionexchanger 
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per g of protein, which had been equilibrated with the above mentioned buffer. 

The column was washed with 0.15 M potassium phosphate buffer pH 6.5 containing 

2 mM EDTA and 1 mM DTE until the eluate was free of detectable protein (usu- 

ally about 5-6 bed volumes). The enzyme was eluted with 0.14 M buffer of other- 

wise the same composition as before but containing in addition 10 -5 M CAMP. 

The fractions were collected in siliconized glass tubes. For routine use ac- 

tive fractions were pooled, and dialysed extensively against the 5 mM phospha- 

te buffer mentioned above containing in addition 30-40 % glycerol. Storage was 

at 4'. 

127 

‘;” - 
0 

x lo- 
E 
z - 

a- 

6- 

4- 

2- 

I  I  

12 20 30 
fraction number 

Figure 1: Protein kinase elution in relation to the appearance of CAMP in the 
eluate. Starting material: 19 g of rat muscle. Initial bed volume of the anion 
exchange column: 2.6x20.5 cm. Elution: 3 ml/h in 5.6 ml fractions. To the 
CAMP containing elution buffer 5 nCi/ml I 

EJ 
H(G)1 CAMP was added. Total tritium 

activity o-o; protein bound tritium a-o; protein kinase assay A-A. 

A typical. elution pattern is shown in Fig. 1. In this experiment some 13H(G)] 

CAMP was added to elution buffer to visualize the appearance of the cyclic nu- 

cleotide in relation to the enzyme activity. Aliquots of each fraction were 

assayed for total tritium activity, protein bound tritium activity as well as 

for enzymatic activity. From the result it is evident that the enzyme peak 

precedes the appearance of the cyclic nucleotide, and that no protein bound 
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cyclic nucleotide can be detected. A subsequent elution of the column with 0.3 

M phosphate buffer did not yield any protein kinase activity. According to 

Miyamoto et al. (7) as well as to our own experiments (15) a CAMP dependent 

enzyme would be expected to elute at that ionic strength. This indicates that 

the complete enzyme activity was released in the preceding step. 

The enzyme released by CAMP is not stimulated by the cyclic nucleotide but ra- 

ther inhibited approximately lo-15%. Similar observations have been made for 

the catalytic subunit by Erlichman at al. (16) and by Lemaire et al. (17). 

The result of a typical enzyme purification is given in Table 1. Some diffi- 

culties were encountered in the calculation of enzyme yield, for the follow- 

ing reasons: (I) The crude extract contains inhibitors as seen from the yield 

calculation and as reported in the literature (18). This complicates the cal- 

culation of the true recovery of the enzyme. (II) Other substrate proteins in 

Table 1: Sumnary of a single step purification of protein kinase. Starting 
material: 290 g rat muscle. Initial bed volume of the column: 5x43 cm. Elution: 
100 ml/h. The value 9486 units in the crude extract represents the difference 
of the enzyme activities as measured in the presence and in the absence of 
CAMP (=A *CAMP) 

volume protein activity specific purification recovery 
(ml ) (mg) (units) activity (fold) 0) 

(units/mg) 

crude 
extract 527 4216 9486 2.25 1 100 

pooled 
eluate 128 0.558 28672 51383 22837 302 

the crude extract (10) may influence the histone phosphorylation. (III) The 

crude extract contains in addition CAMP independent protein kinases, as found 

in the fraction washed through with the 0.15 M buffer. Since the purification 

procedure is based exclusively on the intact holoenzyme being bound to the ion 

exchanger, the fraction released by CAMP can only represent that amount of 

the catalytic subunit which was dissociated from the CAMP dependent enzyme. 

For this reason we chose as the basis for the calculations that part of the 

protein kinase activity in the crude extract which can be stimulated by CAMP. 

We therefore compared the difference in enzyme activity in the crude extract 

in the presence and in the absence of CAMP ( =A~cAMP) with the activity of the 
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eluted enzyme as assayed without CAMP. From the yield estimation it follows 

that the degree of purification is not as high as it might appear from the data. 

If  the crude extract was frozen and thawed prior to the loading of the column, 

a procedure known to separate the subunits, the Ai CAMP value was about 5 times 

lower and the amount of elutable enzyme accordingly smaller. From data pub- 

lished (7) it is not surprising that cGMP releases also protein kinase activi- 

ty from the DEAE column. 

Gel filtration of the enzyme on a Sephadex G 200 superfine column (1 x 40 cm) 

led to a rather broad peak of enzyme activity at a molecular weight of about 

37 000. Electrophoresis of the enzyme in the presence of SDS showed, in addi- 

tion to some minor impurities not visible on the photograph,a major band slight- 

ly above ovalbumin and a minor band at the level of ovalbumin (Fig. 2). It has 

also been reported that other basic proteins, like histones, do not migrate in 

SDS gels according to their molecular weights (19). 

Figure 2: Gel electrophoresis of protein kinase in the presence of SDS. Gel 
electrophoresis in polyacrylamide gradients of 7.5 to 15% was performed as 
described in Ref. 9 and 10. The gels were stained with Coomassie blue. Slot 1 
contains bovine serum albumin, chymotrypsinogen A and horse myoglobin (5,ug 
of each), slot 2 protein kinase (5,ug), slot 3 ovalbumin (5,ug). 
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Gel isoelectric focusing shows indeed that the enzymatic activity focuses also 

at basic pH in two major groups with main peaks at pH 8.6 and at approximately 

pH 7 (Fig. 3). I f  the complete purification is carried out at pH 7.5 instead 

of pH 6.5 the enzyme focusing at pH 7 is missing in the eluate as seen from 

Fig. 4. The yield is accordingly lower. The possibility that these patterns 

were caused by complex formations with nucleic acids is unlikely as demonstra- 

ted by preincubation of the protein kinase with 50 ug/ml of RNAase A or DNAase 
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Figures 3 and 4: Electrofocusing of protein kinase and enzyme assay in poly- 
acrylamide gels. Focusing was carried out in 8 cm gels (5% acrylamide, 0,25% 
N,N'-methylenebisacrylamide, w/w) containing 2% Ampholine and 20% glycerol at 
40 for 14-16 h applying 100 V permanently. After removing the gels and equili- 
brating the pH to 7 the enzyme assay was done at 300 for 30 min. After the 
extraction of unspecific radioactivity the gels were sliced, dried and counted. 
For pH determination one extra gel was cut into 0.5 cm slices, minced and sus- 
pended in distilled water. Fig. 3 (left): 1503jnits of protein kinase prepared 
at pH 6.5, .assay in the presence of 9 ,uCi [y- PI ATP, .--.; control gel with- 
out enzyme,- . Fig. 4 (right): 65 ynits of protein kinase prepared at pH 7.5, 
assay in the presence of 22,uCi [y- 2P] ATP. 

The above data provide evidence that the catalytic subunit(s) of cyclic nucleo- 

tide dependent protein kinases can be indeed purified in a single step from 

crude muscle extract with high yields and several thousand fold purification 
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as theoretically expected. Most attempts, so far, to isolate the catalytic 

subunit(s) start from more or less purified holoenryme which is separated in- 

to subunits either on affinity columns containing immobilized CAMP-analogues 

(20) or by the addition of CAMP prior to the separation on columns. Purifica- 

tion is then carried out either on affinity columns containing immobilized 

substrate protein (21, 4, 22) or on ion exchangers (23). Only one group has 

reported the elution of the catalytic subunit from prepurified holoenzyme 

bound to anion exchanger (16, 24) which was found on an empirical basis 

(25). At the present time, copurification of catalytic subunits from cGMP de- 

pendent protein kinases cannot be excluded but this is probably not a serious 

problem since the catalytic subunits of CAMP and cGMP dependent enzymes appear 

to have similar properties (4). 
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