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A new heparin-inhibited and polyamine-activated protein kinase 
from bovine kidney 
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Two casein kinases, casein kinase-1 (CK-I) and casein kinase-2 (CK-2), have been characterized from many sources. 
In this study we describe the properties of a third casein kinas¢, designated casein kinase-3 (CK-3). CK-3 (Mr 32 000) 
is readily separated from CK-2 by gel filtration and from CK- I by hydroxyapatite chromatography. CK-3 phosphorylates 
several proteins, including phosphorylase kinase. Phosphorylation of phosphorylase kinase by CK-3 results in a 10-fold 
enzyme activation. CK-3 is activated by spermine and inhibited by heparin, ADP, and divalent metal ions (Mn 2+, Zn2+). 
Heparin inhibition of the kinase is reversed by spermine. The physical and regulatory properties of CK-3 are very similar 

to CK-I, suggesting that these kinases may be closely related. 
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1. I N T R O D U C T I O N  

T w o  casein kinases ,  casein kinase-1 (CK-1) and  
case in  k inase-2  (CK-2),  have  been charac te r i zed  
f r o m  d i f fe ren t  sources  [1,2]. These  kinases  b ind  to  
phosphoce l lu lo se  f rom which  CK-1 a n d  CK-2 elute 
at  a p p r o x .  0.5 a n d  0.7 M KCI,  respect ively.  CK-1 
f r o m  d i f fe ren t  sources  is a p p a r e n t l y  m o n o m e r i c  
wi th  Mr in the  range  30000 -40000 .  By com-  
pa r i son ,  CK-2 is an  o l igomer ic  p ro t e in  (Mr 135 000) 
con ta in ing  two types  o f  subuni t s  t e rmed  tr (Mr 
42000) and  ~ (Mr 27000).  Bo th  CK-1 and  CK-2 
have  wide  subs t ra te  specif ici t ies  [1-3] .  

The  mechan i sms  by  which  CK-1 and  CK-2 are  
r egu la t ed  are  still unclear .  Recent  s tudies,  
however ,  have  shown tha t  when respons ive  cells 
a re  t r ea ted  with  insul in the  act ivi t ies  o f  bo th  CK-1 
[4] a n d  CK-2 [5] a re  s t imula ted .  The  m o d e  o f  ac-  
t i va t ion  o f  these kinases  by  insul in  r emains  
u n k n o w n .  In  vi t ro  b o t h  CK-1 and  CK-2 are  ac-  
t i va ted  by  po lyamines  [3,6] and  inh ib i ted  by  
hepa r in  [7,8]. In  the  special  case when mixed  ca-  
sein is the  subs t ra te  CK-1 is res is tant  to  inh ib i t ion  
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by  hepar in  whereas  CK-2 is read i ly  inh ib i ted  [8]. 
G l y c o g e n  [9], d iva len t  me ta l  ions  [10] and  d i f fe ren t  
p h o s p h o r y l a t e d  metabo l i t e s  [11] have also been 
shown to  inhib i t  CK-1.  

Here ,  we descr ibe  the  p roper t i e s  o f  a th i rd  casein 
k inase  f rom bov ine  k idney .  This  k inase ,  
des igna ted  casein  kinase-3 (CK-3),  shares  wi th  
CK-1 and  CK-2 the twin  character is t ics  o f  hepa r in  
inh ib i t ion  and  p o l y a m i n e  ac t iva t ion .  

2. M A T E R I A L S  A N D  M E T H O D S  

Nonactivated phosphorylase kinase was prepared from rabbit 
skeletal muscle [12] and its activity [13] assayed as described. 
Calcineurin was prepared from bovine brain [14]. Spermine, 

+ heparin, ADP, ATP, GTP, and all other protein substrates 
were purchased from Sigma. CK-1 and CK-2 were prepared 
from bovine kidneys (Singh, T.J. submitted). Briefly, an extract 
from renal cortex was prepared and batch adsorbed to 
phosphocellulose. Total casein kinase activity was eluted from 
the column with 1.2 M KCI. After concentration by uitrafiltra- 
tion CK-1 and CK-2 were separated on a Bio-Gel A-1.5 m col- 
umn. The CK-I activity peak was applied to a hydroxyapatite 
column (1.5 x 5 cm) which separated CK-I from CK-3 (fig.l). 
These kinases were separately pooled and further purified on a 
casein-agarose column. The purified kinases were concentrated 
and stored at - 70°C in buffer containing 0.2 M KC1. CK-I ac- 
tivity was assayed in a reaction mixture containing mixed casein 
(4 mg/ml), 25 mM Tris-HCl (pH 7.5), 10 mM 2-mercapto- 
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ethanol, 5 mM MgCI2, 5 mM NaF, 10mM KC1, 0.1 mM 
[y-32p]ATP and kinase. When calcineurin was used as a 
substrate it was present at 0.25 mg/rni. Reactions were initiated 
at 30°C by the addition of [y-32p]ATP and aiiquots removed at 
different times for the determination of 32p incorporation into 
protein [15]. One unit of CK-1, CK-2, or CK-3 is defined as the 
amount of enzyme catalyzing the incorporation of 1 nmol 32p 
from [y-3~p]ATP into casein (4 mg/ml) per min at 30°C. Pro- 
tein was determined by the method of Bradford [16]. 

3. R E S U L T S  A N D  D I S C U S S I O N  

In  an  ear l ier  s tudy  [2] we have shown tha t  k idney  
is an  especial ly  rich source  for  CK-1.  Hence ,  our  
cu r ren t  e f for t s  have been d i rec ted  at  ob ta in ing  
h o m o g e n e o u s  p r e p a r a t i o n s  o f  CK- I  f rom this 
t issue.  One o f  the  steps used in our  pu r i f i ca t ion  
scheme (Singh,  T . J . ,  submi t ted)  is the  f rac t iona-  
t ion  o f  CK-1 ( separa ted  f r o m  CK-2 by  gel f i l t ra t ion  
on  Bio-Gel  A-1 .5  m) on  h y d r o x y a p a t i t e  ( f ig . l ) .  
W h e n  the  co lumn  f rac t ions  were assayed using 
mixed  casein as a subs t ra te  two peaks  o f  k inase  ac-  
t iv i ty  were observed .  A p r o m i n e n t  peak  elut ing at  
132 m M  p o t a s s i u m  p h o s p h a t e  was fo l lowed  by  a 
second  smal ler  peak  elut ing at  180 m M  po ta s s ium 
p h o s p h a t e  ( f i g . l A ) .  W h e n  the co lumn  f rac t ions  
were reassayed  using ca lc ineur in  as a subs t ra te  [18] 
two  equa l ly  p r o m i n e n t  k inase  peaks  are  observed.  
The  first  ca lc ineur in  k inase  coe lu ted  with  the  ma in  
peak  o f  casein k inase  act ivi ty.  This  peak  has  been 
cal led CK-1 and  charac te r i zed  in ear l ier  s tudies 
[6,8,10]. The  second  ca lc ineur in  k inase  coelutes  
wi th  the  second peak  o f  casein k inase  (fig. 1). This  
k inase  has no t  been prev ious ly  descr ibed .  I t  will be 
des igna ted  here  as casein kinase-3 (CK-3).  Bo th  
CK-1 and  CK-3 were separa te ly  poo led ,  pur i f i ed  
fu r the r  on  a case in -agarose  co lumn  and  used for  
the  s tudies  descr ibed  below.  

W e  have  prev ious ly  shown tha t  CK-1 can 
p h o s p h o r y l a t e  several  p ro te ins  [2,18,19]. I t  was 
t he re fo re  o f  in teres t  to  c o m p a r e  the  subs t ra te  
specif ici t ies  o f  CK-1 and  CK-3.  Mixed  caseins,  
phosv i t in ,  /~-casein, a - c a s e i n  and  ca lc ineur in  are  
re la t ive ly  g o o d  subs t ra tes  for  bo th  kinases  ( table  
1). In  add i t ion ,  we f o u n d  tha t  phospho ry l a se  
k inase  (see below),  mic ro tubu le -a s soc ia t ed  
pro te in-2 ,  and  s m o o t h  muscle  myos in  l ight  chains  
a re  also p h o s p h o r y l a t e d  by  b o t h  kinases  (not  
shown) .  

W e  have shown tha t  phospho ry l a se  k inase  can 
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Fig.1. Separation of CK-1 and CK-3 by chromatography on 
hydroxyapatite. Peak fractions of CK-1 from a Bio-Gel 
A-1.5 m column were pooled and applied directly to a 
hydroxyapatite column (1.5 x 5 cm) equilibrated with buffer A 
(20 mM potassium phosphate, pH 7.2, 10 mM 
2-mercaptoethanol, 0.5 mM EDTA, 0.2 mM PMSF, 250 mM 
sucrose). The column was washed with three bed volumes of 
buffer A, then eluted with an 8-bed volume linear gradient of 
20-500 mM potassium phosphate (pH 7.2) containing 10 mM 
2-mercaptoethanol, 0.5 mM EDTA, and 250 mM sucrose. 
Fractions of 2 ml were collected and assayed for casein kinase 

(A) or calcineurin kinase (B). 

Table 1 

Substrate specificities of CK-1 and CK-3 

Substrate Kinase activity (go) 

CK-1 CK-3 

Mixed casein 100 100 
Phosvitin 92 111 
fl-Casein 87 89 
a-Casein 49 47 
Calcineurin 37 43 
Troponin 2.3 4.8 
Histone IIAS 0.9 2.5 
Histone IIIS 0.9 2.1 
Protamine 0.7 0.9 

The different substrates (1 mg/ml) were phosphorylated by 
CK-I (10 mU) and CK-3 (10 mU) under standard conditions. 
The rates of phosphorylation of the different substrates are 
compared with that observed with mixed casein which is taken 
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be phosphorylated and activated by CK-1 [11]. In 
these studies CK-1 was purified by a scheme that 
did not use hydroxyapatite chromatography [20]. 
Hence these earlier preparations of CK-1 may also 
have contained CK-3. It was therefore of interest 
to determine whether CK-1 and CK-3 can separate- 
ly phosphorylate and activate phosphorylase 
kinase. As shown in fig.2, both kinases catalyze 
the incorporation of several moles of phosphate in- 
to phosphorylase kinase. Further, CK-l-catalyzed 
phosphorylation results in an 8-fold activation of 
phosphorylase kinase (fig.2A) compared with the 
10-fold activation achieved by CK-3 (fig.2B). 32p 

incorporation catalyzed by either kinase continues 
to increase even after maximal activation of 
phosphorylase kinase is observed (fig.2). 

CK-2 is a well-known heparin-inhibited and 
polyamine-activated kinase [3,7]. Recently, we 
have shown that CK-1 is similarly regulated [6,8]. 
It was therefore of interest in the present study to 
ascertain whether CK-3 is also regulated by 
polyamines and heparin. As shown in table 2 a 
3-fold activation of CK-3 by 1 mM spermine is 
observed when mixed casein is used as the 
substrate. This is comparable to the 3- and 4-fold 
activation observed for CK-1 and CK-2, respec- 
tively, by the polyamine. With mixed casein as the 
substrate CK-1 and CK-3 are insensitive to inhibi- 
tion by heparin whereas CK-2 is inhibited by 92070. 
Inhibition of CK-1 and CK-3 by heparin is ob- 
served when calcineurin is used as the substrate. 
Further, this inhibition can be reversed by 1 mM 
spermine (table 2). A similar reversal of heparin in- 
hibition of CK-2 by spermine has been 
documented [21]. These results indicate that CK-I, 
CK-2, and CK-3 are all heparin-inhibited and 
polyamine-activated kinases. 

CK-1 and CK-3 also show similar responses to 
other effector molecules. We have previously 
shown that Mn 2+, Zn 2+, and other divalent metal 
ions inhibit CK-1 [10]. CK-3 was found to be in- 
hibited to the same extent as CK-1 by 0.2 mm 
Mn 2+ (table 2) or 0.2 mM Zn 2+ (not shown). The 
effects of two nucleotides, ADP and GTP, on the 
kinase activities were also investigated. CK-1 and 
CK-3 were inhibited to the same extent by 0.1 mM 
ADP but were unaffected by 0.2 mM GTP. By 
contrast, CK-2 was inhibited 54070 by GTP (table 
2). Since GTP, like ATP, is known to be a 
substrate for CK-2 but not CK-1 [1], our data sug- 
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Fig.2. Phosphorylation and activation of phosphorylase kinase 
by CK-1 and CK-3. Phosphorylase kinase (0.3 mg/ml) was 
phosphorylated either by 40 mU CK-1 (A) or 40 mU CK-3 (B). 
Reactions were carried out under standard conditions with the 
exception that 0.5 mM EGTA was included in the assays to 
suppress autophosphorylation of phosphorylase kinase. The 
level of phosphorylation (o) and resultant activation (A) of 

phosphorylase kinase is shown. 

gest that CK-3 may not use GTP as a nucleotide 
substrate. 

The results of this study clearly show that a third 
casein kinase, CK-3, exists in bovine kidney and 
perhaps other mammalian tissues. CK-3 shares the 
properties of heparin inhibition and polyamine ac- 

Table 2 

Effect of different ligands on CK-I, CK-2, and CK-3 

Additions Substrate Kinase activity (%) 

CK-1 CK-2 CK-3 

None casein 100 100 100 
Heparin casein 94 8 98 
Spermine casein 325 403 284 
GTP casein 97 46 100 
ADP casein 45 ND 46 
Mn 2+ casein 12 ND 15 

None calcineurin 100 ND a 100 
Spermine calcineurin 138 ND 138 
Heparin calcineurin 17 ND 14 
Heparin + spermine calcineurin 99 ND 98 

a Calcineurin has been shown [17] to be a very poor substrate 
of CK-2 

ND, not done. Mixed casein (4 mg/ml) and calcineurin 
(0.25 mg/ml) were phosphorylated by CK-I (10 mU), CK-2 
(10 mU), and CK-3 (10 mU) in either the absence or presence 
of heparin (2/zg/ml), spermine (1 mM), GTP (0.2 mM), ADP 

(0.1 mM), and Mn 2+ (0.2 mM) 
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tivation with CK-1 and CK-2. CK-3 can be 
distinguished from CK-2, however, by using mixed 
casein as a substrate. With this substrate CK-2 is 
inhibited by heparin and GTP whereas CK-3 is in- 
sensitive to these effectors. Further, CK-3 has an 
Mr of approx. 32000 as determined by gel filtration 
on Bio-Gel A-1.Sm (not shown) compared with an 
Mr of 135000 for CK-2 [1]. CK-3 can also be dif- 
ferentiated from CK-2 by the finding that 
calcineurin is a good substrate for CK-3 but is only 
poorly phosphorylated by CK-2 [17]. 

By contrast with CK-2, the physical and 
regulatory properties of CK-1 and CK-3 are very 
similar. Both kinases have Mr values of approx. 
32000 as determined by gel filtration. These 
kinases have very similar substrate specificities 
(table 1) and show the same responses to various 
effectors (table 2). However, they can readily be 
resolved from one another by chromatography on 
hydroxyapatite (fig.l). The similarities between 
CK-1 and CK-3 in physical and regulatory proper- 
ties suggest that these kinases may be closely 
related. One possibility is that CK-I and CK-3 may 
be isozymes. Further characterizations using 
homogeneous enzyme preparations should il- 
luminate this problem. 

Acknowledgements: This work was supported by a grant from 
the Natural Sciences and Engineering Research Council 
(NSERC) of Canada. T.J.S. is an NSERC University Research 
Fellow. I would like to thank Shelley Stobo for expert 
secretarial assistance. 

REFERENCES 

[1] Hathaway, G. and Traugh, J.A. (1982) Cur l  Top. Cell. 
Regul. 21, 101-127. 

[2] Singh, T.J. and Huang, K.-P. (1985) FEBS Lett. 190, 
84-88. 

[3] Singh, T.J., Akatsuka, A., Blake, K.R. and Huang, K.-P. 
0983) Arch. Biochem. Biophys. 220, 615-622. 

[4] Cobb, M.H. and Rosen, O.M. 0983) J. Biol. Chem. 258, 
12472-12481. 

[5] Sommercorn, J., Mulligan, J.A., Lozeman, F.J. and 
Krcbs, E.G. (1987) Proc. Natl. Acad. Sci. USA 84, 
8834-8838. 

[6] Singh, T.J. (1988) Arch. Biochem. Biophys., in press. 
[7] Hathaway, G.M., Lubben, T.H. and Traugh, J.A. (1980) 

J. Biol. Chem. 255, 8038-8041. 
[8] Singh, T.J. (1988) Arch. Biochem. Biophys. 260, 

661-666. 
[9] Ahmad, Z., Camici, M., DePaoli-Roach, A.A. and 

Roach, P.J. (1984) J. Biol. Chem. 259, 3420-3428. 
[10] Singh, T.J. (1988) Bit)chem. Cell. Biol. 66, 238-243. 
[11] Singh, T.J., Akatsuka, A. and Huang, K.-P. (1984) J. 

Biol. Chem. 259, 12857-12864. 
[12] Cohen, P. (1973) Eur. J. Biochem. 34, 1-14. 
[13] Singh, T.J., Akatsuka, A. and Huang, K.-P. (1982) Arch. 

Biochem. Biophys. 218, 360-368. 
[14] Sharma, R.K., Taylor, W.A. and Wang, J.H. (1983) 

Methods Enzymol. 102, 210-217. 
[15] Huang, K.-P. and Robinson, J.C. (1976) Anal. Biochem. 

72, 593-599. 
[16] Bradford, M.M. (1976) Anal. Biochem. 72, 248-254. 
[17] Singh, T.J. and Wang, J.H. (1987) Biochem. Cell Biol. 

65, 917-921. 
[18] Singh, T.J., Akatsuka, A., Huang, K.-P., Sharma, R,K., 

Tam, S.W. and Wang, J.H. (1982) Biochem. Biophys. 
Res. Commun. 107, 676-683. 

[19] Singh, T.J., Akatsuka, A., Huang, K.-P., Murthy, 
A.S.N. and Flavin, M. (1984) Biochem. Biophys. Res. 
Commun. 121, 19-26. 

[20] ltarte, E. and Huang, K.-P. (1979) J. Biol. Chem. 254, 
4052-4057. 

[21] Hara, T., Takahashi, K. and Endo, H. (1981) FEBS Lett. 
128, 33-36. 

292 


