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SUMMARY: E f f e c t s  of prQte in  k inase  i n h i b i t o r s ,  K252a and i t s  
d e r i v a i v e  KT5926, on CaZ+/ca lmodul in-dependent  p r o t e i ~  k inase  I I  
were examined. Both compounds p o t e n t l y  i n h i b i t e d  CaZ+/calmodu - 
l i n - d e p e n d e n t  p r o t e i n  k inase  I I .  K i n e t i c  ana lyses  i n d i c a t e d  t h a t  
the  i n h i b i t o r y  e f f e c t  of K252a and KT5926 was c o m p e t i t i v e  with 
r e s p e c t  to  ATP (Ki : 1.8 and 4.4 nM, r e s p e c t i v e l y )  and noncompet- 
i t i v e  w i th  r e s p e c t  to  t h e  s u b s t r a t e s .  Taken t o g e t h e r  wi th  a 
p rev ious  r e p o r t  (Nakanishi e t  al .  Mol. Pharmacol. 37, 482, 1990) 
conce rn ing  the  Ki va lues  of t h e s e  compounds fo r  ATP with va r i ous  
p r o t e i n  k inases ,  the  r e s u l t s  sugges t  t h a ~  K252a and KT5926 are  
p o t e n t  and p r e f e r e n t i a l  i n h i b i t o r s  of CaZ+/ca lmodul in-dependent  
p r o t e i n  k inase  I I .  ~1991Acad .... p ..... ~nc. 

Ca2+/calmodul in  (CaM)-dependent p r o t e i n  k inase  I I  (CaM-kinase I I )  

with a wide range of s u b s t r a t e s  is  a member of the  f a m i l y  of 

Ca2+- regu la t ed  p r o t e i n  k inases  and has been shown to  be invo lved  

in Ca2+-signal  t r a n s d u c t i o n  in va r ious  c e l l  types  (1-4).  A p a r -  

t i c u l a r  c h a r a c t e r i s t i c  of t h i s  enzyme is  i t s  a u t o p h o s p h o r y l a t i o n  

which c o n v e r t s  i t  f rom a Ca2+-dependen t  form to  a p a r t i a l l y  

*To whom a l l  co r re spondence  should be addressed.  

ABBREVIATIONS : CaM, ca lmodul in  ; CaM-kinase I I ,  Ca2+/ 
ca lmodu l in -dependen t  p r o t e i n  k inase  I I ;  HEPES, 4 - ( 2 - h y d r o x y e t h -  
y l ) - l - p i p e r a z i n e e t h a n e  s u l f o n i c  acid.  
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Ca2+-independent  one in v i t r o  (5-8).  Genera t ion  of the  p a r t i a l l y  

Ca2+-independent  form by a u t o p h o s p h o r y l a t i o n  may have impor tan t  

p h y s i o l o g i c  consequences  by p ro long ing  the  e f f e c t  of a t r a n s i e n t  

e l e v a t i o n  of  i n t r a c e l l u l a r  Ca 2+. An i n t e r e s t i n g  f u n c t i o n  f o r  

CaM-kinase I I  in c e l l s  has been sugges ted  by the  r e c e n t  d i s c o v e r y  

t h a t  in v i t r o ,  s e v e r a l  CaM-biding p r o t e i n s  have a p h o s p h o r y l a t i o n  

s i t e ( s )  s p e c i f i c  f o r  the  Ca2+-independent  form of CaM-kinase I I  

(9-13).  Such CaM-binding p r o t e i n s  inc lude  CaM-kinase I I  i t s e l f  

(9), c a l c i n e u r i n  (10,12),  the  63 kDa isoenzyme of c y c l i c  nuc l eo -  

t i d e  p h o s p h o d i e s t e r a s e  (11), smooth muscle myosin l i g h t  cha in  

k inase  (13), and phosphory lase  k inase  (Y. Hashimoto and T. Soder-  

l ing ,  unpubl i shed  r e s u l t s ) .  Recent r e p o r t s  have shown t h a t  CaM- 

k inase  I I  a l so  undergoes  a u t o p h o s p h o r y l a t i o n  and becomes p a r t l y  

Ca2+- independent  in the  c e l l s  (14-16). 

The p h y s i o l o g i c  f u n c t i o n  of CaM-kinase I I  remains incomple te -  

ly e l u c i d a t e d ,  bu t  t h e r e  is  c o n v i n c i n g  d a t a  t h a t  t he  enzyme 

p h o s p h o r y l a t e s  and r e g u l a t e s  t y r o s i n e  hydroxy lase ,  synaps in  1 and 

s e v e r a l  enzymes i n v o l v e d  in c a r b o h y d r a t e  me tabo l i sm in s i t u  

( 3 , 4 ) .  A l though  s p e c i f i c  i n h i b i t o r s  a r e  e s s e n t i a l  t o o l s  f o r  

examining the  f u n c t i o n  of CaM-kinase I I  in c e l l s ,  to da te  only 

KN-62 (17) has been developed f o r  use in s i t u .  In t h i s  paper,  we 

r e p o r t  a d d i t i o n a l  r e l a t i v e l y  s e l e c t i v e  i n h i b i t o r s  of CaM-kinase 

I I ,  with an i n h i b i t o r y  mechanism d i f f e r e n t  from t h a t  of  KN-62 . 

MATERIALS AND METHODS 

M a t e r i a l s :  K252a was i s o l a t e d  from a c u l t u r e  b ro th  of Nocardiop-  
s i s  sp. (18 ,19 ) .  KT5926 was p r e p a r e d  as d e s c r i b e d  p r e v i o u s l y  
(20). Smooth muscle myosin l i g h t  cha in  was p u r i f i e d  from chicken  
g i z z a r d  acco rd ing  to  Hathaway e t  a l . ( 2 1 ) .  CaM-kinase I I (9 )  and 
s y n t i d e - 2  (22) were g i f t s  fggm Dr. Thomas Sode r l i ng  (Vanderb i l t  
U n i v e r s i t y ,  N a s h v i l l e ) .  [r-°~P]ATP and CaM were purchased from 
NEN and Sigma, r e s p e c t i v e l y .  
A c t i v i t y  Assa~: The ba s i c  k inase  assay (20 ~1) con ta ined  50 mM 
HEPES (pH 7 .5) ,  10 mM magnesium a c e t a t e ,  1 ,~g/ml  bovine serum 
albumin, 0.4 mM CaCl~, 0.3 zM CaM, 50 ~M [r-°~P]ATP, 20 ~M syn-  
t i d e - 2  and 1 nM ( s f fbun i t  c o n c e n t r a t i o n )  CaM-kinase I I .  A f t e r  
p r e i n c u b a t i o n  of  CaM-kinase I I  with K252a or KT5926 fo r  3-min at  
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30°C, t h e  r e a c t i o n  was i n i t i a t e d  by a d d i t i o n  of  [ r -32p]ATP.  
A l i q u o t s  of  5 z l  were s p o t t e d  on p h o s p h o c e l l u l o s e  paper  s q u a r e s  
a t  1.5 and^~ min, which were then p r o c e s s e d  as d e s c r i b e d  (23) to  
de te rmine  3ZPO 4 i n c o r p o r a t i o n  in to  s y n t i d e - 2  or myosin l i g h t  
chain.  

RESULTS AND DISCUSSION 

In p r e v i o u s  papers ,  Nakanishi e t  al (20) have r e p o r t e d  t h a t  

K252a was a n o n s p e c i f i c  i n h i b i t o r  of  p r o t e i n  k inases .  This com- 

pound a f f e c t e d  the  f u n c t i o n s  of  v a r i o u s  c e l l s  and t i s s u e s  i n c l u d -  

ing p l a t e l e t s  (24, 25), mast c e l l s  (26), n e u t r o p h i l s  (26, 27), 

b a s o p h i l s  (28), PC12 c e l l s ,  ch ick  embryo do r sa l  r o o t  gang l ion  

c e l l s  (30) ,  and smooth muscle  s t r i p s  (31).  KT5926 i s  a K252a 

d e r i v a t i v e  deve loped  to  i n h i b i t  smooth muscle myosin l i g h t  chain  

k i n a s e  s p e c i f i c a l l y  and has been shown t o  s u p p r e s s  p l a t e l e t  

a g g r e g a t i o n  and s e r o t o n i n  r e l e a s e  (20). However, the  e f f e c t s  of  

t h e s e  compounds on CaM-kinase I I  have not been s t u d i e d .  There-  

f o r e ,  we f i r s t  measured  the  a c t i v i t y  of  CaM-kinase  I I  in t h e  

p r e s e n c e  of  v a r i o u s  c o n c e n t r a t i o n s  of  the  i n h i b i t o r s  under the  

b a s i c  c o n d i t i o n s  d e s c r i b e d  in MATERIALS AND METHODS. K252a and 

KT5926 bo th  p o t e n t l y  i n h i b i t e d  CaM-kinase I I  a c t i v i t y  with an 

IC50 of  2 .8  and 5.9  nM, r e s p e c t i v e l y .  S imi l a r  i n h i b i t o r y  e f f e c t s  

were obse rved  when myosin l i g h t  chain  was used as a s u b s t r a t e  

i n s t e a d  o f  t h e  p e p t i d e  s u b s t r a t e  s y n t i d e - 2 .  To e l u c i d a t e  t h e  

mechanism invo lved  in t h i s  i n h i b i t i o n  of  the  enzyme a c t i v i t y ,  

K252a and KT5926 were t e s t e d  f o r  t h e i r  a b i l i t y  to  compete wi th  

ATP, s y n t i d e - 2 ,  or Ca2+/CaM b ind ing  to  the  enzyme. F i g u r e s  1 and 

2 show d o u b l e - r e c i p r o c a l  p l o t s  of  the  i n h i b i t i o n  of  CaM-kinase I I  

a c t i v i t y  o b t a i n e d  when the  ATP or s y n t i d e - 2  c o n c e n t r a t i o n  was 

v a r i e d  in the  absence  or p r e sence  of  d i f f e r e n t  c o n c e n t r a i o n s  of  

the  i n h i b i t o r s .  I n h i b i t i o n  of  CaM-kinase I I  by K252a and KT5926 

was c o m p e t i t i v e  with r e s p e c t  to  ATP (Fig. 1) with Ki v a l u e s  of  

1.8 and 4 .4  nM, r e s p e c t i v e l y  (Table 1), but  n o n c o m p e t i t i v e  wi th  

r e s p e c t  to  s y n t i d e - 2  (Fig. 2). In a d d i t i o n ,  the  i n h i b i t o r y  e f f e c t  
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Fig. l. Effect of the ATP concentration on the inhibition of 
CaM-kinase II activity by K252a and KT5926. CaM-kinase II activi- 
ty was measured as described in MATERIALS AND METHODS in the 
absence (o) or presence of K252a (A: e,0.7 nM; A,I nM; • ,2  
nM) and KT5926 (B: . , i . 3  nM ; A,2 nM ; 11,4 nM) An" the presence 
of d i f f e r e n t  c o n c e n t r a t i o n s  (14 .3-100  ~M) o f  [r-3~P] ATP. 

F ig .  2. E f f e c t  of  t he  s y n t i d e - 2  c o n c e n t r a t i o n  on the  i n h i b i t i o n  of  
CaM-kinase  I I  a c t i v i t y  by g252a and KT5926. CaM-kinase I I  a c t i v i -  
t y  was m e a s u r e d  as  d e s c r i b e d  in  MATERIALS AND METHODS in t h e  
absence  (e)  or  p r e s e n c e  of  g252a (A: A , 1 . 5  nM ; • , 3  riM) and 
KT5926 (B: • , 3  n M ;  X,6 nM) in t he  p r e c e n c e  of  d i f f e r e n t  con-  
c e n t r a t i o n s  of  s y n t i d e - 2  (4-20 ~M). 

TABLE 1 

Ki values of K252a and KT5926 for ATP with various protein kinases 

Enzyme 
Ki (nM) 

K252a KT5926 

CaM-kinase  11 

Myosin l i g h t  c h a i n  k i n a s e  

P r o t e i n  k i n a s e  C 

cAMP-dependent  p r o t e i n  k i n a s e  

cGMP-dependent p r o t e i n  k i n a s e  

1.8 4 .4  

20 18 

25 723 

18 1200 

20 158 

The Ki v a l u e s  wi th  CaM-kinase I I  were c a l c u l a t e d  from the  r e p l o t s  
of  t h e  s l o p e s  of  t he  l i n e s  shown in Fig .  1 as a f u n c t i o n  of  t he  
K252a and KT5926 c o n c e n t r a t i o n .  The o t h e r  Ki v a l u e s  were quo ted  
from R e f e r e n c e  20. 
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Fig. 3. Effect of the CaM concentration on the inhibition of CaM- 
kinase I I  a c t i v i t y  by K252a and KT5926. CaM-kinase II  ac t iv i ty  
was measured as described in MATERIALS AND METHODS in the absence 
or presence of 3 nM K252a and 6 nM KT5926 with d i f ferent  concen- 
t ra t ions  of CaM. The values are the means ± S.D. of three sepa- 
rate  experiments. The enzyme a c t i v i t i e s  without the compounds 
were 3.5 ± 0.5, 4.2 ± 0.5, and 4.3 ± 0.5 Fmol °~PO4/min/mg (means 
± S.D.,n=3) in the presence of 0.12, 0.6 and 3 FM CaM, respec- 
t ive ly .  K:K252a, KT:KT5926. 

of both compounds was not affected by changes in the CaM concen- 

tration (Fig. 3), and thus, the inhibition was not competitive 

with CaM. Table 1 shows Ki values of K252a and KT5926 for ATP 

with various protein kinases. K252a was 10-fold selective for 

CaM-kinase II over other protein kinases. Although KT5926 showed 

only 4-fold selectivity for the enzyme over myosin light chain 

kinase, the selectivity over protein kinases other than myosin 

light chain kinase was more than 35-fold. 

The only specific inhibitor of CaM-kinase II so far reported 

i s  KN-62 (17) .  I n h i b i t i o n  by KN-62 was c o m p e t i t i v e  w i t h  CaM, 

w h i l e  t h a t  by K252a and KT5926 was no t  c o m p e t i t i v e  w i th  CaM, b u t  

was w i th  hWP. The o b s e r v a t i o n s  t h a t  K252a a f f e c t s  f u n c t i o n s  o f  

v a r i o u s  c e l l s  a t  r e l a t i v e l y  low c o n c e n t r a t i o n s  (24-31)  s u g g e s t  

t h a t  i t  p a s s e s  e a s i l y  t h rou gh  t h e  c e l l  membrane. U t i l i z a t i o n  o f  

t h e s e  two i n h i b i t o r s ,  K252a and KT5926, in a d d i t i o n  t o  KN62, 

s h o u l d  t h e r e f o r e  be u s e f u l  f o r  d i s s e c t i n g  t h e  t h e  p h y s i o l o g i c  

f u n c t i o n s  o f  CaM-kinase  I I .  
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