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1. Introduction 

Calcium ions, which are known to play important 
roles in the release and biosynthesis of neurotrans- 
mitters and other physiological functions of the 
nervous system [ 11, regulate the level of phosphoryl- 
ation of a number of endogenous proteins in nerve 
terminals apparently through activation of a Ca’+- 
sensitive protein kinase [2]. The involvement of a 
heat-stable Ca2+-sensitive regulator protein (cal- 
modulin) in the Ca2+-sensitive protein phosphoryla- 
tion in the nervous system has been suggested 
[3-6]. These studies have demonstrated that at least 
three distinct calmodulin-dependent protein kinases 
with different substrate specificities, one of which is 
involved in the regulation of tryptophan 5-mono- 
oxygenase, are present in rat brain cytosol. 

2. Materials and methods 

[Y-‘~P] ATP (3000 Ci/mmol) was obtained from 
the Radiochemical Centre, Amersham. Phosphorylase 
b from rabbit muscle, obtained from Boehringer 
Mannheim, was further purified by gel filtration on 
Ultrogel AcA 34 in order to remove contaminating 
calmodulin. Rat brain cahnodulin was prepared as in 
[7]. The light chain from chicken gizzard myosin was 
prepared essentially as in [8]. The light chain prepara- 
tion was free from calmodulin. Phosphorylase kinase 
from rabbit skeletal muscle was prepared as in [9]. 

Abbreviations: EGTA, ethylene glycol bis@aminoethyl 
ether) N,N’-tetraacetic acid; Hepes, 4-(2-hydroxyethyl)-l- 
piperazineethanesulfonic acid; SDS, sodium dodecyl sulfate; 
DTT, dithiothreitol 
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Tryptophan 5-monooxygenase was purified -7-fold 
from rat brain-stem extracts by ammonium sulfate 
precipitation (55% saturation), gel filtration on 
Sepharose CL6B and chromatography on cahnodulin- 
substituted Sepharose 4B. The last step was required 
to remove calmodulin-dependent protein kinase from 
this preparation. Endogenous substrates of calmodulin- 
dependent protein kinases were prepared from rat 
cerebral cortex by ammonium sulfate fractionation 
and cahnodulin-substituted Sepharose 4B chromatog- 
raphy. Calmodulin-substituted Sepharose 4B was 
prepared as in [lo]. 

Cahnodulin-dependent protein kinases were 
prepared from rat cerebral cortex. The cerebral cortex 
(30 g wet wt) of Wistar rats was homogenized in 
120 ml 50 mM Tris-HCl (pH 7.6) containing 2 mM 
DTT and 1 mM EGTA and centrifuged at 39 000 X g 
for 30 min. To the supernatant a saturated ammonium 
sulfate solution (pH 7.6) was added to a final satura- 
tion of 55%. The precipitate was collected by centrif- 
ugation and dissolved in 50 ml buffer A (40 mM 
Tris-HCl (pH 7.6), containing 50 mM NaCl, 3 mM 
Mg(CHsC00)2 and 1 mM DTT) containing 0.2 mM 
CaC12 and dialyzed against the same buffer. The 
dialyzed solution was applied to a column of cal- 
modulin-Sepharose 4B (1.6 X 12 cm) preequilibrated 
with Buffer A containing 0.2 mM CaC12. The column 
was washed with the same buffer containing 1 M 
NaCl. Cahnodulin-dependent protein kinases were 
eluted with buffer A containing 1 mM EGTA, con- 
centrated by ammonium sulfate precipitation, and 
then applied to a column of Sepharose CL6B 
(1.4 X 60 cm) pre-equilibrated with buffer A and 
eluted with the same buffer. 

Assays for &nod&n-dependent protein kinase 
activity were done essentially as in [4]. Endogenous 
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substrates, chicken gizzard myosin light chain, or 
casein were used as protein substrates. Activation of 

tryptophan S-monooxygenase was done as in [3]. 
Phosphorylase kinase was assayed as in [ 1 l] with a 
slight modification. Calmodulin was assayed on the 
basis of its ability to activate the Ca’+-activatable 
phosphodiesterase [7]. 

SDS-polyacrylamide slab gel electrophoresis and 
autoradiography were done as in [4]. Protein was 
determined as in [ 121. 

3. Results and discussion 

The elution patterns of the rat brain cytosol 
calmodulin-dependent protein kinase activity on 
Sepharose CL6B were examined with using several 
protein substrates as shown in fig. 1. Phosphorylase 
kinase activity was eluted as two peaks (fig. 1 A), one 
at the void volume and the other (kinase I) at a 
position corresponding to mol. wt -1 X lo6 (fig.2). 
The phosphorylase kinase activity was stimulated by 
the addition of calmodulin in the presence of Ca2+. 
The activating activity of tryptophan S-mono- 
oxygenase was eluted as two peaks (fig.lB), one at 
the void volume and the other (kinase II) at a position 
corresponding to mol. wt -5 X 10’ (fig.2). The activat- 
ing activity of tryptophan 5monooxygenase absolute- 

ly required the presence of ATP, Mg2*, Ca2+ and cal- 
modulin. When casein was used as the substrate, the 
cahnodulin-dependent protein kinase activity was 
eluted as 3 peaks (fig.lC), one at the void volume, 
the second at the position of kinase II, and the third 
(kinase III) at a position corresponding to mol. wt 
-1 X 10’ (fig.2). The phosphorylation activity of 
casein by both kinase II and kinase III absolutely 
required the presence of both Ca2’ and calmodulin. 
When myosin light chain was used as the substrate, 
the kinase activity was also eluted as 3 peaks (fig.lD), 
each elution position of which corresponded to that 
of each peak of the cahnodulin-dependent casein 
kinase. However, the ratio of myosin light chain kinase 
activity to calmodulin-dependent casein kinase activity 
of kinase III was twice as high as that of kinase II. 
Thus, myosin light chain served as a substrate more 
efficiently for kinase III than for kinase II, compared 
with casein. The phosphorylation activity of myosin 
light chain was absolutely dependent on the presence 
of Ca2+ and calmodulin. Since the kinase activity 
(kinase IV) eluted near the void volume was active 
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with any of the substrates tested, it appeared to be a 
heterogeneous mixture of large molecular weight 
aggregates. 

0 20 40 

Fmction Number 
Fig.1. Gel filtration of calmoduhn-dependent protein kinases 
on Sepharose CLdB column. The column (1.4 X 60 cm) was 
equilibrated with buffer A and eluted with the same buffer. 
(A) A 10 pl aliquot of each fraction was assayed for phospho- 
rylase kinase; (B) a 30 ~1 aliquot was assayed for the activation 
of tryptophan S-monooxygenase; (C) a 10 r.11 aliquot was 
assayed for cahnodulindependent phosphorylation of casein; 
(D) a 5 cl1 ahquot was assayed for calmodulm-dependent 
phosphorylation of myosin light chain; (E) protein was 
determined. 
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Fig.2. Determination of molecular weights of calmodulin- 
dependent protein kinases by gel filtration on Sepharose 
CLdB column. Gel filtration was carried out as in fig.1. The 
standard proteins were: (1) skeletal muscle phosphorylase 
kinase; (2) thyroglobulin; (3) ferritin; (4) r-globulin; (5) 
transfer&; (6) ovalbumin; (7) myoglobin. 

An autoradiograph illustrating the incorporation 
of “P into cytosol proteins by the action of each 
fraction from Sepharose CL-6B column is shown in 
fig.3. The pattern of phosphorylation of the prepara- 
tion precipitating at 55% saturated ammonium sulfate 
(line 1) was very similar to that of the phosphorylation 
of endogenous substrates by the kinase preparation 
from the purification step of calmodulin affinity 
chromatography (line 3). Since the former preparation 
contained almost all the calmodulin-dependent protein 
kinases as well as their endogenous protein substrates 

[4], the results suggested that almost all of the cal- 
modulin-dependent protein kinases in brain cytosol 
were recovered in the latter preparation. Many 
protein bands including the proteins of mol. wt 
81 000,52 000,47 000,43 000,37 000 and 17 000 
were phosphorylated by fraction 23 (kinase II) (line 7), 
indicating that kinase II either had a broad substrate 
specificity or was a mixture of several different 
enzymes. The pattern of the phosphorylation by 
fraction 21 (kinase I) (line 6) was similar to that by 
fraction 23 (kinase II) (line 7), presumably due to 
contamination with kinase II in fraction 2 1. The 
phosphorylation of two protein bands of mol. wt 
63 000 and 15 000 were selectively stimulated by 

fraction 29 (kinase III) (line lo), indicating that 
kinase III had a high degree of substrate specificity. 
Thus, kinase II differed from kinase III not only in 
size but also in substrate specificity. 

These results demonstrate that at least 3 distinct 
calmodulin-dependent protein kinases, kinase I, 
kinase II and kinase III are present in rat brain cytosol. 

Kinase I with mol. wt -1 X lo6 which could be 
assayed with phosphorylase b as substrate may be 
identical with the kinase reported to be phosphorylase 

kinase in brain tissue [13,14], although its physiolog- 
ical protein substrates remain unknown. Kinase III 
with mol. wt -1 X 10’ which could be assayed with 
casein or myosin light chain as substrates may be 
identical with the kinase reported to be myosin light 
chain kinase [ 151, since kinase III showed a relatively 
high activity with myosin light chains. However, 
kinase III appears to differ in substrate specificity 

from myosin light chain kinase from muscle [ 161 or 

Fig.3. Analysis of phosphorylated cytosol proteins by SDS- 
polyacrylamide slab gel electrophoresis. The protein fraction 
precipitating with 55% saturated ammonium sulfate from: 
(1) cerebral cortex cytosol(l20 pg protein); (2) endogenous 
substrates (140 pg of protein; (3) endogenous substrates 
(140 pg protein) and calmodulindependent protein kinase 
from the purification step of cahnodulin affinity chromatog- 
raphy (9 pg protein); (4) endogenous substrates (140 pg 
protein) and a 10 ~1 aliquot of fraction 16, (5) fraction 18, 
(6) fraction 21, (7) fraction 23, (8) fraction 25, (9) fraction 
27, (10) fraction 29, or (11) fraction 31 of Sepharose CLdB 
were incubated with 0.1 mM [@‘P]ATP (1.9 X lo6 cpm) 
in a mixture containing 50 mM Hepes buffer (pH 7.0), 5 mM 
Mg(CH,COO),, 0.03 mM Ca’+, 5 mM NaF and 1.4 clg cal- 
modulin in 140 ~1 total vol. After incubation for 5 min at 
3O”C, SDS-slab gel electrophoresis and autoradiography were 
done. Arrows indicate protein bands markedly phosphorylated 
by cahnodulindependent protein kinases. 

143 



Volume 116, number 2 FEBS LETTERS July 1980 

platelet [ 171 which has been shown not to use casein 
as substrate. Two proteins with minimal mol. wt 
63 000 and 15 000 were specifically phosphorylated 
by the action of kinase III. The biological function of 
these proteins remains, however, to be established. 
Kinase II with mol. wt -5 X lo’, a new calmodulin- 
dependent protein kinase, showed a broad substrate 
specificity, suggesting that kinase II might play a 
number of roles in the function of nervous system. 
One of them may be related to regulation of serotonin 
biosynthesis, since kinase II appeared to be involved 
in the activation of tryptophan S-monooxygenase, a 
rate-limiting enzyme in the biosynthesis of serotonin 
in the nervous system. 
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