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The solubilization of plasma membrane fractions FI and F11 associated protein kinases has been 
attempted using monovalent salts of high ionic strength and various detergent treatments. 
Extraction of FI and FII plasma membranes with high ionic strength salt solutions did not 
release more than 20 0; of the protein kinase activity. Similarly, monovalent salts released little 
adenosine 3’ : 5‘-monophosphate (cyclic AMP) binding activity, but after extraction binding capacity 
of cyclic [’HIAMP to plasma membranes was increased about 150-2007;. Triton X-100 was a better 
solubilizing agent than Lubrol WX or deoxycholate. In  addition to solubilization, 0.1 ”/,Triton X-100 
also stimulated the protein kinase activity 150-200 o,n. The properties of Triton X-100 solubilized FI 
and FII and purified cytosol KII were characterized with respect to  protein substrate specificity, 
effect of cyclic AMP, cyclic nucleotide specificity, effects of divalent metal ion and gonadotropins. 
Upon sucrose density gradient centrifugation, FI solubilized protein kinase and cyclic AMP binding 
activities co-sedimented with a sedimentation coefficient of 6.3 S. The FII solubilized protein kinase 
sedimented as two components with sedimentation coefficients of 7.7 S and 5.5 S. The cyclic AMP 
binding activity also sedimented as two components with sedimentation coefficient 6.7 S and 
5.5 S. Cyclic AMP caused dissociation of solubilized protein kinase from FI  into a single catalytic 
(4.8 S) and two cyclic AMP binding subunits (8.1 S and 6.7 S). FII solubilized enzyme was 
dissociated into one catalytic (4.8 S) and one cyclic AMP binding subunit (6.3 S). Fractionation 
of F1 and FII solubilized enzymes on DEAE-cellulose column chromatography resolved them each 
into two peaks I,, I, and 11,. IIb, respectively. Peaks I, and 11, were more sensitive to cyclic AMP 
stimulation than I, and 11, peaks. From these studies it is concluded that the plasma-membrane- 
associated and cytosol protein kinases have similar catalytic properties but differ in some of their 
physical properties. 

I t  is now widely accepted that protein kinases 
dependent on adenosine 3’ : 5’-monophosphate (cyclic 
AMP) are the immediate receptors for cyclic AMP 
in several tissues [l - 81. Cyclic-AMP-dependent 
protein kinases from several sources including skeletal 
muscle 16-91, brain [10,11], liver 17,121, heart muscle 

Ahhrewo//ons. Cyclic AMP, adenosine 3’ : 5‘-monophosphate; 
cyclic GMP, guanosine 3 ‘ :  5’-monophosphate; cyclic IMP,  inosine 
3’ : S’-monophosphate; cyclic CMP, cytidine 3’ : 5’-monophosphate; 
cyclic UMP. uridine 3‘: 5’-monophosphate: cyclic dTMP. thymidine 
3 ’ :  5’-monophosphate; cyclic dAMP, 2‘-deoxyadenosine 3 ‘ :  5 ’ -  
monophosphate; solubilized FI, solubilized protein kinase from 
FI plasma membrane; solubilized FII, solubilized protein kinase 
from FII plasma membrane: cytosol KII. cytosol protein kinase 
peak I 1  ; EGTA. ethyleneglycol bis(2-aminoethyl)-N,A”-tetraacetic 
acid. 

[13], adipose tissue [8,14. 151 and rabbit reticulocytes 
[16] have been isolated and well characterized. In 
most cases protein kinases have been shown to consist 
of two dissimilar functional subunits: a catalytic sub- 
unit (C)  and a cyclic AMP binding subunit or regula- 
tory subunit (R). The activation of kinase is brought 
about by the binding of cyclic AMP to the regulatory 
subunit thereby releasing the fully active catalytic 
subunit to catalyze the phosphotransferase reaction 
[17 - 211. 

RC + Cyclic AMP =i= R . Cyclic AMP + C 

Although the presence of particulate protein 
kinases has been shown in some systems [22-281, 
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relatively little attention has been focused on the 
mechanism of stimulation of these kinases by cyclic 

Previously we have reported puritication and 
properties of cytosol protein kinases from bovine 
corpus luteum [29]. About SO", of the total protein 
kinase activity was found to be associated with the 
particulate fractions of the cell [29]. More recently 
we have shown that highly purified bovine corpus 
luteum plasma membrane fractions, FI and FII. 
possess cyclic-AMP-dependent protein kinases which 
can phosphorylate both endogenous and exogenous 
acceptor proteins [30]. I n  addition, these plasma 
membranes also contained gonadotropin-binding 
and gonadotropin-stimulated adenylate cyclase activ- 
ities [31.32]. 

I n  this communication we describe the solubiliza- 
tion and characterization of protein kinases and cyclic 
AMP binding activities associated with bovine corpus 
luteum plasma membrane, the properties of these 
enzymes are compared with those of the cytosol 
protein kinase [3]. The results show that plasma- 
membrane-associated and cytosol protein kinases 
from bovine corpus luteuin have similar catalytic 
properties but diff'er in their physical characteristics. 

AMP [22-281. 

EXPERIMENTAL PROCEDURE 

Mutesials 

Bovine corpora lutea were collected from a local 
slaughterhouse and processed immediately or stored 
at -80 'C until used. [~I-~ 'P]ATP was prepared by 
the method of Glynn and Chappell [33]. The following 
hormones were generously supplied by the hormone 
distribution program (National Institutes of Arthritis 
and Metabolic Diseases, NIH) : bovine follicle-sti- 
mulating hornione B1. porcine follicle-stimulating 
hormone P1, bovine luteinizing hornione B8 and 
ovine luteinizing hormone S18. Histone (type IIA. 
111. IV, VI, VIII) ,  protamine, casein, albumin, cyclic 
AMP, cyclic GMP, cyclic dTMP, cyclic UMP, cyclic 
CMP, and cyclic dAMP were purchased from Sigma 
Chemical Company. 1 -Methyl-3-isobutylxanthine was 
obtained from Aldrich Chemical Company. 32P- 
labelled inorganic phosphate (carrier-free) was pur- 
chased from International Chemical and Nuclear 
Corporation and cyclic ['HIAMP (16 Ci/mmol) from 
Schwarz-Mann. All other chemicals used were of 
analytical reagent grade. 

Psepasaiioti of' Plasnia Membranes 

Plasma ineinbrane fractions FI and FII were 
isolated from bovine corpus luteuin according to the 
method described by Gospodorowicz [31]. 

Detestniticrtioii of' Psoteiti Kinuse Al,rivitj, 

Protein kinase activity was determined by previous- 
ly published procedure [29- 341. The incubation 
mixture contained in a final volume of 200 pl. 10 pmol 
glycerol '-phosphate buffer, pH 6.0, 10 nmol [y-"PI- 
ATP (3  x lo6 counts/min), 2 pmol KF. 3 pmol MgCI,. 
0.5 pnol tlieophylline, 400 pg calf thymus histone 
and 10-20 pg enzyme protein. All incubations were 
carried out at 30 ' C  for 5 min, in duplicate. Unless 
otherwise stated. all data on exogenous protein phos- 
phorylation were corrected for membrane phos- 
phorylation without added substrates. Enzyme activ- 
i ty  is expressed as picomoles [3'P]phosphate trans- 
ferred/lO min. Specific activity is expressed as the 
activity units/mg protein. 

Cjdic,  '4 M P Bitidirig A ssaj..v 

Cyclic AMP binding assay was carried out by a 
modification of the procedure of Gilnian [35] .  The 
assay was performed in a final volume of 0.2 in1 
containing 0.02 to 35 pmol cyclic [3H]AMP, 10 pmol 
phosphate buffer, pH 6.0. 0.5 pmol 1-methyl-3-iso- 
butylxanthine, 2 p o l  K F  and 50- 100 pg membrane 
protein. The incubations were carried out at 0 - C  for 
2 h and were terminated by the addition of 2 nil of 
cold buffer (10 mM Tris . HCI, pH 8.0. containing 
40 mM MgCIJ and after 5 min the solutions were 
filtered through millipore filters (HAWP 025,0.45 pin). 
The filters were then washed with 1Oml buffer and 
dried under an infrared lamp. The dried filters were 
then transferred to scintillation vials and dissolved 
in 1 ml of cellosolve. To  these vials were added 10 ml 
of scintillation fluid made up of 3 parts of toluene and 
1 part of cellosolve containing 4 g of PPO and 50 nig 
POPOP per liter of fluid. The radioactivity was 
determined by liquid scintillation spectrophotometry. 
The spccific binding was calculated by subtracting 
the radioactivity retained by the filter i n  the presence 
of 1 mM unlabelled cyclic AMP from that retained 
in the absence of unlabelled cyclic AMP. 

Extraction of' Plasma- Mernhrtrii~-Associated 
Psolein Kinase arid Cj~clic A M P  Bindirig Ac.tivitie.Y 
bj> Mono~~alent Salrs 

Plasma membrane fractions FI or FII were sus- 
pended ( 1  mg protein/ml) in buffer A (20 niM Tris 
. HCI, pH 7.4: 5 inM 2-mercaptoethanol: 20"; glyce- 
rol, v/v) containing either NaCI. KCI, LiCl or NH,CI 
in a final concentration of 1 M and the suspension 
was allowed to stand for 60 min at 4 -C and then 
centrifuged at 150000 x g for 60 inin. The supernatant 
was carefully aspirated and the pellet was washed 
with the same volume of salt solution in buffer A. 
After a second centrifugation. the pellet in each case 
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was again suspended in buffer A. The supernatants 
and sediments were then dialyzed for 16 h against 
two changes of buffer A. These fractions were then 
analyzed directly for protein kinase and cyclic AMP 
binding activities without further treatment. 

Soluhikat ion c?f'Plrrsma-Membrurie-A.F.vociare~i 
Protein Kinase und Cyclic A M P  Binding Activities 
b.1. Ionic arid Notiionic Dctergents 

Plasma membrane fractions FI and FII were 
suspended in buffer B (50 mM Tris . HCI, pH 7.4, 
100 mM KCl, 1 mM 2-mercaptoethanol) containing 
different concentrations of various ionic and nonionic 
detergents and the suspensions were allowed to stand 
for 60 min at 4 "C and then centrifuged at 150000 x g 
for 60 min. The supernatants were carefully aspirated 
and the pellets were washed with the same volume of 
respective detergent solutions. The sediments in each 
case, after the second centrifugation, were resuspended 
in the original volume of buffer B containing various 
detergents. The addition of detergents to  the sediments 
was necessary since some of the detergent unmasked 
the kinase activity. The supernatants and sediments 
were then assayed for protein kinase and cyclic AMP 
binding activities without further processing. 

Sucrose Densit!' Gradient Centrifugution 

Sucrose density gradient centrifugation of deter- 
gent-solubilized enzymes were performed by modifica- 
tion of the procedure of Kuczenski [36]. Samples 
(200 pl) containing 50- 100 pg protein were layered 
over 4.8 ml of 5 to 20 u; linear sucrose density gradients 
in butrer C (20 mM Tris . HCI. pH 7.4; 0.1 mM 
EGTA; 1 mM dithioerythritol; 0.1 Triton X-100) 
and centrifugations were performed at 38000 rev./min 
in Beckman SW 50.1 rotor for 15 h at 4 "C. At the 
end of the centrifugation the bottom of each tube was 
punctured and 1 1-drop fractions were collected. The 
sedimentation coefficients and molecular weight de- 
terminations were carried out according to the method 
of Martin and Ames [37] with catalase ( 1  1.6 S, mol. wt 
232000), glyceraldehyde-3-phosphate dehydrogenase 
(7.7 S, mol. wt 140000) and horse liver alcohol 
dehydrogenase (5.4 S, mot. wt 84000) as internal 
markers 11 11. 

Other. Methods 

Catalase was assayed by the method of Beers and 
Sizcr [38], glyceraldehyde-3-phosphate dehydrogenase 
by the method of Velick [39] and alcohol dehydro- 
genase by the method of Vallee and Hock [40]. Protein 
concentration was measured by the method of Lowry 
et a / .  [41]. When samples contained more than 0.3 mg 
ofTriton X-100, the detergent was removed by treating 

the sample with acetone, air-drying the protein precip- 
itate and assaying in the usual manner. 

RESU LTS 

E.rtruciion of Plrsma-Membrane-Assoc.inred 
Prorpin Kinase by Monovalent Salts 
und Detergents 

To gain information on the mode of association 
of protein kinase to the plasma membranes, the plasma 
membrane fraction FI and FII were extracted with 
monovalent salts of high ionic strength and also with 
ionic and non-ionic detergents as described in the 
Experimental section. Following extraction, both 
phosphotransferase and cyclic AMP binding activities 
were assayed in the soluble and sediment fractions 
after separation by centrifugation at 150000 x g for 
60 min. A major part of protein kinase and cyclic 
AMP binding activities were strongly associated 
with plasma membranes since only minute amounts 
( 15 - 20 7") of these were solubilized by extraction 
with monovalent salts (NaCI. NH,Cl, LiCl and KCI) 
of high ionic strength (1.0 M). Further extraction in 
media of the same or higher salt concentrations (up to 
2.0 M) did not release any additional enzyme. How- 
ever, extraction of plasma membranes with various 
monovalent salts resulted in an increase of cyclic 
AMP binding activity to about 150-200%, compared 
to untreated membranes. Almost analogous results 
were obtained when either F1 or FII plasma mem- 
branes were treated with different monovalent salts. 

The solubilization of plasma-membrane-associated 
protein kinase and cyclic AMP binding activity was 
also attempted using ionic and nonionic detergents. 
The results presented in Tables 1 and 2 show that the 
treatment of FI and FII plasma membrane fractions 
with sodium deoxycholate, Lubrol W X  and Triton 
X-100 caused the release of protein kinase and cyclic 
AMP binding activities into the soluble fraction and 
the amount of the enzyme released varied with the 
treatment. In addition to solubilization, these agents 
also unmasked the latent protein kinase activity with 
an overall increase of 120 to 200:;. Cyclic AMP 
binding activity was released along with protein 
kinase by detergents, but at higher detergent concen- 
trations, the binding activity was inhibited by detergent 
interference with the assay system. Triton X-100 was 
the better solubilizing agent when compared to other 
detergents. A final concentration of 0.1 2, of Triton 
X-100 was chosen for all subsequent studies (Tables 1, 
2 ) .  At this concentration solubilization of plasma- 
membrane-associated protein kinase was maximum 
with a negligible interference in cyclic AMP binding 
assays. Lower concentrations of Triton had little or 
no effect on the release of the enzyme while higher 
concentrations were inhibitory. The presence of the 



108 Solubilized Protein Kinase froin Corpus-Luteum Pkasma Membrane 

Table 1. Solubilization of plasma-membrane-associated protein h-ina- 
ses by ionic and non-ionic detergents from bovine corpus luteum 
Plasma membranes were suspended (1 mg protein/ml) in buffer B 
(50 mM Tris . HC1, pH 7.4, 100 mM KCI, 1 mM 2-mercapto- 
ethanol) containing indicated concentrations of various detergents. 
After incubation at 4 "C for 1 h, the samples were centrifuged at 
150000 x g  for 60 min. Supernatants and sediments in each case 
were analyzed for protein kinase activity both in the absence or in 
the absence of 5 pM cyclic AMP. n.a. = no activity detected 

Treatment ["P]Phosphate transferred 

Table 2. Solubilization of plasma-membrane-associared cyclic A M P  
binding activity by ionic and non-ionic detergents 
Solubilization of plasma rnembrancs were carried out as described 
under Table 1 .  Supernatants and sediments were then assayed for 
cyclic AMP binding activity as described in the text. n.a. = no 
activity detected 

Treatment Cyclic [3H]AMP bound 

sediment supernatant 

- cyclic + cyclic - cyclic + cyclic 
AMP AMP AMP AMP 

Plasma membrane FI pmoljmg protein 

None 3 30 
Deoxycholate (0.05 ;A) 140 
Deoxycholate (0.10 %) 210 
Lubrol WX (O.lO:(,) 100 
Lubrol WX (0.2073 90 
Triton X-100 (0.107;) 300 
Triton X-100 (0.25 7;) 290 
Triton X-100 (0.50 9;) 140 

680 
360 
460 
280 
290 
720 
630 
390 

n.a. 
300 
160 
300 
320 
450 
510 
620 

n.a. 
1120 
600 

1040 
970 

1530 
1320 
1270 

Plasma membrane FII 

None 440 1010 
Deoxycholate (0 05 y g )  200 440 
Deoxycholate (0 lo"/,) 270 680 
Lubrol WX (0 loo/,) 150 480 
Lubrol WX (0 20 yo )  150 450 
Triton X-100 (0 10'4) 350 680 
Triton X-100 (0 25 7") 320 540 
Triton X-100 (0 50"/x) 260 630 

n.a. 
340 
180 
310 
320 
520 
570 
400 

n.a. 
900 
630 

1050 
1010 
1410 
1230 
860 

detergent was necessary for the maintenance of solub- 
ilized protein kinase activity and removal of detergent 
resulted in loss of activity accompanied by the forma- 
tion of aggregated proteins (data not shown). 

Properties of Solubilized FI, FII 
und Cytosol Protein Kinuse II  

The kinetic properties of the solubilized enzyme 
from plasma membranes FI  and FII and cytosol 
protein kinase I1 were examined in an effort to eluci- 
date the relationship between the bound form of the 
enzyme and the soluble enzyme. The phosphorylation 
of histone by solubilized plasma membrane protein 
kinase proceeded linearly up to 15 - 20 min of incuba- 
tion in the presence or absence of 5 pM cyclic AMP 
(Fig. 1). Both FI  and FII enzyme activities were linear 
up to 24-36 pg protein per 0.2 ml of incubation 
medium (Fig. 2) in the presence or absence of cyclic 
AMP ( 5  pM). Results presented in Fig. 3 show the 
binding of cyclic [3H]AMP with increasing amounts 
of detergent-solubilized protein from plasma mem- 
branes. The binding was linear up to 30 pg of protein 

plasma fraction FI plasma fraction FII 

sediment super- sediment super- 
natant natant 

counts inin-' ing protein-' 

None 
Deoxycholate (0.05 %) 
Deoxycholate (0.10") 
Lubrol WX (0.10 x) 
Lubrol WX (0.20 y ; )  
Triton X-100 (0.10%) 
Triton X-100 (0.25 yi) 
Triton X-100 (0.50 7;) 

7500 
6360 
5620 
5580 
6040 
3450 
2500 
1880 

~ _ _  
n.a. 
6420 
3540 
4700 
2020 
4800 
2300 
1000 

7800 
5960 
7760 
4520 
4320 
3420 
3000 
3680 

- 

n.a. 
6660 
3960 
3780 
2300 
4350 
2740 
2160 

when assayed in the presence of 10 mM and 40 nM 
cyclic [3H]AMP concentrations. Binding was also 
carried out as a function of cyclic AMP concentration 
and the data thus obtained were used to construct a 
Scatchard plot [42] which demonstrated two classes 
of cyclic AMP binding sites with apparent dissociation 
constants (Kd) of 1.2 x lo-" M and 2 . 2 ~  M, 
respectively (Fig. 4). Similar results were obtained 
with FII solubilized plasma membrane fraction. 
The results presented in Table 3 summarize the protein 
substrate specificity of solubilized FI, FII and cytosol 
KII. All these enzyme preparations showed a higher 
degree of activity towards mixed histone/arginine-rich 
histone than lysine-rich histone, protamine, casein 
or albumin. Cyclic AMP ( 5  pM) affected the extent 
of phosphorylation to a varying degree depending 
upon the source of protein kinase and the substrate 
employed (Table 3). All these kinases were stimulated 
by low concentrations of cyclic AMP (Fig. 5) and the 
apparent K, values were in the range of 43 to 47 nM 
(Table 4). Cyclic GMP and cyclic IMP also stimulated 
these protein kinases, but K ,  values of these nucleotides 
were much higher (between 1 to 25 pM) than that of 
cyclic AMP. Other nucleotides such as cyclic UMP, 
cyclic CMP, cyclic dTMP and cyclic dAMP also 
stimulated these kinases at higher concentrations 
(Table 5). 

A comparison of the effects of divalent metal ions 
was also made between the solubilized enzymes FI, 
FII and cytosol KII. All three enzyme preparations 
exhibited an absolute requirement for divalent metal 
ion : Mg2 + , Mn2 + and Co2 + supported protein kinase 
activity, Zn2+ was slightly effective and Ca2+ was 
without effect (Table 6). Maximum activity for all 
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Fig. 1. Efect  of incubation rime on /he activity of solubilirrdprorein kinast~,/iom plasma membrane. The incubation conditions were similar to 
that described in the text. (C-+) Minus cyclic AMP; (*-O) plus cyclic AMP (5 pM). (A) Solubilized F1; (6) solubilized Fl l  

Protein (pg) 

Fig. 2. Erfect of vurj'ing [lie amounl of solubili:edproiein on protein kinasr actiiirj.. Assay conditions were similar as described under Materials 
and Methods except Tor variation in protein. Incubations were carried out for 5 min. (e- *) Minus cyclic AMP;  (+O) plus cyclic 
AMP (5 pM). (A) Solubilized FI; (6) solubilized FII  

80 

'0 5 10 15 20 25 30 

t .' 
0 5 10 15 20 25 30 

Pmtein (kg) 

Fig. 3. Eflect of varying the solubilized plasma membrane prorein concenrrarion on the cyclic 1 3 H ] A M P  binding activity. Cyclic AMP binding 
activity was carried out as described in the experimental section except that indicated concentrations of membrane proteins were added to the 
incubation medium. (e -4) 10 nM cyclic ['HIAMP: (-0) 40 nM cyclic ['HIAMP. (A) Solubilized F1; (B) solubilized FII 
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soluhilizetl FI solubilized FII solublr protein kinasc I1 

- cvclic Ah4P + cyclic AXIP - cyc11c ALlP  + cyclic ALlP - c)i.lic :1\11' + c!clic .AhlP 

piiiol, iiig protein 

hli\cd hihtune 
Argininc-rich histone 
Arginine-rich histone (1'3) 
Lysine-rich histone ( f l  ) 
Slightl! -11 sine-rich histonr 

(12LI) 
Protainine 
Casein 
Alhuinin 

360 
330 
300 
170 

211 
1000 
400 
I311 

270 
180 
2fJO 

311 

60 
471) 
200 

h( 1 

0.06 

0.05 

0.04 

- 
8! 
U 

-I . 
7 0.03 

I i 

0.02 

0.01 

0 I l l  1 1  I 
0.1 0.2 0.3 0.4 0.5 0.6 

b ~ n d l  ( n W  

Fig. 3. S~.litchtrril plot for  thc hiriilirrg u / .q r l i 1 .  [3HJ.4MP to cll,/er- 
~ e r r t - s r ~ l z i ~ ~ ~ i ~ i ~ ~ l  FI plirsnrci iiremhraiie / k - f . i ~ i n .  The cyclic AMP 
concentration utilized were in t i le range ol  0.1 nM to 175 nM. 
[Bound] : concentralion olhound cyclic ['HIAMP; [Free] = ccin- 
centration of frcr [-'HIAMP 

these enzymes preparations was observed in the 
presence of 10 ink1 c'o' + . but maximal c>clic .4MP 
stimulatory effect was observed in the presence of 
10 mM h4g' * .  Follicle-stimulatiti~ hormone, luteiniz- 
ing hormone and human chorionic gonadotropin did 
not shown any stimulatory efkct 011 solubilized FI 
and FII protein kinasss. In contrast to these observa- 

E I l Z  v 1IIe 

cyclic AMI' cyclic GMP c!clic IMP 

nil1 LIXI 

Soluhilized FI 17 25 1.3 
Soluhilizcd FII 43 10 1 . T  
C!tnsol K I I  2fl" 2 I) 3.0  

' T,ihcn I'l-uin [39I 

tions cytosol protein kinnse I1 has been shown to be 
stimulated by lutrinizing horinone [79.43,51]. 

Sirc.r.o.w Deiisitj. Gi.udieiir C'rritr.jfirgtitiori 

In an efTort to determine whethcr thc FI and FIT 
enxyines solubilized with Triton X-100 exhibit any 
gross differences in physical structure froin the cytosol 
enzyme (KTI). aliquots of the cytosol KIT and soluhiliz- 
ed enzymes were separately applied on linear sucrose 
density gradients and centrifugaticms were carried 
out as described undcr the experiincntal section. The 
results are presented in Fig. 6. The dctergent-solubiliz- 
ed F1 enzyme scdiinented as ii single species with a 
position corresponding to a sedimentation cocfficient 
of 6.3 S (mol. wt 176000). Cyclic AMP hinding 
activity also sediniented in thc same position with a 
sedimentation coefficient of 6.3 S (tnol. wt 176000). 
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t 
0 L- 

1 0 . ~  I O - ~  
Cyclic nucleotide concentration (M) 

Fig. 5. Effict q f  increusing concentrations o f ' c y l i c  A M P .  cyclic G M P  and cFclic IMP on soluhili;eil FI, FII and t:r.tosol KII proreirr h-ina.wy. 
Incubation conditions were similar to that described under Experimental Procedurerxcept for the variation in the concentration of the indicated 
cyclic nucleotides. (e ~-0 )  Cyclic AMP; (A-A) cyclic GMP;(..-.-..) cyclic IMP. (A)  Solubilized FI; (B) solubilized FII 

Table 5. E&ct ofcertain nudeorides on clerrr~etit-so/uhili_ed plasnta- 
ntrtirhrane-cissociared prorein kinuses und rytosol prorein kinuse 
from hovinc corpus lureum 
Standard assay conditions were employed except for the addition 
ol' indicated concentrations of other cyclic nucleotides 

Cyclic (concn) [32P]Phosphate transferred 
nucleotide 

solubi- solubi- cytosol KII 
lized F1 lized FII 

~~ ~ 

None 
Cyclic AMP 
Cyclic AMP 
Cyclic C M P  
Cyclic C M P  
Cyclic LIMP 
Cyclic U M P  
Cyclic dTMP 
Cyclic dTMP 
Cyclic dAMP 
Cyclic dAMP 

~ 

pmoljmg protein 

770 
1690 
1640 
1050 
1470 
900 

1390 
730 
9 50 
830 

1250 - 

350 1340 
1130 5970 
1180 5140 
710 - 

1110 5760 
860 3290 

1060 5170 
520 1130 
690 1860 
640 21 10 
940 51 10 

Solubilized FI1 enzyme sedimented as one minor and 
one major component with sedimentation coefficients 
of 7.7 S (rnol. wt 156000) and 5.5 S (mol. wt 3 lOOOO), 
respectively. Cyclic AMP binding activity also sedi- 
mented as two components with sedimentation coeffi- 
cients of 6.7 S (rnol. wt 134000) and 5.5 S (mol. wt 
1 lOOOO), respectively. The cytosol protein kinase 11, 
on the other hand, sedimented as a single peak with 
a sedimentation coefficient of 7.4 S (rnol. wt 144000). 
Cyclic AMP binding activity also sedimented with a 
sedimentation coefficient of 7.4 S. 

Table 6. Elfecr ~Jdivalet t f  metal ion on di,rerRent-soluhili_r~ plasniu- 
iiiemhru,ie-assoc.iated and c:rtosol protcjin kiiru.vr KII from hovirriz 
corpus lureum 
The incubation conditions were similar to that described in the text 
except indicated concentrations of various divalent metal ions were 
also included in the incubation mixture. Cyclic AMP concentration 
(when present) was 5 pM 

Divalent metal ["PIPhosphate transt'erred at 
ion (M") 

2 mM M 2 +  10 mM M2' 

- cyclic + cyclic - cyclic + cyclic 
AMP AMP AMP AMP 

~ 

Solubilizcd FI 

None 
Mg' + 

Mn2+ 
co2 + 

Zn2 + 

Ca' + 

~~ 

pinol/mg protein 

0 0 
460 1050 850 1960 
540 1000 780 1860 
790 1520 1000 1570 
230 180 

0 0 0 0 
- - 

Solirhi1i:ed FII 

None 0 0 
Mg' + 190 520 370 930 
Mn' I70 480 360 900 

390 740 530 880 Co' + 

Zn' + 90 80 90 90 
Ca' + 0 0 0 0 

Ci rosol KII  

None 500 580 
Mg2' 1050 6 670 2210 1 3 400 
Mn'+ 920 7500 2030 1 5 000 
co2 + 2050 12 840 2250 I 0 600 
Zn' + 350 700 160 210 
Ca2 + 90 70 80 60 
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Fig. 6. Sircr.ow ~/eii.vi/j, ,qrdiIiPuf ~ , ~ , ~ ~ ~ ~ ~ / I / , ~ ~ ~ i ( ~ ~ 7  of ( .4 / snlrrhilizcd FI. 
f Bi  .w/ i r / i i / izcd F I I  mid (Ci  ~,I,/oso/ KIIprorrin X-iiiilst'?. Aliquois of 
solubili7ed FI (100 11s). FII (100 pg) and cytosol KI1 (80 ps)  i i i  

0.2 nil of Z(J mM Tris . HCI. pH 7.4. 0.1 inM EGTA, 1 iiiM 

dithiocry~liri tol  a n d  0.1 Triton >(-100 were layered in separate 
centrifuge tubes. onto 4.8 in1 of 5 - X 0 ,  sticrose density gradient 
con~;iining the same concentration of Tris. EGTA, Triton X-100 
arid dithioerythritol After centrifuption. fractions froin each 
tube were assayed for hinase activity iii the presence (0- 0)  or 
abscnce (0-0) of 5 pM cyclic AMP. Cyclic A M P  binding 
;icti\ities were also determined in each fraction (A -A) 

Dissocin I ior i crrid Ai.1 ivnt ioii 
of Soli/hili:ed FI n r i r l  FII Protriri Kiriases 
17). Cj3c*lic A M P  

Cyclic AMP stiinulates all cytosol protein kinases 
including corpus luteum cytosol KII  [43], by binding 
of the nucleotide to the regulatory subunit resulting 

in the releaseof thecatalytic moiety [17-211. We have 
tested this mechanisin for solubilized FI and FIT 
plasma membrane enzymes. When preincubated with 
5 pM cyclic AMP and then centrifuged in the presence 
of cyclic AMP ( 1  pM), both FI and FII enzymes 
were dissociated into catalytic (phototransferase) and 
cyclic AMP binding subunits. FI enzyme was dissociat- 
ed into a catalytic moiety with a sedimentation coeffi- 
cient of 4.8 S (inol. wt 96000) and two cyclic AMP 
binding moieties with sedimentation coefficients of 
8.1 S (mol. wt 168000) and 6.7 S (mol. wt 1340001, 
respectively. Similarly, solubilized FII was also dis- 
sociated by cyclic AMP into a catalytic moiety and 
cyclic AMP binding moiety with sedimentation co- 
efficients of 4.8 S (mol. wt 96000) and 6.3 S (mol. wt 
1 24 000). 

DEA E-Cellulose Colurnii Cliioii7rrrogrc~~li~. 
of' Solr~hilirrd FI wid FII  Eiizjwc 

Since soluble protein kiriases have been shown to 
bc present in inore than one isoenzymic form [9, I 1  - 
161, we have tested whether the solubilized FI and FII 
exist i n  inore than one such form. Results presented 
in  Fig. 7 show that DEAE-cellulose chromatography 
of snluhilized enzymes resulted in the separation of 
two peaks. Solubilized FI was resolved into I, and l h .  
Peak I, was practically insensitive to cyclic AMP, 
but I, was greatly stimulated by cyclic AMP (3-5- 
fold). Only one cyclic AMP binding activity was detect- 
ed which was associated with peak. Similar elution 
profile was also found with FII solubilized enzyme. 
Using this procedure, some purification of these 
enzymes ( 5 -  8-fold) was also achieved. 

DISCUSSION 

The results presented here demonstrate the solub- 
ilization and characterization of plasma-membrane- 
associated protein kinases from bovine corpus luteum. 
Protein kinase associated with plasma membranes 
was strongly attached to the plasma membrane 
natrix, and could be solubilized either by ionic or 
nonionic detergent treatments. Extraction of plasma 
membranes with monovalent salts of high ionic 
strength resulted in the release of a very small amount 
of protein kinase activity, further suggesting their 
strong association with the membrane constituents. 
This strong association could be due to the presence 
of large amount of lipids and phospholipids in the 
plasma membrane from bovine corpus luteum [31]. 
Bovine corpus luteum plasma membrane fractions FI 
and FII  have been shown to contain about 0.66 mg 
and 0.37 mg of protein, respectively [31]. In a pre- 
liminary experiment, it was found that treatment of 
plasma membranes with n-butanol or acetone resulted 
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Fig. 7. DEAE-cellulose cohrnn chromatography of ( A )  solubilized FI nnd l B )  solubilized FI1profein kinnses. Solubilized FI (1 02 mg protein, 
0.0602 units) and FII (1.64 mg protein and 0.084 units) were applied on DEAE-cellulose column (1 1 x 1.5 cm) previously equilibrated with 
buffer D (50 mM Tris HCI, pH 7.4 , l  mM 2-mercaptoethanol and 0.1 %Triton X-100). The column was washed with 20 volumes of buffer D 
and then protein kinase and cyclic AMP binding activities were eluted with a linear gradient of0.05 M to 0.45 M NaCl(35 ml each in buffer D). 
1-rnl fractions were collected and protein kinase activity was determined in alternate fractions both in the presence (M) and absence 
( 0 4 )  of 5 pM cyclic AMP. Cyclic AMP binding activity was also determined in alternate fractions (A-A). (----) NaCl concentration 

in the major loss of protein kinase and cyclic AMP 
binding activities. Both of these procedures resulted 
in the removal of large proportions of lipids. Solubiliza- 
tion with Triton X-100 also removed phospholipids 
but the enzymic activity was not lost even when solubil- 
ized enzyme was subjected to DEAE-cellulose chro- 
matography. In this procedure, although the lipids 
may still be removed the detergent may maintain the 
activity by providing the necessary structural require- 
ments for stabilization of the enzyme. Removal of 
Triton X-100 resulted in the loss of enzyme activity 
accompanied by the formation of aggregated protein. 
Such aggregation phenomenon has also been observed 
upon reduction of the detergent concentrations in 
detergent-solubilized membrane preparation from a 
variety of sources [44--471, although it is not necessar- 

ily accompanied by inactivation of enzymic activity 
WI. 

The catalytic and cyclic AMP binding components 
of plasma-membrane-associated protein kinases seem 
to be strongly bound together and both activities 
were released together when either salt or detergent 
extraction procedures were employed. In contrast, 
Rubin et al. [24] have shown that erythrocyte mem- 
brane-bound protein kinase could be dissociated by 
high salt extraction into a catalytic activity with con- 
comitant loss of cyclic AMP dependence and a 
cyclic AMP binding activity which remained associat- 
ed with the membrane. In the same system Triton 
X-100 failed to solubilize protein kinase activity com- 
pletely. The bovine adenohypophyseal plasma-mem- 
brane-associated protein kinase has been shown to 
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be solubilized equally both by NH,Cl or Triton X-100 
treatments [28]. Although the solubilized enzymes 
prepared by either procedure were responsive to cyclic 
AMP, quantitative data werc not available on the 
solubilization of cyclic AMP binding activity [28]. 
Thus the plasma-membrane-associated protein kinases 
from different sources seem to have different charac- 
teristics, which may be in part dependent upon the 
nature of their association with membrane compo- 
nents. 

The solubilized protein kinases exhibit the usual 
catalytic properties of protein kinases. These kinases 
displayed a maximum activity with histone in the 
presence of cyclic AMP and were completely dependent 
on divalent metal ions. These solubilized enzymes 
seem to be identical in their properties to cytosol KII. 
Both types of enzymes were activated by cyclic AMP 
at much lower concentrations than other cyclic nucleo- 
tides. I n  addition, both solubilized and cytosol KI I  
[29] could be resolved into two peaks by ion-exchange 
chromatography. Upon elution from DEAE-cellulose 
column, the solubilized FI and FII protein kinases 
possessed one major peak with cyclic AMP binding 
and protein kinase activities and a minor kinase peak 
almost independent of cyclic AMP. However, different 
molecular species of both binding and kinase activities 
were demonstrable by a sucrose density gr a d '  lent 
centrifugation (Fig. 2). These differences in the molec- 
ular size of the protein kinases and cyclic AMP binding 
activities under different experimental conditions 
could be due to aggregation, dissociation or proteo- 
lysis [9]. The presence of multiple forms of protein 
kinase of our plasma membrane fractions are con- 
sistent with similar reports in the literature concerning 
soluble protein kinases [9.11- 13,16,27]. Protein 
kinase from adrenal cortex has been shown to consist 
of a separate cyclic AMP binding and kinase subunits 
in addition to a cyclic-AMP-dependent protein kinase 
[37]. In liver Kumon et al. [12] have identified two 
protein kinases with slightly different concentration 
dependence on cyclic AMP for activity, which on 
dissociation produced physically different binding 
subunits but indistinguishable kinase subunits. The 
bovine corpus luteum cytosol protein kinase I1 has 
been found to consist of a single protein kinase and 
cyclic AMP binding subunit [43]. In muscle, a com- 
mon kinase subunit appeared to be complexed with 
more than one cyclic AMP binding activity giving 
rise to several cyclic-AMP-dependent protein kinases 
with different sedimentation and chromatographic 
properties [9]. Recently Yuh and Tao [48] have 
described the purification and properties of two cyclic 
AMP binding proteins with a higher sedimentation 
coefficient (9.3 S). These cyclic AMP binding proteins 
have been shown not to be derived from cyclic-AMP- 
dependent protein kinases since they have no in- 
hibitory action on the catalytic moiety of protein 

kinase. The presence of cyclic AMP binding activity 
with a higher sedimentation value in solubilized bovine 
corpus luteum plasma membranes may suggest the 
same possibility, but that remains speculative at 
this time. 

The cyclic AMP stimulation of plasma protein 
kinases follows the same mechanism similar to that 
found for cytosol protein kinases [4-21]. Dissocia- 
tion of the solubilized FI and FII enzymes by cyclic 
AMP resulted in the formation of identicaI cataIytic 
subunits with dissimilar cyclic AMP binding activities. 
It is possible that the multiple form of protein kinases 
reported here might be formed by association of iden- 
tical subunits with heterogenous regulatory subunits 
[24,49]. In conclusion, many of the characteristics of 
protein kinases from plasma membranes and cytosol 
do seem reasonably consistent except for some varia- 
tion in their physical properties. 
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