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When two cDNAs respectively encoding the entire coding regions of ~t and 1/subunits of Ca 2 +/calmodulin-dependent protein kinase II (CaM kinase 
II) were introduced into Chinese hamster ovary cells, the expressed ~t and p subunits were differently associated with subcellular structure. Although 

subunit was loosely associated with subcellular structure, about 80% of CaM kinase I! acitivity of~t subunit was found in soluble fraction. More 
than 50~ of the ]~ subunit bound to the membrane, and the remainder was soluble but was loosely associated with subcellular structure. The relative 

rate of phosphorylation for substrate proteins of the ]/subunit bound to membrane was significantly different from that of the soluble form. 
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1. INTRODUCTION 

Since Ca2÷/calmodulin-dependent protein kinase II 
(CaM kinase II) was first demonstrated by gel filtration 
of brain calmodulin-dependent protein kinases [1], 
there have been many reports concerning the properties 
of CaM kinase II, and the physiological importance of 
CaM kinase II has been increasingly recognized (for a 
review, see [2,3]). CaM kinase II is expressed in great 
quantities in brain neurons and is the most abundant 
protein kinase in mammalian brain [2-6]. CaM kinase 
II is composed of two distinct but related protein 
subunits of 50 kDa (ce) and 60/58 kDa (6'/fl). They are 
the products of highly homologous transcription units, 
with amino acid insertions at the carboxyl-terminal side 
of calmodulin binding domain accounting for the 
larger size off l  subunit [7,8]. There is a variation in the 
c~ and fl subunit compositions of the kinase in different 
regions of adult rat brain [9-12]. CaM kinase II exists 
in both soluble and particulate fractions [3,13-15]. 
However, it is not clear that the association of the two 
subunits in a variety of ratios is correlated to the 
association of CaM kinase II with subcellular structure 
in neuronal cells. We have recently reported the ligation 
of the ce and /5' cDNAs encoding the entire coding 
regions of cr and/3 subunits of CaM kinase II into an 
expression vector and their introduction into Chinese 
hamster ovary (CHO) cells, demonstrating that the ce 
and/5' subunits exhibit enzyme activity individually and 
that basic properties of expressed enzyme are com- 
parable to brain CaM kinase II [16]. 
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In the present study, we demonstrated that the c~ and 
fl subunits associated differently with subcellular struc- 
ture in CHO cells transfected with ~r and/5' cDNAs 
separately or simultaneously, suggesting that the a and 
fl subunit composition of CaM kinase II is important to 
the association of the kinase with subcellular structure 
in vivo. 

2. MATERIALS AND METHODS 

2.1. Materials 
[y-32p]ATP was purchased from Du Pont-New England Nuclear. 

~251-Labeled antimouse IgG (Fab')  was from Amersham Interna- 
tional. Stable cell lines transfected with oe and/or/5 '  cDNAs and 
specific antibody against brain CaM kinase II were prepared as 
described previously [16]. The CaM kinase II substrate peptide syn- 
tide 2 (Pro-Leu-Ala-Arg-Thr-Leu-Ser-Val-Ala-Gly-Leu-Pro-Gly- 
Lys-Lys) [17] was synthesized by the solid-phase method using a 
model 430A Applied Biosystems peptide synthesizer. 

2.2. Assay of CaM kinase H 
CaM kinase II activity was assayed by phosphorylation of syntide 

2 or protein substrate [16,17]. Reaction mixture contained 50/zM 
[-r-32p]ATP, 8 mM Mg(CH3COO)2, 20/zM syntide 2 or indicated 
amounts of protein substrate, 2/zM calmodulin, 0.2 mM CaC12, 
0,1 mM EGTA, 50 mM Hepes buffer, pH 8.0, and suitable amounts 
of enzyme. Control reaction was carried out in the presence of 1 mM 
EGTA. 

2.3. Preparation of soluble and particulate fractions 
The transfected ceils were cultured to confluency in F-12 medium 

supplemented with 10% fetal bovine serum in 10 cm dish. The cells 
were washed with 10 ml of phosphate-buffered saline, scraped by a 
rubber policeman, and collected by centrifugation at 170 x g for 
5 min. The cell pellet was suspended in 0.2 ml/dish of 40 mM Tris 
buffer, pH 7.6, containing 1 mM dithiothreitol (DTT), 1 mM 
EGTA, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 10/,g/ml 
each of antibiotic protease inhibitors antipain, leupeptin, and 
pepstatin A, and was sonicated for 15 s. After centrifugation at 
18500 x g for 30 min, the supernatant was designated as the soluble 
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fraction. The resulting precipitate was suspended in the same volume 
of  extraction buffer containing 0.1°70 Triton X-100, and stirred for 
20 min at 0°C. After centrifugation at 18500 x g for 30 min, the 
supernatant was designated as the first washings. The resulting 
precipitate was treated by the same method. The supernatant was 
designated as the second washings and the resulting precipitate as the 
particulate fraction. 

2.4. Subcellular fractionation 
Subcellular fractionation of the transfected cells was carried out by 

differential centrifugation in isotonic sucrose medium. The 
transfected cells in 4 dishes were homogenized in 0.8 ml of  a solution 
containing 0.28 M sucrose, 10 mM Tris buffer, pH 7.6, 1 mM DTT, 
1 mM EGTA, 1 mM PMSF, and 10/zg/ml each of  antipain, leupep- 
tin and pepstatin A with a Potter-Elvehjem homogenizer. The 
homogenate was centrifuged at 900 × g for 10 min. The precipitate 
was washed by brief homogenization in the sucrose medium and cen- 
trifuged to obtain the nuclear fraction. The supernatant fluid was 
pooled and centrifuged at 11 500 × g for 20 min. The precipitate was 
donated the mitochondrial fraction. The supernatant fluid was cen- 
trifuged at 100000 × g for 60 min. The precipitate was designated as 
the microsomal fraction and the supernatant fluid as the supernatant 
fraction. Lactate dehydrogenase activity was assayed by the method 
of  Pesce et al. [18]. 

Table I 

CaM kinase II activity of  soluble and particulate 
transfected cells 

fractions in 

Clone Fraction Protein CaM kinase II activity 

(070) Total activity 070 Specific activity 
(nmol/min) (nmol/min/mg) 

a soluble 54.0 97.9 79.9 12.0 
1st washings 13.5 14.5 11.8 7.1 

2nd washings 5.8 2.7 2.2 3.0 
particulate 26.5 7.3 6.0 1.8 

/5' soluble 53.6 30.5 30.2 4.82 
1st washings 14.7 10.9 10.8 6.26 

2nd washings 6.3 4.5 4.4 6.14 
particulate 25.4 55.0 54.5 18.3 

oe~' soluble 54.3 233.0 76.1 40.5 
Ist washings 13.1 27.0 8.8 19.4 

2nd washings 8.4 9.0 2.9 10.2 
particulate 24.2 37.2 12.1 14.4 

CaM kinase 11 activity was measured as Ca2+-dependent 
phosphorylation of syntide 2. 

3. RESULTS AND DISCUSSION 

Table I shows the CaM kinase II activity of cr and fl 
subunits and crZ9 complex expressed in transfected cells, 
when transfected cells were homogenized in hypotonic 
medium. About 80% of  CaM kinase II activity of  cr 
subunit was found in soluble fraction and the activity 
in particulate fraction was 6.0°70, indicating that the ee 
subunit might exist in cytosol. On the other hand, 
about  30070 of  the activity of  ~ subunit was found in 
soluble fraction and more than 50°7o of  the activity was 
in particulate fraction. The activity of  the first and se- 
cond washings of  B subunit was about 15070 and more 
than 50070 of the activity was not solubilized from par- 
ticulate fraction by the treatment of  0.1°70 Triton 
X-100. The treatment of 0.1070 Triton X-100 was 
thought to extract the enzyme associated loosely with 
membrane and the enzyme existed in occluded vesicle, 
but not to extract the enzyme bound to membrane 
tightly. Therefore, about half of  the fl subunit which 
was obtained in particulate fraction must have been 
bound to membrane tightly, ce and ~ subunits in the oefl 
clone polymerized to form an o~fl complex [16]. About 
76070 and 12% of  the activity of  ceB complex were found 
in soluble and particulate fractions, respectively. The 
activity of  aft  complex in particulate fraction was 
significantly higher than that of ce subunit. This result 
indicates that the ce and fl subunits associated different- 
ly with subcellular structure in transfected cells and that 
the B subunit might play a role in the association of  crfl 
complex with membrane. 

The c~ and fl subunits in soluble and particulate frac- 
tions were examined by immunoblot analysis using a 
specific antibody as shown in Fig. 1. The cr subunit was 
found in great quantities in soluble fraction, and the fl 
subunit was found in particulate fraction more than in 

soluble fraction. The aft  complex was found in soluble 
fraction more than in particulate fraction. This result 
was consistent with the distribution of  CaM kinase II 
activity of  ce and fl subunits and crfl complex. 

Since the fl subunit existed in both soluble and par- 
:iculate fractions, the enzymatic properties of~'  subunit 
in two fractions were examined. The substrate specifici- 
ty of  ~ subunit in soluble fraction was compared with 
that in particulate fraction as shown in Table II. The 
subunit in soluble and particulate fractions 
demonstrated a nearly identical relative rate of  
phosphorylation for MAP 2, r protein and syntide 2. 
The relative rate of  phosphorylation for myosin light 
chain in soluble fraction was lower than that in par- 
ticulate fraction and that for casein was higher than in 
particulate fraction. This result indicates that the 
relative rate of  phosphorylation for protein substrates 
of  fl subunit was significantly different in soluble and 
particulate fractions. 

The distribution of  ce and ~ subunit in subcellular 
fraction was examined by cell fractionation using dif- 
ferential centrifugation in isotonic sucrose medium as 
shown in Fig. 2. a subunit was concentrated in 
microsomal fraction and about 27% and 20% of  the 
activity of  c~ subunit were found in supernatant and 
mitochondrial fraction, respectively. Since about 80% 
of  the activity of a subunit was found in soluble frac- 
tion, the ce subunit in microsomal and mitochondrial 
fractions was thought to be associated loosely with 
these subcellular structures. The activity of ~ subunit 
was concentrated in mitochondrial and microsomal 
fractions and was very low in supernatant fraction. The 
distribution of  cr~ complex was similar to that of ce 
subunit. Lactate dehydrogenase, a marker enzyme of 
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Fig. 1. Immunoblot analysis of tr and ~ subunits in soluble and 
particulate fractions. Protein in each fraction prepared from cell 
homogenate (200 #g protein) was separated on SDS polyacrylamide 
slab gel electrophoresis and immunoblotted as described in [16]. (A) 

clone. (B) B clone. (C) try' clone. (Lane 1) Soluble fraction; (lanes 
2 and 3) the first and second washings of particulate fraction, 

respectively; (lane 4) particulate fraction. 

cytoso1, was a lmos t  f o u n d  in supe rna t an t  f rac t ion ,  in- 
d ica t ing  tha t  the  o~ and/5 '  subuni t s  were d i f fe ren t  f rom 
a c y t o p l a s m i c  enzyme and  some par t s  o f  the two 
subuni t s  were assoc ia ted  with subcel lu lar  s t ruc ture  cell 
m e m b r a n e ,  endop la smic  re t i cu lum and  mi tochond r i a .  

In  the  present  s tudy,  we d e m o n s t r a t e d  tha t  the  a and  
/5' subuni t s  were assoc ia ted  d i f fe ren t ly  with subcel lu lar  
s t ruc ture  in t r ans fec ted  cells. M o r e  o f  the /Y subuni t  
t h a n  o f  the cr subuni t  was f o u n d  in pa r t i cu la te  f rac t ion  
and  m o r e  than  50% o f  the  ~' subuni t  b o u n d  to mem-  
b rane .  The  a m i n o  ac id  inser t ions  o f  ~ subuni t  m a y  be 
i m p o r t a n t  to the  a s soc ia t ion  o f  C a M  kinase  II  with 
m e m b r a n e .  It has  been r epo r t ed  tha t  the subcel lu lar  
d i s t r i bu t i on  o f  C a M  kinase  II  is under  deve lopmen ta l  
con t ro l  [19]. The  fo reb ra in  o f  5 day  pos tna t a l  rats  con-  

Table II 

Substrate specificity of ~ subunit in soluble and particulate fractions 

Substrate Relative activity: 
CaM kinase II activity 

Soluble fraction Particulate fraction 

Microtubule associated 
protein 2 1.00 1.00 

r protein 0.78 0.80 
Myosin light chain 1.60 1.35 
Casein 0.44 1.02 
Syntide 2 8.40 7.43 

CaM kinase II activity was measured as Ca2+-dependent 
phosphorylation of syntide 2 (20/zM) or protein substrate 
(0.23 mg/ml) under the standard conditions, except that 
phosphorylation of casein was carried out at a concentration of 
l mg/ml in Mes buffer, pH 6.6. The enzyme activity is shown as 

relative activity to MAP 2 
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Fig. 2. Subcellular fractionation of CaM kinase II activity and lactate 
dehydrogenase in transfected cells. Subcellular fractionation of or-, ~'- 
, and oil'-clones was carried out as described in section 2. (A, B, C) 
CaM kinase II activity of el-, B-, and a~'-clones, respectively. (D) 
Lactate dehydrogenase activity of aB-clone. Nuc, nuclear fraction; 
Mt, mitochondrial fraction; Ms, microsomal fraction; Sup, 

supernatant fraction. 

ta ins  a b o u t  80% cy top lasmic  C a M  kinase  II  with oe and  
/5' subuni t  ra t io  o f  a b o u t  1 "4. Between 5 and  20 days ,  
80% o f  the  k inase  is pa r t i cu la te  with ~ and  ~? subuni t  
r a t i o  o f  7 • 1. On  the o the r  hand ,  m o r e  o f  the  cerebel lar  
C a M  kinase  II  ( a : l ?  = 1"4) than  o f  the  fo r eb ra in  
i s o f o r m  (c~ :/5' = 3 : 1) is recovered  in pa r t i cu la te  f rac t ion  
[9]. These  previous  repor t s  suggest  tha t  the subcel lu lar  
d i s t r i bu t ion  o f  C a M  kinase  II  is not  co r re l a t ed  to  a 
va r i a t i on  o f  cr and  Z? subuni t  c o m p o s i t i o n  o f  the  kinase.  
H o w e v e r ,  the resul t  p resented  here was cons is ten t  with 
the  resul t  r epo r t ed  tha t  more  o f  cerebel lar  C a M  kinase  
II  t han  o f  the  fo reb ra in  i so fo rm is recovered  in par -  
t i cu la te  f rac t ion ,  suggest ing tha t  the assoc ia t ion  o f  oe 
a n d / 5 '  subuni t  is co r re l a t ed  to  the  a s soc ia t ion  o f  the 
k inase  with subcel lu lar  s t ructure .  The  change  o f  
d i s t r i bu t ion  o f  a and/5'  subuni t s  in the  deve lopmen t  was 
no t  expla ined  f rom our  result .  I t  cou ld  be tha t  the  
d i s t r i bu t ion  o f  C a M  kinase  II  was regula ted  by  the 
m e m b r a n e  c o m p o s i t i o n  ra ther  than  by  the s t ruc ture  o f  
the  k inase  in deve lop ing  neurona l  cells. Fu r the r  s tudies  
a re  r equ i red  to expla in  the obse rva t ion .  

W e  d e m o n s t r a t e d  tha t  the subs t ra te  specif ic i ty  o f / ~  
subun i t  was s igni f icant ly  changed  in vi t ro  by  the 
a s soc i a t i on  o f  the  k inase  with m e m b r a n e .  Subce l lu la r  
d i s t r i bu t ion  o f  C a M  kinase  II  m a y  be i m p o r t a n t  for  the  
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regulation of enzyme activity in neuronal cells. It has 
been reported that CaM kinase II is the major protein 
of postsynaptic density [13,14], in which the a and B 
subunits may form an ~B complex. The enzymatic pro- 
perties of CaM kinase II in postsynaptic density may be 
different from that in soluble fraction. The present 
study provides valuable information to investigate the 
properties of CaM kinase II in soluble fraction and in 
postsynaptic density. Introduction of the cDNAs into 
cultured neuronal cells would seem a useful approach 
to understand the physiological significance of dif- 
ferent association of CaM kinase II with subcellular 
structure. 
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