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Summary 

1. A cyclic 3',5'-AMP-independent protein kinase (ATP : protein phospho- 
transferase, EC 2.7.1.37) from rat liver cytosol was partially purified and 
characterized. Purification by (NHahSO4 precipitation, DEAE-cellulose, Bio 
Gel A-0.5 m and cellulose phosphate chromatography increased the specific ac- 
tivity about 700-fold. 

2. An endogenous protein substrate was closely associated with the protein 
kinase and was not separable from this enzyme up to the cellulose phosphate 
stage. After phosphorylation, chromatography with Bio Gel A-0.5 m partially 
separated this endogenous phosphoprotein from the enzyme activity; this dis- 
sociation had no apparent effect on kinase activity with casein or phosvitin 
as substrates, or on the apparent molecular weight of the enzyme (approx. 
158 000). 

3. This protein kinase with casein, phosvitin, or the endogenous substrate 
was totally insensitive to the thiol reagents, p-hydroxymercuribenzoate, 5,5" 
dithiobis(2-nitrobenzoic acid), iodoacetamide, and N-ethylmaleimide. The en- 
zyme was also unaffected by cyclic 3',5'-AMP, heat-stable protein kinase inhibi- 
tor, and the regulatory subunit of a cyclic 3',5'-AMP-dependent protein kinase. 

Introduction 

Protein kinases (ATP : protein phosphotransferases, EC 2.7.1.37) catalyze 
the transfer of ~/-phosphate from ATP to a variety of proteins. Since the dis- 
covery of a cyclic 3',5'-AMP-dependent protein kinase in rabbit skeletal muscle 
by Walsh et al. [1], similar enzymes have been found in many tissues [2--51, 

Abbreviat ions:  Cyclic 3',5'-AMP is adenos ine  3 ' ,5"cycl ic  p h o s p h a t e ;  E G T A  is [ e thy leneb i s (oxy-  
ethylenenitr i lo  ) ] t etraacetic acid. 
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and it is now generally accepted that the action of cyclic 3',5'-AMP is mediated 
by these enzymes [6,7]. Thus, cyclic 3',5'-AMP-dependent protein kinases have 
attracted much attention as mediators of  certain hormonal actions [8].  

Protein kinases which are not  cyclic 3',5'-AMP dependent ,  on the other hand, 
catalyze the phosphorylat ion of  acidic proteins or phosphoproteins such as ca- 
sein and phosvitin. Although partially purified from a variety of  tissues [9-- 
13], these enzymes have been less extensively studied and their physiological 
roles are not  clearly established. 

The present work was initiated as an extension of our earlier studies with rat 
liver acetyl-CoA carboxylase [14] and was prompted by a report  by Carlson 
and Kim [ 15] suggesting that this enzyme is regulated by a phosphorylation-de- 
phosphorylat ion reaction analogous to that described for pyruvate dehydro- 
genase [ 16]. 

In our search for a phosphorylated form of acetyl-CoA carboxylase, we iso- 
lated a second activity peak for this enzyme using DEAE-cellulose chromatog- 
raphy. This second enzyme peak was associated with a major protein peak and 
could be labeled in vivo with 32p. Considering that this fraction might include 
the "inactive phosphoryla ted"  form of acetyl-CoA carboxylase, we proceeded 
with further purification of  the protein fraction, which was subsequently 
shown by immunoprecipitation and determination of biotin content  to be un- 
related to acetyl-CoA carboxylase. Instead, it proved to be a protein kinase 
which was independent  of cyclic 3',5'-AMP and was very closely associated with 
an endogenous protein substrate. 

This report  describes the purification procedure and some properties of  this 
enzyme. 

Experimental 

Materials 
Phosvitin, protamine, histones, protein kinase inhibitor, ATP, cyclic 3',5'- 

AMP, and cyclic 3',5'-GMP were from Sigma Chemical Co.; sodium caseinate and 
fat-free diet from Nutritional Biochemical Corp.; phosphorylase b from Worth- 
ington Biochemical Corp.; and bovine serum albumin from Reheis Chemical 
Co. Bio Gel A-0.5 m was obtained from Bio-Rad Laboratories, and cellu- 
lose phosphate from Schleicher and Schuell Co. [Ethylenebis(oxyethyleneni-  
tri lo)]tetraacetic acid (EGTA) was obtained from Eastman Kodak Co. [~_32p]_ 
ATP and [7-32P]ATP (2--10 Ci/mmol) were products of  New England Nuclear 
Corp. 

Male Sprague-Dawley rats weighing 200--400 g were fed a fat-free diet for 
4 days, starved for 48 h, and then refed the fat-free diet for 48 h prior to kill- 
ing. This dietary regimen was followed because it increases acetyl-CoA carboxy- 
lase activity 10--20-fold [17] and the isolation of the protein kinase was an 
outgrowth of  our studies with this enzyme. In other experiments the rats were 
fasted and refed fat-free diet as described above; each rat then received 2 ml of  
sesame oil by oral intubation as well as 4 mCi 32p (as KH2PO4 in 0.9% NaC1) in- 
travenously. The animals were killed 6 h later and the livers were isolated for 
further analysis of  protein, acetyl-CoA carboxylase activity and protein-bound 
radioactivity. 
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Protein kinase assay 
Activity was determined by measurement of  the enzymatic transfer of 32p 

from [7-32p]ATP to casein, phosvitin, or endogenous substrate. Unless other- 
wise indicated, the assay for kinase activity contained the following compo- 
nents in a final volume of 0.1 ml: 30 mM sodium phosphate buffer (pH 5.7), 10 
mM MgSO4, 50 pM [7-32P]ATP, (5 • 10s--10 . l 0  s cpm), 5 pM mercapto- 
ethanol, 1.2 mg sodium caseinate, and the enzyme source, usually purified 
through the Bio Gel A-0.5 m stage. Blanks contained no enzyme. The mixture 
was incubated at 37°C for 10 min, at which time 50 pl were transferred to a 
2.3 cm Whatman 3 MM paper disc under a stream of hot  air (70°C). The discs 
were washed as described by Marts and Novelli [18] with minor modifications 
consisting of a 10-fold increase in the volume of trichloroacetic acid and ether/ 
ethanol mixture used for washing, to minimize non-protein-bound radioactiv- 
ity. The washed discs were dried and counted in 10 ml of scintillation mixture 
in a liquid scintillation counter (LS 35S Beckman Instruments, Inc.). The 
blanks, which gave counts of 400--800 cpm, were used as controls. A compari- 
son of this procedure with the trichloroacetic acid precipitation method de- 
scribed by Soderling et al. [19] gave identical results. 

One unit  of enzyme was defined as the amount  of enzyme catalyzing the 
transfer of 1 nmol of 32p from [T-32p]ATP to casein in 10 min per 0.1 ml of 
standard assay mixture. 

The reaction followed zero-order kinetics (see Fig. 1A) for at least 10 min if 
the amount  of enzyme was below 0.3 unit per assay. When phosvitin was used 
as the substrate, the rate was higher (2.0-fold) than with casein under the same 
conditions. 

Phosphorylation of endogenous substrate 
The reaction mixture for the determination of endogenous phosphorylation 

activity was identical to that  used for standard kinase assays except that  30 mM 
phosphate buffer (pH 6.3) was used, no casein or phosvitin was present, and 
the ATP content  was reduced to 10 pM. The reaction rate for endogenous 
phosphorylation was not linear (Fig. 1B). Even at 0°C the reaction proceeded 
at an appreciable rate over a long period of time. Overall rates of phosphoryla- 
tion were higher with higher ATP concentrations. The values given for endoge- 
nous phosphorylation should therefore be considered as relative values only, 
since the standard conditions were suboptimal. These conditions were selected, 
however, becuase optimal sensitivity in terms of total cpm measured for a given 
amount  of enzyme and [T-32P]ATP could be obtained. One unit of endogenous 
phosphorylation was defined as 1 nmol of 32p incorporated per assay sample 
per 10 min of incubation. 

Purification of kinase 
(a) Purification through (NH4)2S04 step. Table I summarizes a typical prepa- 

ration. Rats were killed by asphyxiation in a CO2 chamber and livers were re- 
moved immediately and chilled in a buffer at pH 7.5 consisting of 0.1 M phos- 
phate and 0.07 M KHCO3. Livers were homogenized in 1.5 volumes (w/v) of 
buffer in 50 ml Potter-Elvehjem Teflon homogenizers for 3 min. This and all 
subsequent steps were carried out at 0--4°C. The homogenate was centrifuged 
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Fig. 1. (A)  T i m e  cou r se  of  p r o t e i n  k inase  r e a c t i o n  wi th  case in  or  p h o s v i t i n  as subs t ra t e s .  U n d e r  the  s tan-  

da rd  assay c o n d i t i o n s ,  de ta i l ed  in  E x p e r i m e n t a l ,  the  r e a c t i o n  was  in i t i a t ed  by  the  a d d i t i o n  of  25 lul o f  pro-  
t e in  k inase  so lu t i on  c o r r e s p o n d i n g  t o . 0 . 8 5  #g  p r o t e i n  [ 2 0 ] ,  pu r i f i ed  t h r o u g h  the  Bio Gel A-0.5  m s tage;  

th i s  c o n t a i n e d  172 u n i t s / r a g  k inase  ac t iv i ty  w i t h  case in  as  subs t ra t e .  The  p r o t e i n - b o u n d  32 .p  ac t iv i ty  was  
m e a s u r e d  a t  the  i n d i c a t e d  t i m e  in te rva l s  and  e x p r e s s e d  as n m o l  o f  32p f r o m  [ 9 ' - 3 2 p ] A T P  pe r  0.1 ml  assay 

m i x t u r e .  1 n m o l  was  equ iva l en t  to  33  000  cpm.  Va lues  were  c o r r e c t e d  fo r  the  zero  t i m e  c on t ro l  ( a p p r o x .  
7 0 0  c p m ) ,  w h i c h  was  the  same  as a b l a n k  c o n t a i n i n g  no e n z y m e .  (B) T i m e  course  of  e n d o g e n o u s  phos-  

p h o r y l a t i o n .  C o n d i t i o n s  as de ta i l ed  in A,  e x c e p t  t h a t  1 n m o l  o f  A T P  p e r  0.1 ml  assay m i x t u r e  was  used,  
and  e n z y m e  p r o t e i n  was  12.5  pg  p e r  assay.  Va lues  were  c o r r e c t e d  fo r  the  b l a n k  (no  e n z y m e ) .  U n d e r  these  
c o n d i t i o n s  the  e n d o g e n o u s  p h o s p h o r y l a t i o n  fo r  10 ra in  was  p r o p o r t i o n a l  to the  a m o u n t  of  e n z y m e  (da t a  
n o t  s h o w n )  and  was  equ iva l en t  to  12 500  c p m / 1 2 . 5  ~g o f  e n z y m e  so lu t ion .  

at 10 000 X g for 15 min, the pellet discarded, and the supernatant centrifuged 
at 105 000 X g for 60 min. To the supernatant (NH4)2SO4 (243 mg/ml) was 
added (40% saturation), adjusting the pH to 7.5 as needed with concentrated 
KOH. After 30 min of  gentle stirring, the precipitate was collected by centrifu- 
gation at 27 000 X g for 30 min. The pellet was resuspended to about one-third 
the volume of the original supernatant in 0.05 M potassium phosphate buffer 
(pH 7.5) containing 10 mM citrate, 5 mM mercaptoethanol and 0.1 mM EDTA 
(buffer A) and dialyzed overnight against 4 l of  the same buffer. The dialyzed 
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T A B L E  I 

P U R I F I C A T I O N  OF P R O T E I N  K I N A S E  AND E N D O G E N O U S  P H O S P H O R Y L A T I O N  A C T I V I T Y  
FROM R A T  L I V E R  

One uni t  of  p ro t e in  kinase ac t iv i ty  is def ined  as the a m o u n t  of  e n z y m e  which  ca ta lyzes  the  t ransfe r  of 1 
n m o l  of  32p f rom [ 7 - 3 2 p ] A T P  to casein in 10 rain u n d e r  the  s tandard  assay condi t ions .  E n d o g e n o u s  
p h o s p h o r y l a t i o n  ac t iv i ty  uni ts  are nmol  of  32 p i n c o r p o r a t e d  into e n z y m e s  p ro te in  f rom [ 7 -32 p ] ATP in 10 
rain as de ta i led  u n d e r  E x p e r i m e n t a l .  Pro te in  was d e t e r m i n e d  by the m e t h o d  of  L o w r y  et  al. [20]  with bo- 
vine se rum a l bum i n  as s t andard .  

F rac t ion  V o l u m e  Prote in  Prote in  kinase E n d o g e n o u s  
(ml)  (rag) p h o s p h o r y l a t i o n  

Tota l  Specific Tota l  Specific 
act iv i ty  act iv i ty  act iv i ty  act iv i ty  

10 000  X g - supe rna t an t  503 23 943 125  000  5.2 915 0 .04  

105 000  X g - supe rna tan t  422 15 023 89 000 5.9 532 0 .04  

0- -40% ( N H 4 ) 2 S O  4 142 4 110 58 000  14.1 547 0 .13  
prec ip i ta te  

DEAE-eel lu lose  24 256.8  9 936 38.7 182.4  0.71 

Bio Gel A-0.5 m 55 70.1 9 835 140 .3  187 .0  2.7 

Cellulose. p h o s p h a t e  e luates  94 2.8 9 637 3441 0 0 

material was centrifuged at 105 000 × g for 30 min; the pellet was washed three 
times by repeated homogenization and centrifugation, using small volumes of 
buffer A and combining the supernatants with the main fraction. 

(b) DEAE-cellulose chromatography. The dialyzed (NH4)2SO4 fraction was 
applied to a freshly recycled DEAE-cellulose column (3.5 × 70 cm bed volume) 
equilibrated with buffer A {Fig. 2). The column was then washed with 100 ml 
of the same buffer. Elution was carried out with a linear gradient obtained by 
mixing 500 ml of buffer A with 500 ml of 0.25 M potassium phosphate buffer 
(pH 7.5) containing 10 mM citrate, 5 mM mercaptoethanol and 0.1 mM EDTA; 
fractions of 9 ml were collected at a flow rate of  1 rnl/min. At tube No. 111 a 
second linear gradient was applied, obtained by mixing 500 ml each of 0.1 M 
KC1 and 1.0 M KC1 in buffer A. All fractions were assayed for kinase and en- 
dogenous phosphorylation activity {with and wi thou t  cyclic 3',5'-AMP) and for 
protein content  [20] (see Figs. 2 and 3). Fractions 173--188 were combined 
and concentrated to about 5 ml by Amicon ultrafiltration using a PM 10 mem- 
brane. The concentrated material was diluted to 50 ml with buffer A and recon- 
centrated; this process was repeated twice more to bring the final concentration 
of KCI below 10 mM. 

(c) Bio Gel A-0.5 m chromatography. A 5 ml fraction of the material after 
DEAE-cellulose purification was placed on a Bio Gel A-0.5 m column (2 × 83 
cm bed volume) equilibrated with 0.05 M potassium phosphate buffer (pH 7.5) 
containing 10 mM citrate and 0.5 M KC1. Fractions of 2.0 ml were collected at 
a flow rate of 15 ml/h. Aliquots from each fraction ,were assayed for protein 
content,  kinase and endogenous phosphorylation activity (Fig. 4). Fractions 
40--60 were pooled and subjected to Amicon processing as above to remove 
the KC1 and concentrate the material. 
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Fig. 4.  Bio Gel A - 0 . 5  m c h r o m a t o g r a p h y  o f  pro te in  kinase.  A kinase  so lut ion  purif ied through the  D E A E -  

c e l l u l o s e  stage,  conta in ing  (in 5 .0  m l )  3 4 8 0  units  o f  kinase;  76  units  o f  e n d o g e n o u s  p h o s p h o r y l a t i o n  activ- 
i ty  and 107  mg o f  prote in  was  appl ied to  the c o l u m n  ( 2  X 8 3  e r a ) .  Detai l s  are given in the t ex t .  The  vo id  
v o l u m e  ( V 0 )  o f  the c o l u m n  was  d e t e r m i n e d  wi th  D e x t r a n  Blue ( V  0 = 3 8  m l ) ;  the to ta l  v o l u m e  ( V t )  was  
d e t e r m i n e d  w i t h  3 H 2 0  ( V  t = 1 7 2  m l ) .  

(d) Cellulose phosphate chromatography. After purification on Bio Gel A- 
0.5 m column, a 2.0 ml fraction of  the kinase was applied to a cellulose phos- 
phate column (6 X 1.5 cm bed volume),  which was previously recycled with 0.1 
M NaOH, water (until neutral), 0.1 M HC1, and water (until neutral) and finally 
equilibrated with buffer A. After the enzyme was adsorbed to the column, it 
was eluted with buffer A, collecting 2.0-ml fractions at a flow rate of  15 ml/h. 
After 30 ml were collected, the elution was continued with the same buffer 
containing 0.25 M NaC1 until tube No. 25. A linear gradient was then insti- 
tuted, obtained by mixing 35 ml each of  0.5 M NaC1 and 1.2 M NaC1 in buffer 
A. After this gradient was achieved, elution was continued with 1.2 M NaC1. All 
the fractions were assayed as before for protein kinase and endogenous phos- 
phorylation activity. No endogenous phosphorylation could be detected in any 
of the individual fractions or after mixing the eluted protein peak with the ki- 
nase activity peak (see Fig. 5). 

Fractions with kinase activity contained 98% of  the activity of  the starting 
material, and were pooled and concentrated by Amicon filtration as described 
above. This purification step provided a 25-fold increase in the specific activity 
of  the kinase, but the enzyme proved to be very unstable at this stage. Table I 
summarizes the purification steps and the yields for a typical preparation of  
this kinase. 
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e luted  as deta i led  in the  t e x t .  

Polyacrylamide gel electrophoresis studies were undertaken to establish puri- 
ty, but we were unable to define the conditions under which this enzyme 
would penetrate the gel. 

Results 

Regulation of  acetyl-CoA carboxylase by phosphorylation-dephosphoryla- 
tion as suggested by Carlson and Kim [15] could explain a number of observa- 
tions related to short term regulation of acetyl-CoA carboxylase, thus adding 
lipogenesis to the list of  metabolic processes known to be regulated by phos- 
phorylation-dephosphorylation reactions, which already includes lipolysis, gly- 
cogenesis, and glycogenolysis. 

We felt that if this mechanism were indeed operative on acetyl-CoA carbox- 
ylase, oil feeding under conditions of  maximal acetyl-CoA carboxylase activity 
(such as fasting and refeeding with a fat-free diet) should favor the formation 
of  the phosphorylated inactive form of  acetyl-CoA carboxylase [17] .  In experi- 
ments such as the one described in the legend to Fig. 6, rats were given oil and 
KH232PO4 orally and the 0--30% (NH4):SO4 fraction of  liver cytosol was chro- 
matographed on a DEAE-cellulose column. It became apparent from such ex- 
periments that a major protein peak eluted with 0.5 M KC1 contained protein- 
bound 32p as well as acetyl-CoA carboxylase activity separable from the main 
peak of  acetyl-CoA carboxylase, which was eluted earlier. 
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Fig. 6. DEAE-eel lu lose  c h r o m a t o g r a p h y  of  hepat ic  a e e t y l - C o A  carboxy lase  f rom rats treated  wi th  .~2p in 
vivo. T w o  male  rats, fasted and refed wi th  fat-free diet  for 48 h, each  rece ived 2 ml  of  sesame oil by  intu-  
ba t ion  and  0 . 4 m l  o f K H 2 3 2 p o 4  s o l u t i o n i n  0.9% NaCI ( co r r e spond ing  to  4 mCi  of  32p )  in t ravenous ly .  6 h 
later  they  were  sacrif iced and the ( N H 4 ) 2 S O  4 fract ion o f  the liver c y t o s o l  was  prepared as descr ibed by  
I noue  and L o w e n s t e i n  [ 2 1 ] .  Af t e r  overnight  dialysis  against three  changes  of bu f f e r  A, the  ( N H 4 ) 2 S O  4 
fract ion was  cen t r i fuged  and the supernatant  so lu t ion  (30  ml)  was  adsorbed o n t o  a DEAE-ce l lu lose  col- 
u m n  (2 X 13 cm) .  A l inear  g rad ien t  obta ined  by mix ing  200 ml  of  0 .04  M and 200 ml  of  0 .25  M phos-  
phate  buf fe r s  (pH 7.5), con ta in ing  in add i t ion  10 mM ci t ra te ,  5 mM m e r c a p t o e t h a n o l  and 0.5 mM E D T A ,  
was  used for  e lut ion.  Af t e r  365  ml  in 5-ml fract ions  were  co l l ec t ed ,  the  e lu t ion  wa s  c o n t i n u e d  w i t h  buf fe r  
A conta in ing  0.5 M KCI. Fract ions  w e r e  assayed for prote in  [ 2 0 ] ,  a c e t y l - C o A  carboxy lase  act iv i ty  [ 1 7 ] ,  
and prote in -bound  radioact iv i ty  [ 18] .  

There was a possibility that this 32P-containing peak might represent the 
phosphorylated form of acetyl-CoA carboxylase, which either had a low specif- 
ic activity or was inactive but associated with small amounts of  the active form 
of acetyl-CoA carboxylase. Further chromatographic separation on either a sec- 
ond DEAE-cellulose column or Sepharose 2B column showed, however, that 
the acetyl-CoA carboxylase activity was separable from the 32P-labeled protein 
peak and that this acetyl-CoA carboxylase was kinetically indistinguishable 
from the main peak of the enzyme. Furthermore, immunoprecipitation with an 
acetyl-CoA carboxylase-specific antibody * and biotin determinations [21] on 
the separated 3~P-labeled protein peak showed that it was unrelated to acetyl- 
CoA carboxylase. Instead, this protein peak was found to possess protein ki- 
nase activity and to be associated with an endogenous protein substrate. This 
kinase was purified to study some of  its properties and to test the possibility 
of  phosphorylation in vitro of  acetyl-CoA carboxylase or other enzymes. 

* Cour tesy  of  Dr.  P.W. Majerus,  Washing ton  Univers i ty ,  St.  Louis,  Mo., U.S.A. 
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Properties of protein kinase 
Unlike other protein kinases present in liver cytosol,  the activity of  this en- 

zyme on casein or the endogenous substrate was unaffected by cyclic 3',5'-AMP 
(Figs. 2 and 3). An endogenous substrate was tightly associated with the pro- 
tein kinase and was eluted from Bio Gel A-0.5 m as a complex with an apparent 
molecular weight of  158 000. The same apparent molecular weight was obtained 
with Sephadex G-200 chromatography, with a similar coincidence of  the ki- 
nase and endogenous phosphorylation activities (Fig. 7). However, if the Bio 
Gel A-0.5 m fraction was exhaustively autophosphorylated as detailed in the 
legend to Fig. 8 and then subjected to Bio Gel A-0.5 m column chromatog- 
raphy, the 32P-labelled protein was at least partially dissociated from the kinase 
activity (Fig. 8). It is of interest that there was no change in the apparent mo- 
lecular weight of  the kinase component on dissociation from the endogenous 
phosphorylated substrate. The kinase, however, became unstable after this dis- 
sociation from the endogenous substrate. The same lability was found follow- 
ing cellulose phosphate chromatography (Fig. 5). The endogenous substrate 
was not eluted from the cellulose phosphate column whether phosphorylated 
or not, but the purified kinase fraction obtained was extremely labile even when 
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Fig. 7. Molecular weight determination of protein kinase on Sephadex G-200. The column (2.0 X 80 cm) 

was equilibrated with 0.05 M phosphate buffer (pH 7.5) containing 10 mM citrate and 0.5 M NaCI. Void 

volume was determined with blue dextran and total volume with 3H20. The flow rate was adjusted to 29 

ml/h. Protein kinase solution (2 ml) purified through the DEAE-cellulose stage, containing 42 mg of pro- 

tein, 1391 units of kinase activity and 30.4 units of endogenous phosphorylation activity, was placed on 

the column. 2.5-mi fractions were collected and aliquots were assayed for protein kinase, endogenous 

phosphorylation and protein. The column was first calibrated with 10 mg each of chymotrypsinogen (M r = 

25 000) and aldolase (M r = 158 000) in 2.0 ml buffer containing 1 • 105 cpm of 3H20; 10 mg each of 

ribonuclease A (M r = 13 700), and ovaibumin (M r = 45 000) in 2.0 ml buffer were chromatograpbed sepa- 
rately for the determination of Kav. 
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Fig.  8.  Bio Gel A-0.5 m c h r o m a t o g r a p h y  of  kinase and e n d o g e n o u s  p h o s p h o r y l a t e d  p h o s p h o p r o t e i n .  A 
kinase f rac t ion  pur i f ied t h rough  the  Bio Gel A-0.5 m stage, con ta in ing  6 .35  mg  pro te in ,  and 890 uni t s  of  
kinase act iv i ty ,  was i ncuba ted  in a to ta l  v o l u m e  of 10 ml  of  a m i x t u r e  con ta in ing  the following: 30 m M  
p h o s p h a t e  bu f f e r  (pH 7.5),  50 pM [ ~ - 3 2 p ] A T P ,  (1 .75  • 107 c p m / p m o l ) ,  30 mM MgC12, and 5 ~M mercap -  
toe thano l .  The  reac t ion  was a l lowed to p roc e e d  at 34°C for  40 min ,  and  25-pl a l iquots  were  t aken  
at  intervals  for  d e t e r m i n a t i o n  of  p r o t e i n - b o u n d  32p. Af te r  40  min  the mix tu r e  co n t a in ed  19.7 n m o l  of  
b o u n d  32p pe r  mg p ro te in  (125 n m o l  to ta l ) .  The  so lu t ion  was d ia lyzed  for  3 days  against  several changes  
of  0 .05  M p h o s p h a t e  b u f f e r  (pH 7.5) ,  con ta in ing  0.5 M KC1 and  10 mM ci t ra te .  The  d ia lyzed  ma te r i a l  was 
c o n c e n t r a t e d  by  A m i c o n  u l t ra f i l t ra t ion  to 4.5 ml and assayed for  kinase act iv i ty  (915  uni t s  to ta l )  and pro-  
t e in -bound  32p (126  n m o l  total) .  I t  was t hen  c h r o m a t o g r a p h e d  on a Bio Gel A-0.5 m c o l u m n  (2 X 83 cm)  
unde r  cond i t ions  ident ica l  to those  in Fig. 4. F rac t ions  were  assayed for  kinase,  32p b o u n d  to  p ro te in ,  
and prote in .  Void v o l u m e  (V0) and to ta l  v o l u m e  (Vt)  were  30  and 172 ml,  respect ive ly .  Based on assays 
of  individual  fract ions,  a tota l  of  79 .5  n m o l  of  p ro t e in -bou n d  32p, 103.7 uni t s  of  p ro t e in  kinase  and 3.9 
mg of  p ro t e in  were  recovered .  Af t e r  s tanding overn igh t  at  0°C,  howeve r ,  pool ing  and A m i c o n  concen t r a -  
t ion  of  the  k inase-eonta in ing  f rac t ions  (41 - -49)  y ie lded only  12.8 uni ts  of  tota l  kinase act ivi ty .  

stored under liquid nitrogen. Enzyme purified through the Bio Gel A-0.5 m 
step was therefore used for most  of  the experiments in this study. 

Su bs tra tes 
As shown in Table II, phosvitin gave rates of  phosphorylation with this pro- 

tein kinase about 2.0 times higher than did casein, and histone V a rate about 
two-thirds that of  casein. Protamine and histone, VI and VIII-S were poorly 
phosphorylated (Table II). Phosphorylase b, lactate dehydrogenase, fructose- 
1,6-diphosphatase *, purified acetyl-CoA carboxylase, bovine serum albumin 
and collagen were not phosphorylated. 

32p from [~-32P]ATP was not incorporated into either the endogenous sub- 

* Cour tesy  of  Dr. O. Tsolas, Roc he  Ins t i tu te  of  Moleculaz Biology,  Nut ley ,  N.J. ,  U.S.A.  
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T A B L E  II 

P H O S P H O R Y L A T I O N  OF P R O T E I N S  BY P R O T E I N  K I N A S E  

E n z y m e  so lu t ion  equ iva l en t  to  1 .55  pg p ro t e in  was p re sen t  in each assay.  E a c h  subs tra te  p r o t e i n  w a s  pres-  
e n t  at 1.2 m g  pe r  100 pl  assay m i x t u r e .  All o the r  cond i t ions  as d e s c r i b e d  u n d e r  E x p e r i m e n t a l .  The  resul ts  
are e x p r e s s e d  as n m o l  of  32p i n c o r p o r a t e d .  

Subs t ra te  p ro te ins  Cont ro l  Cont ro l  plus Cont ro l  plus 
cyclic 3 ' , 5 ' -AMP cyclic 3 ' , 5 ' -GMP 

None ( e n d o g e n o u s  p h o s p h o r y l a t i o n )  0 . 068  0 .0 7 0  0 .086  
Phosvit in 1 .915  2 .195  1 .890  
Casein 0 .930  1 .040  1 .050  
His tone  III-S 0 . 140  0 .180  0 .1 8 0  
His tone  V 0 . 650  0 .715  0 .600  
His tone  VI 0 .101 0 .085  0 .066  
His tone  VII  0 .400  0 .4 1 0  0 .390  
His tone  VII-S 0 .029  0 .0 3 0  0 .072  
P ro t amine  0 .049  0 .048  0 .032  
Phosphory lase  b 0 .068  - -  - -  

strate or into casein, thus eliminating the possibility that  the entire nucleotide 
was bound and suggesting ~,.32p transfer. The 3~p bound to protein was not  re- 
leased during subsequent incubation at 30°C with 0.25 M HC1 for 19 h or by 
t reatment  with cold or hot  trichloroacetic acid. Similar incubation with 0.25 M 
NaOH resulted in complete release of the protein-bound 32p. Treatment with 
0.1 M hydroxylamine a tpH 7.0, for 10 min at 30°C, released less than 5% of the 
protein-bound 32p. These results suggest that  the phosphoryl moiety was at- 
tached to the protein in an ester linkage to serine or threonine. 

The effects of other nucleotides and nucleosides on the standard kinase reac- 
tion with casein and phosvitin were studied. 100 pM of ADP, GDP, GTP and 
ITP reduced the rate of 32p incorporation by approx. 60, 40, 35 and 30%, re- 
spectively. It was not  clear from these experiments whether the apparently 
lower rates were due to a transfer of 32p from protein to ADP or GDP or to di- 
rect inhibitory effect on the kinase. GTP and ITP may compete for ATP as sub- 
strates, although not  favorably. 

Effect o f  metals, EDTA, citrate, EGTA, and NaF on kinase activity 
This kinase had an absolute requirement for Mg 2÷. At concentrations ranging 

from 6--60 mM, neither Mn 2÷ nor Zn 2÷ could replace Mg 2÷ in the phosphoryla- 
tion reaction using either the endogenous substrate or casein. Similarly, low 
concentrations of Ca 2÷ (0.5--5.0 mM) had no effect on kinase activity; higher 
concentrations were inhibitory. At concentrations of  0.1--15 mM EGTA, 
which is known to inhibit phosphorylase kinase by binding Ca 2÷ [22], had no 
effect on this protein kinase. This observation, in conjunction with the inability 
of the enzyme to phosphorylate phosphorylase b, eliminates the possibility 
that  it is phosphorylase kinase. 

Co 2÷ had little effect at 0.2 mM, but at 2.5 mM caused 40% inhibition of  ki- 
nase activity. Potassium citrate and EDTA were without  effect at concentra- 
tions up to 20 mM. NaF at 10 and 20 mM inhibited kinase activity 50 and 75%, 
respectively. 



1 3 4  

Cyclic 3',5'-AMP independence of protein kinase activity 
Cyclic 3',5'-AMP at concentrations ranging from 10 - 4 - 1 0  -8 M had no effect  

on either endogenous phosphorylation or the phosphorylat ion of  casein, phos° 
vitin and histones with ATP concentrations ranging from 50--500 pM (Table 
II). Furthermore,  protein kinase inhibitor at concentrations of  0.1--1.0 mg/100 
pl assay mixture had no inhibitory effect. In fact, there was a 2-fold increase in 
the endogenous phosphorylat ion in the presence of  the protein kinase inhibi- 
tor. Addition of the regulatory subunit of  the cyclic 3',5'-AMP-dependent pro- 
tein kinase from cardiac muscle * at concentrations of  3.5--7 pg per 100 pl as- 
say mixture was without  effect on kinase activity, eliminating the possibility 
that we were dealing with a catalytic subunit  of a cyclic 3',5'-AMP-dependent 
protein kinase. 

Kinetic parameters 
Double reciprocal plots of initial rates of casein phosphorylat ion by this ki- 

nase for varying concentrations of Mg 2÷ (0.3--20 mM) showed a Km of 2.0 mM 
for Mg 2÷ under standard assay conditions. Higher concentrations of Mg 2÷ were 
inhibitory, 30 and 60 mM causing 50 and 90% inhibition, respectively. Similar- 
ly the Km determined for ATP was 0.3 mM and for casein 0.17 mg/100 pl assay 
mixture. 

Effects of pH and temperature 
Casein phosphorylat ion was optimal at pH 5.7. Phosphorylation of the en- 

dogenous substrate was evident over a pH range 4--8, with activity at pH 4 75% 
of that observed at the optimal pH 6.3. 

The optimal temperature for phosphorylat ion of  the endogenous substrate 
was 35°C; higher temperatures up to 46°C caused some reduction of  phos- 
phorylation. There was no change in the rate of phosphorylat ion of casein or 
phosvitin at temperatures ranging from 37--46 ° C. 

Effects of thiol reagents 
Alkylating, mercaptide-forming, or oxidizing thiol reagents had no effect on 

protein kinase activity at concentrations 1--100 pM. Even at higher concentra- 
tions iodoacetamide (12.5 mM), N-ethylmaleimide (12.5 mM), p-hydroxymer-  
curibenzoate (1.0 mM) and 5,5'-dithio-bis(2-nitrobenzoic acid~ (1.0 m M ) h a d  
little effect on enzyme activity. 

Discussion 

The multiplicity of cyclic 3',5'-AMP-dependent protein kinases from rat liver 
cytosol  is evident from the work of Kumon et al. [23] and Chen and Walsh 
[24].  The former have also purified a cyclic 3',5'-AMP-independent kinase 
which, in the absence of  cyclic 3',5'-AMP, was inhibited by the regulatory sub- 
unit of  a cyclic 3',5'-AMP-dependent kinase [23]. 

The enzyme described in this report  was unaffected by the regulatory sub- 
unit protein purified from cardiac muscle or by protein kinase inhibitor, sug- 
gesting that it was not  a catalytic subunit of  a cyclic 3',5'-AMP-dependent pro- 

* Cour t e sy  of  Dr. O.M. Rosen,  Alber t  Einstein College of  Medicine,  Bronx,  N.Y.,  U.S.A. 
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tein kinase. Our enzyme preparation was not  activated by Ca :+ or inhibited by 
EGTA [22],  nor could it phosphorylate phosphorylase b; it was therefore unre- 
lated to phosphorylase kinase b. This protein kinase differs from the phosvitin 
kinase purified by Goldstein and Hasty [25] from rooster liver in the relative 
rates of  phosvitin and casein phosphorylation,  the Km for ATP and its inability 
to utilize GTP as a phosphoryl  donor.  A phosvitin kinase purified from rat liver 
cytosol  by Baggio et al. [26] has not  been characterized for comparison to our 
preparation. 

At present the function of this hepatic kinase is unknown.  Schlender and 
Reimann [27] have recently reported on a glycogen synthetase I kinase inde- 
pendent  of cyclic 3',5'-AMP which was isolated from rabbit kidney medulla. 
Huang and his co-workers [28] have also pointed out  that muscle glycogen syn- 
thetase was phosphorylated more extensively when phosphorylat ion by a cyclic 
3',5'-AMP-independent kinase preceded the phosphorylat ion by a cyclic 3',5'- 
AMP-dependent kinase. The hepatic kinase preparation described here may 
play a role in the phosphorylat ion of  glycogen synthetase I. 

The phosphorylat ion of the endogenous protein was of interest. This protein 
was inseparable from the protein kinase activity at several steps of  the purifica- 
tion procedure and co-precipitated with it during electrofocusing at pH 4.8 
(data now shown). Phosphorylation of this protein proceeded rapidly (even at 
0°C). The protein-bound phosphate formed is not  acid labile and therefore was 
unlike the phosphates of intermediate phosphoryl  enzymes such as citrate lyase 
(EC 4.1.3.8) or nucleoside diphosphate kinase (EC 2.7.4.6) [29].  There are 
many proteins, in a variety of tissues, whose endogenous phosphorylat ion and 
dephosphorylat ion are dependent  or independent of  cyclic 3',5'-AMP [30--32].  
Increased as well as decreased phosphorylat ion of endogenous substrates has 
been observed following the addition of  cyclic 3',5'-AMP. The phosphorylat ion 
of  the endogenous protein associated with the hepatic kinase preparation was 
not  affected by cyclic 3',5'-AMP. This phosphoprotein has not  yet  been identi- 
fied and its role in the liver remains unknown.  Several possibilities are open to 
investigation: it may be a regulatory subunit of a cyclic 3',5'-AMP-dependent 
kinase and as such it should bind cyclic 3',5'-AMP. It may be a regulatory sub- 
unit of a different enzyme or it may itself possess some as yet  unidentified en- 
zymatic activity. The function of this protein, whatever it may be, may depend 
on whether it is phosphorylated or dephosphorylated.  We do not  know wheth- 
er it is present in other tissues, or whether the levels in liver vary under differ- 
ent nutritional conditions. 

It seems quite certain that the endogenous phosphoprotein was essential to 
the stability of the protein kinase. The enzyme was remarkably stable at 0°C 
for weeks when it was not dissociated from its endogenous substrate. Following 
dissociation, the protein kinase became extremely labile even when stored in 
liquid N2; other compounds  such as ATP, casein, phosvitin, serum albumin, or 
sucrose could not  substitute for this protein in stabilizing the enzyme. 

Phosphorylation of  the endogenous protein favored dissociation from the 
protein kinase to which it was otherwise firmly bound.  This dissociation may 
be of physiological significance in terms of making binding sites on the protein 
kinase available to other  enzyme protein(s) whose activity might be regulated 
by phosphorylation.  
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