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SUMMARY
We investigated the presence of and the endogenous substrates
for Ca2�/calmodulin-dependent protein kinase II (CaM kinase II)
in cultured bovine adrenal medullary cells. By a series of chro-
matographic steps using DEAE-cellulose, calmodulin affinity, and
Sephacryl S-300 columns, we partially purified two CaM kinases
(peaks I and Ill) and one calmodulin-binding protein (peak II).
Both of the kinases (peaks I and Ill) showed broad substrate
specificities. Peak I, but not peak Ill, was immunoprecipitated
with an antibody against rat brain CaM kinase II, suggesting that
peak I is CaM kinase II or a closely associated CaM kinase.
Although the anticaldesmon antibody recognized a 77-kDa pro-
tein (low molecular mass caldesmon) in crude preparations from
the cells, the protein in peak II was not immunoblotted with the

antibody. The peak II protein was phosphorylated by the CaM
kinase in peak I but not by the CaM kinase in peak Ill. Peak I
kinase also phosphorylated purified tyrosine hydroxylase and
several proteins from chromaffin granule membranes. Stimula-
tion of cultured bovine adrenal medullary cells with 56 miii K�
evoked rapid increases in �Ca2� influx and autonomous CaM
kinase II activity, both of which were attenuated by the addition
of 20 mM MgSO4, an inhibitor of voltage-dependent Ca2� chan-
nels. These results suggest that an isozyme of CaM kinase II
exists in adrenal medullary cells and is activated by cell depolar-
ization. Furthermore, the peak II protein is apparently a novel
endogenous substrate for CaM kinase II.

Calcium ion is widely recognized as an important intracel-
lular messenger in stimulus-secretion coupling (1) and in the
regulation of the synthesis of neurotransmitters and hormones

(2). One of the primary intracellular receptors of Ca2� is CaM,

a ubiquitous Ca2’�-binding protein (3, 4) that interacts with
many intracellular proteins. Among these targets for CaM are
several distinct CaM kinases, such as phosphorylase kinase,

myosin light chain kinase, and CaM kinase I, II, III, and IV
(5). CaM kinase II is a multifunctional protein kinase that has

been studied extensively in the brain and other tissues (for
reviews, see Refs. 5-7). The enzyme has broad substrate spec-
ificities and is implicated in the regulation of numerous Ca2�-
mediated cellular functions in response to extracellular signals.

Adrenal medullary cells are paraneurons of neural crest

origin and share many physiological and pharmacological prop-
erties with postganglionic sympathetic neurons. Stimulation of
acetylcholine receptors in adrenal medullary cells causes an
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increase in secretion (1, 8) and synthesis (2, 8) of catechol-

amines in a Ca2�-dependent manner. The enhancement of

catecholamine synthesis is associated with the activation of

tyrosine hydroxylase, which catalyzes the rate-limiting step in

the biosynthesis of catecholamines (9). Furthermore, in rat

pheochromocytoma PC-12 cells there is a direct relationship

between activation and phosphorylation of tyrosine hydroxyl-

ase caused by 56 mM K�-evoked depolarization (10). Several

studies have demonstrated that the tryptic peptide maps of

tyrosine hydroxylase phosphorylated in rat pheochromocytoma

PC-12 cells after treatment with carbachol or 56 m�,i K� are

similar to those obtained after the enzyme is phosphorylated

by CaM kinase II in vitro (11, 12). Therefore, CaM kinase II is

considered to be involved in the Ca2�-mediated phosphorylation

of tyrosine hydroxylase in intact cells (12). However, the exist-

ence of CaM kinase II has not been well documented in adrenal

medulla.

In the present study, we have partially purified and charac-

terized three CaM-binding proteins, including an apparent
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isoform of CaM kinase II, from cultured bovine adrenal med-
ullary cells. Furthermore, we have searched for endogenous

substrates for CaM kinase II and have examined the effect of

high-K� depolarization on the activation of CaM kinase II in

the cells.

Experimental Procedures

Materials. CaM (bovine brain) was purchased from Calbiochem-
Behring (La Jolla, CA); DEAE-cellulose, CaM-agarose, and Sephacryl
S-300 from Whatman Bio Systems (Maidstone, Kent, UK), Sigma
Chemical Co. (St. Louis, MO), and Pharmacia (Uppsala, Sweden),
respectively; [‘y-32P]ATP (3000 Ci/mmol) from New England Nuclear

(Boston, MA); �CaCl2 (0.5-2 Ci/mmol) and 125! Protein A (2-10 �tCi/

hg) from Amersham International (Amersham, UK); CaM kinase II
substrate peptide, syntide 2, and synthetic peptide inhibitors of cAMP-

dependent protein kinase (PKI-tide) and PKC (PKC1,,�) from Bachem
Feinchemkalien AG (Bubendorf, Switzerland); and poly(vinylidene

fluoride) membrane (GVH membrane) from Millipore (Bedford, MA).
Rat brain CaM kinase II was purified according to the method of

Fukunaga et a!. (13). Tyrosine hydroxylase purified from rat pheochro-

mocytoma PC-12 cells and polyclonal anticaldesmon antibody were
kindly provided by Dr. E. Tachikawa (Department of Pharmacology,

Iwate Medical School, Morioka, Japan) and Dr. K. Sobue (Department
of Neurochemistry and Neuropharmacology, Biomedical Research Cen-
ter, Osaka University Medical School, Osaka, Japan), respectively.
Other chemicals used were of analytical grade from Nacalai Tesque
(Kyoto, Japan).

Preparation of cultured adrenal medullary cells. Bovine ad-
renal medullary cells were isolated by collagenase digestion, as de-
scribed previously (14). The isolated cells were purified by a selective

plating method (15). In brief, cells were suspended in Eagle’s minimum

essential medium containing 10% calf serum, 10 MM cytosine arabino-

side, and antibiotics and were plated on tissue culture dishes (100-mm

Falcon) for 3 hr. The nonattached cells (adrenal medullary cells) were

decanted away from the attached cells and cultured for 2-4 days in

bacterial (non-tissue culture) plastic dishes (150-mm Falcon) under 5%

C02/95% air. We checked the purity of cultured cells and found that
the final cell preparation contained at least 90% adrenal medullary

cells.
Partial purification of CaM kinases and a CaM-binding pro-

tein from cultured adrenal medullary cells. CaM kinases (peaks
I and III) and a CaM-binding protein (peak II) were partially purified

from the cultured bovine adrenal medullary cells, essentially according
to the method described by Fukunaga et al. (13), with a slight modifi-

cation. Cultured cells (1.5 x i0�) were homogenized with 10 volumes of
0.1 M NaCl, 20 mM Tris.HC1 buffer, pH 7.5, 2 mM EDTA, 4 mM

EGTA, 10 mM 2-mercaptoethanol, 0.5% Triton X-100, 0.43 mM phenyl-

methylsulfonyl fluoride, 0.05 mM leupeptin, 50 mg/liter trypsin inhib-

itor. The homogenate was centrifuged at 105,000 x g for 1 hr. The
resultant supernatant was applied to a DEAE-cellulose column (4 x 8

cm) that had been equilibrated with 20 mM Tris . HC1 buffer, pH 7.5,
0.1 mM EGTA, 10 mM 2-mercaptoethanol, 10% glycerol (buffer A),

containing 20 mM NaC1. The protein fraction was eluted with 200 ml
of buffer A containing 200 mM NaCl. 200 ml of 100% ammonium
sulfate solution, pH 7.4, was added to the eluate. After 30 mm of
stirring, the precipitate was collected by centrifugation and dissolved
in buffer A containing 20 mM NaCl. The solution was diluted with 2

volumes of dilution buffer (40 mM Tris . HC1, pH 7.5, 1 mM CaCl2, 10

mM 2-mercaptoethanol) and applied to a CaM-agarose column (1.2 x
4.4 cm). The column was washed with 100 ml of buffer (40 mM Tris.

HCI, pH 7.5, 2 M NaCl, 0.2 mM CaCl2, 1 mM MgC12, 10 mM 2-

mercaptoethanol). Then, the fraction of CaM-binding proteins was
eluted with 60 ml of buffer (40 mM Tris . HC1, pH 7.5, 0.2 M NaCl, 1

mM EGTA, 1 mM MgCl2, 10 mM 2-mercaptoethanol). The fraction was
concentrated by ultrafiltration with an Amicon PM-b membrane. The
concentrate was applied to a Sephacryl 5-300 column (2.2 x 60 cm)

and the proteins were eluted with buffer (20 mM Tris . HC1, pH 7.5, 0.2

M NaCl, 0.1 mM EGTA, 10 mM 2-mercaptoethanol). The protein

fractions (peaks I, II, and III) were each pooled and concentrated by

ultrafiltration.

Assay for CaM kinase activity in vitro. The standard incubation

medium (final volume, 100 �il) contained 25 mM Tris . HC1 buffer, pH
7.5, 10 mM MgC12, 0.1 mM CaC12, 20 �M [‘y-32P]ATP (3-5 x i0� cpm),

40 zg of chicken gizzard myosin light chain as substrate, and the

enzyme, with or without 0.5 �ig of CaM. Incubation was carried out at

30’ for 10 mm. The reaction was terminated, and the amount of

phosphate incorporated into myosin light chain was measured as de-
scribed previously (16). The enzyme activity was expressed in picomoles

or nanomoles of phosphate incorporated per minute per fraction or

milligram of protein. Protein was determined according to the proce-

dure of Bradford (17).

Subcellular localization of CaM kinase activity. Cultured cells
(3 x 10�) were washed three times with Dulbecco’s phosphate-buffered
saline (Nissui Pharmaceutical, Tokyo, Japan). The cell pellet was
homogenized with 10 volumes of 0.29 M sucrose, 20 mM Tris. HC1

buffer, pH 7.5, 2 mM EDTA, 2 mM EGTA, 10 mM 2-mercaptoethanol,

0.43 mM phenylmethylsulfonyl fluoride, 0.05 mM leupeptin, 50 mg/liter
trypsin inhibitor. The homogenate was centrifuged at 850 x g for 10

mm to remove cell debris, and the supernatant was centrifuged at

105,000 x g for 1 hr. The pellet (particulate fraction) was resuspended

in the homogenizing buffer with 0.1% Triton X-100. The CaM kinase

activity in the supernatant and particulate fractions was measured as
described for the assay for CaM kinase activity in vitro, except for the
concentrations of 0.1 mM [�y-32P]ATP (3.5 X 106 cpm) and 0.2 mM

CaCl2.
Immunoprecipitation of CaM kinase with the anti-CaM ki-

nase H antibody. Affinity-purified polyclonal antibody against rat

brain CaM kinase II was prepared as described previously (18, 19). The

enzyme fraction (2.6 �&g of peak I or peak III) or brain CaM kinase II

(0.5 gig) was incubated at 4’ for 90 mm with or without the anti-CaM

kinase II antibody (10 �zl of IgG), in a buffer containing 150 mM NaCl

and 20 mM Tris . HC1, pH 7.4. After incubation, the antibody was

immobilized by incubation at 0’ for 15 mm with 50 �l of a solution

containing 50% (v/v) Protein A-Sepharose gel (Pharmacia), 20 mM

Tris . HC1 buffer, pH 7.4, and 150 mM NaCl. Immunoprecipitate-Pro-

tein A-Sepharose gel complex was washed and incubated at 30’ for 20

mm with 40 jzM [‘y-32P]ATP (8.8 x 106 cpm) in a phosphorylation
medium (100 �tl) containing 10 mM MgCl2, 1 mM CaCl2, 2 �g of CaM,

and 40 � of chicken gizzard myosin light chain. The phosphorylation
reaction was stopped by addition of SDS stop solution (20), containing

60 mM Tris.HC1 buffer, pH 6.8, 2% SDS, 10% glycerol, 5% 2-mercap-

toethanol, and 0.001% bromphenol blue, and boiling for 3 mm. After

centrifugation, aliquots of the supernatant were analyzed by SDS-

PAGE in 13.5% acrylamide gels (20).

Immunoblotting of peak H with the anticaldesmon antibody.
Each sample was separated by SDS-PAGE (9% acrylamide gels). After

electrophoresis, proteins were transferred to GVH membrane (21).

After the membrane was incubated for 1 hr at room temperature with

2.5% (w/v) bovine serum albumin in 100 mM Tris . HC1 buffer, pH 7.5,

0.9% (w/v) NaCl, it was incubated with the polyclonal anticaldesmon

antibody at 4’ overnight and the bound antibody was treated with us1

Protein A. The radioactivity was analyzed by autoradiography.

Phosphoamino acid analysis. Peak I (2 big) was autophosphoryl-

ated by incubation with 20 �M [�y-32P]ATP (8.8 x 106 cpm) in the

presence of 0.2 mM CaCI2 and 0.8 �g of CaM. The phosphorylated

protein in peak I was separated by SDS-PAGE. It was cut out of the
gel and partially hydrolyzed in 6 M HC1 at 110’ for 1 hr. Phosphoamino
acids in the hydrolysate were located by high-voltage paper electropho-

resis, as described previously (22).

Assay of the Ca2�-independent activity of CaM kinase II after
depolarization of the cells with 56 mr�s K�. Cultured adrenal
medullary cells (4 x 106/dish, 35-mm Falcon) were washed three times

with oxygenated Krebs-Ringer phosphate buffer. It was composed of
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154 m�.i NaCl, 5.6 mM KC1, 1.1 mM MgSO4, 2.2 mM CaC12, 0.85 mM

NaH2PO4, 2.15 mM Na2HPO4, and 10 mM glucose, adjusted to pH 7.4.

In the 56 mM K� medium, NaCl was reduced to 103.6 mM from 154

mM. Cells were incubated with or without 56 mM K� at 37#{176}for the

indicated times and then quickly frozen on dry ice. The frozen cells
were scraped and homogenized in 160 �l of solubilization medium,
which contained 50 mM HEPES buffer, pH 7.4, 0.1% Triton X-100, 4

mM EGTA, 5 mM EDTA, 15 mM Na�P2O4, 100 mM fl-glycerophosphate,

25 mM NaF, 0.1 mM leupeptin, and 75 jzM pepstatin. After centrifuga-

tion at 15,000 x g for 5 mm, aliquots of the supernatant were assayed
for CaM kinase II activity, as described previously (23). The medium
(20 �zl) contained 50 mM HEPES buffer, pH 7.5, 10 mM MgCl2, 0.1 mM

[y-32P]ATP (3000-5000 cpm/pmol), 1 mg/mi bovine serum albumin,

40 �M syntide 2, 0.1 mM PKI-tide, and 1 �M PKC1�, with 1 mM

EGTA (Ca2�-independent activity) or with 1 mM CaC12 and 2 �M CaM

(total CaM kinase II activity). The reaction was initiated by the

addition of 5 zl of the supernatant and was carried out at 30’ for 3
mm. After incubation, 20 �ii of an aliquot of each sample was spotted

on a P-cellulose paper square (Whatman) and processed as described

by Roskoski (24). The specificity ofthe assay for CaM kinase II activity

was confirmed, as described previously (25). The Ca2�-independent
activity was expressed as a percentage of the total CaM kinase II

activity.

Statistical analysis. Data are expressed as mean ± standard de-

viation. Statistical evaluation of the data was performed by analysis of

variance. If a significant F value was found, Scheffe’s test or Dunnett’s

test for multiple comparisons was carried out to identify differences
among groups.

In Fig. 7, a relationship between Ca2�-independent activity of CaM

kinase II and �Ca2� influx was assessed by a linear regression analysis
(y-axis, Ca2�-independent activity of CaM kinase II; x-axis, �Ca2�

influx).

Rssults

$�pttr*tIon of two CttM kln�os ttnd ono mtijor CitM�
binding prot�In by S�phnury1 S�3OO oolumu ohromft�o�a
r�phy, Th� �up�rn�t�nt fr�Ion from �uttured �dr�n�t m�d�
ul1�ry t1�t1$ WOl �uhj�i:�d U t� s�ri�s of � s�p�
u*lng D�AF�@llulo�e, Ci�M �ffintty, ond �eph�wry1 S�3O0 �o1�
umns, Two p�oks of CoM kIn�se �tivity (p�k� I �nd III) �nd

QIW mt*jor p�k of CoM�bInding prot�ln (p�*k II) w�r� oh�rv�d
On th@ S�ph�ryI S4�QO �otumn (Fig, TA) Fro�t�ons 34-3& 42�-�
43, �nd 47�4$ were �o1l�t�d �nd d�ignot�d � p�i*ks I, II, �snd
1111 resp�tIve1y, Appitrent mo1�ut�r � Qf th� thr� p�ik�
(p�oks I, II, �nd III) w�r� �stimit�ed to h� i�pp�oxim�t�Iy 6�O,
300. ttnd 200 kD�1 r�pe�tively (Fig’ 1B, �), Appi�r�nt mot�utitr

mo�� of � prot�in� in p�k I �nd peok II were i�pproxinutt*1y

�Q iind 70 kDo; T�$p�t1tIV�ty, U�IU� SP$�PAGE (Fig, TB, b)�
Th@*� r�u1t� or� olso summori�d �n Table 1,

Th� sp@�ifi�itI� of th� pro�in k�nos� (p�ok� I ond III) for
v�rlous �xo�nouh bub�tr�tes w@r� inv�tig�*ted, Chieken giz�
zord myosin light chain, rny#{248}lin� protein, tind ��oin

�rved o� good �ub�tr�t�s, wh�r�s � hibton�, �rginin�
rich hi�tone, �nd whole histone were only �llghtly phosphory1�
�t�d by th� two klnoM�s, Phosphorytob� b w� not phosphoryt�
ot�d by the� kinos�s (T�b1e 1),

Th� sub�llu1�r ioco1l�tIon of CtM kino� o�tiv�ty w� stud�

I@d In o4r�no1 m�du1lory � About 7�% of C�iM kint�
o��ttvIty wo� �s�twi�t�d with the bup�rnotont fr�tion of th�
c�ll� (cloto not �hown),

Immunopr�IpIt�Uon of CftM kIn�o wIsh � �ntl�
CttM kIn�� H antIbody, B�ous� th� protein kin�b �n
p�ks I �nd III hod brood substr�t� �p�ifh�iti#{248}s (T�tht� 1 ), w�

�x�m�n�d wh�th�r th� �dr�n�1 nwdu11or� CtM kin�b�b w�r�

related to CaM kinase II. Peak I and peak III were incubated

at 0#{176}for 90 mm with or without the anti-rat brain CaM kinase

II antibody. The immunoprecipitates were incubated with
[-y-32PJATP and myosin light chain in the presence of Ca2� and

CaM. As shown in Fig. 2, the immunoprecipitates of peak I and
rat brain CaM kinase II phosphoryiated myosin light chain,

whereas the immunoprecipitates derived from peak III did not.
In addition to the phosphoryiation of myosin light chain, peak
I showed a faint band at approximately 50 kDa, which migrated

to a position similar to that of the autophosphorylated a

subunit of CaM kinase II in SDS-PAGE. These results suggest

that peak I is an isozyme of CaM kinase II in adrenal meduilary

cells.

After incubation of peak I with [�y-32PJATP in the presence
of Ca2� and CaM, but in the absence of exogenous substrates,

the autophosphorylated 50-kDa subunit was separated by SDS-

PAGE and hydrolyzed with 6 M HC1 at 1 ioa for 1 hr. High-

voltage paper electrophoresis of the acid hydrolysate showed

that serine and threonine residues were mainly phosphorylated
(32P-serine, 141 cpm; 32P-threonine, 53 cpm) and that the ratio
of phosphate incorporated into threonine to that incorporated

into serine was approximately 0.38:1.

Phosphorylation of the protein in peak II by peak I
kinase. To investigate whether the protein in peak II is phos-
phorylated by the CaM kinase activities in peaks I and III, we
incubated peak II with or without peak I and peak III under

standard phosphorylation conditions (Fig. 3). The phosphoryl-
ation reaction required CaM (Fig. 3, lanes 1-5). In the presence

of CaM, peak II was slightly phosphorylated by a faint kinase

�s�wl�it�l with � peiik II fr�tIon (proh�b1y �
from peek I or p�ok Ill) (Fig, 3, lane 6) Pet�k I kinose �trong1y
@nh�n�d th� phosphorylttlon of tho ps�tk II protein (Fig, �,

knw JO), wh�r�it� p�tk Ill kln�se did not produ�o �ignifi�iint

phosphoryl�n1on of the p#{248}�kII protein (Fig 3, knw $�) Thin

re�u1t 1ndi��t�s that th� pt�iik II protein � �in �‘ndogenou�
suh�trtt� for tht� pit�k I kin�o but not for the peitk III ktn�so,

An�1y�Is of tho protein In ps*ik H by lmmunob1ottIu�
with tho �ntIo�1d�mon ttntlhody, Beet�us� th� purtfl�tttion

pro�’duro nni tiw molo�ul�r mo� of th� protein �n poik II �ro

�imil�r to those of �tldo�mon, t* �i1modutin�hinding prott�1n
(26)� wo �t�mint�d the po�ihi1ity that tho po�k II protoin i�

�ttd�bmon, As �hown in Fig 4, �ompk� wtir� ti�kon �ftt�r eiwh
purifi�tion step, �op�r�t�ed by SD�4-PAGE, iind �ntt1y�@d by
immunoblotting, Th� *ntlc�*14�mon �*ntibody r�ogniz�d i* pro�

t�in of 77 kD� ln th� �rud� �upt�rn�tt�nt (Fi� 4, lane 6), th�
�fflueifl fr�wtlon that did not blnd to th� DI�AE�oI1uloso �o1�
umn (Fig, 4, 4lnt� 7), itnd th� �l1 Iy�e (Fig, 4� lww 10) Tht�

�nt4body did not r�eogni�o trny protoin� (Fig, 4, Iunt� � nnd 4)

in pw�k II (Fl�� 4, kint� � i�nd �1), Tim r�u1ts �ndi�flt th�it jo�k

II do� not �ontt*1n �lde�mon,

Phosphory1�t1on of puriflod tyrosliw hydroxylsists .*nd
�t’vor�i1 protoins from chronnimn �rttnu1o m�mbr�nos
by p��k I kIn�s��, St�v�r�t) lnv�btig�itors (11, 27, 2$) h�iv�

rtportt�d that CoM kin�� II from riu br�ln or pht�o�hromovy-

tonu� tumor c�ll� pho�phorl*t� tyrosln� hydroxy1i�so in �itro,
Fig, � shows that tyros�n� hydroxy1i� wt� phobphorylintd by
th� C�M klno� pr��nt in pt�ttk I, � welt � by tht �t*t�i1ytic

subunit of �AMP�d�pt�n4ont protein kin� (Fig, �, Ia,w� #{241}�*nd
7), Th� phosphory1i�tion of tyrosino hydroxy1� by th� pt�tk I
klnttst� wns d�p�n4�nt on � pr�n�e ofCsM (dsut not shown),
Furthermore, the outophosphorylinion of tht� 5O�kDn subunlt

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


b

B

a
05

04

Peak III

�

Nolecular ias� (kIm i

I .0

0.5

� 0.6

0.4

0.2

A
>_
-:+ I

51
111

C
0

U

.E �
E

0
E
0.

A

C)

35 40 45

0
55

426 Yanaglhara et aL

j
>1

>

U

4
Cl)

C

0
I-

0.

Peak I

3\S.�Pe�ak II

_3 S

Kolecular IShS (kDa i

200 �

4

C
0

U

‘a..

N
100 �,

C

a)
0

0.

Fig. 1. Separation of CaM kinases and CaM-
binding protein by Sephacryl 5-300 column chro-
matography. A, The supematant fraction from cul-
tured bovine adrenal medullary cells (1 .5 x 1 O�)
was subjected to three steps of chromatography
using DEAE-cellulose, calmodulin affinity, and
Sephacryl 5-300 columns, in that order, with a
50% ammonium sulfate precipitation of the active
fraction of the DEAE-cellulose column. Fractions
34-38, 42-43, and 47-48 from the Sephacryl 5-
300 column were collected and designated peaks
I, II, and Ill, respectively. Each fraction was con-
centrated by dialysis with a buffer containing 50%
glycerol, 0.2 M NaCl, 1 0 mM 2-mercaptoethanol,
and 10 mM Tris . HCI, pH 7.5, and was stored at
-80#{176}until use. I, peak I; II, peak II; III, peak Ill. B,
The molecular masses of peaks I, II, and Ill were
estimated by Sephacryl 5-300 column chromatog-
raphy (a) and by SOS-PAGE (b). Protein standards
were as follows: a, 1 , aldolase (1 58 kOa); 2, cat-
alase (232 kOa); 3, femtin (440 kDa); 4, thyroglob-
ulin (669 kDa); b, 1 , soybean trypsin inhibitor (20
kDa); 2, carbonic anhydrase (30 kOa); 3, ovalbu-
mm (43 kDa); 4, bovine serum albumin (67 kOa);
5, phosphorylase b (94 kDa). Arrows, chromato-
graphic and electrophoretic positions of peaks I,
II,and Ill.

Fraction Number

protein in peak I was enhanced in the presence of tyrosine

hydroxylase (Fig. 5, lane 5).

To seek endogenous substrates of the peak I kinase in the

secretory granule membranes, we incubated chromaffin granule

membranes with peak I under phosphorylation conditions. As

shown in Fig. 6, CaM kinase in peak I phosphorylated several
proteins in the chromaffin granule membranes in the presence

ofCa2� and CaM (Fig. 6, lane 5). These proteins were estimated

tobel2l±3,70±2,58±2,49±2,and26± lkDa.Asa

positive control, Fig. 6, lane 6, shows that purified tyrosine

hydroxylase subunits (58 kDa) were phosphorylated by the

catalytic subunit of cAMP-dependent protein kinase.

Effect of 56 m�i K’ on the autonomous activity of CaM

kinase II in cultured adrenal medullary cells. The acti-
vation of CaM kinase II in intact cells has recently been

reported as an increase in Ca2�-independent activity (autono-
mous activity) using syntide 2, a synthetic peptide substrate

for CaM kinase II (23, 25, 29). In the present study, we

investigated whether the activity of CaM kinase II is increased

after high-K�-evoked depolarization of cultured adrenal med-

ullary cells. The basal Ca2�-independent activity of CaM kinase

II in the nonstimulated cells was not significantly changed

during incubation for 5 mm (Fig. 7A). Stimulation of the cells

with 56 mM K� caused a rapid increase in Ca2�-independent

activity (autonomous activity) in a time-dependent manner.
This increase was evident at 0.5 mm and reached a plateau at

3 mm. When the cells were incubated with 20 mM MgSO4, an

inhibitor of voltage-dependent Ca2� channels, the high-K’-

stimulated autonomous activity was significantly inhibited.

During incubation for the indicated periods of time (0-5 mm),

the Ca2�/CaM-dependent activity of CaM kinase II (total CaM

kinase II activity) remained the same under all conditions

(basal, 56 mM K�, and 56 mM K� plus 20 mM MgSO4). Treat-

ment of the cells with 56 mM K� also produced an increase in

45Ca2� influx in a time-dependent manner (Fig. 7B), similar to
the time course for increases in the autonomous activity of

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


TABLE 1

94!i�,.

67j�

��iL

�-

-. a

2Q�

1�L

CaM Kinase II and Its Substrates In Adrenal Medulla 427

Charactehzadon of CaM kinases (peaks I and Ill) and a CaM-
binding protein (peak II)

Molecular masses of peaks I, II, and III and substrate specificities of peaks I and III
were determined. The enzymes in peak I (0.21 ,�g) and peak III (0.23 �g)were each
incubated with 40 M9 of myosin light chain and 31 �g of other substrates as
indicated, in the presence or absence of 2 �g of CaM, under standard conditions.
The value determined with CaM for each substrate was subtracted from that
determined without CaM, and this subtracted value for myosin light chain was
taken as 100%. The specific activities of CaM kinase in peaks I and Ill were 9.0
and 1.5 nmol/min/mg of protein, respectively, when myosin light chain was used
as a substrate. The recovery and fold purification of CaM kinase activity in peak I
were 1.5% and 160-fed, respectively, compared with that found in crude super-
natants from adrenal medullary cells.

CaM kinases
CaM-binding

Peak I �r protein, peak II

Molecular mass (kOa)
Sephacryl S-300 650 200 300
SOS-PAGE 50 70

Substrate specfficity (%)
MLC 100 100
Casein 44 51
MBP 35 35
Lys histone 7.0 13
Wholehistone 5.4 1.7
Arghistone 0.9 7.2
Phosphorylase b 0 0

a MLC, myosin light chain; MBP, myelin basic protein; Lys histone, lysine-rich
histone; Arg histone, arginine-nch histone.

CaM kinase II. The high-K�-evoked 45Ca2� influx was also

inhibited by 20 mM MgSO4. The activation of CaM kinase II
was closely associated with the increase in 45Ca2� influx ( y =

5.37 + 4.13x; r = 0.97, p < 0.001).

Discussion

Evidence that peak I contains a CaM kinase that is
related to CaM kinase II. We have partially purified two
CaM kinases (peaks I and Ill) and one major CaM-binding
protein (peak II) from cultured bovine adrenal medullary cells.
The molecular mass of the native CaM kinase in peak I is
estimated to be approximately 650 kDa, using Sephacryl S-300

gel filtration chromatography, and the subunit molecular mass
is 50 kDa, using SDS-PAGE (Fig. 1). Peak I CaM kinase has

broad substrate specificities but does not use phosphorylase b

as a substrate (Table 1). Furthermore, peak I kinase is immu-
noprecipitated with the antibody against rat brain CaM kinase
II (Fig. 2). Hence, peak I kinase has the general properties of
CaM kinase II, which are similar to those of brain CaM kinase
II. CaM kinase II isolated from rat brain is a heteropolymer
composed of at least two kinds of subunits, i.e., the a subunit
(49 kDa) and the �3 subunit (60 kDa). Unlike the brain enzyme,
adrenal medullary CaM kinase is apparently composed of a
single subunit of about 50 kDa, suggesting that the holoenzyme
(650 kDa) comprises 13 subunits (50 kDa), on the basis of the
findings for brain CaM kinase II. The adrenal medullary en-

zyme may be comparable to that found in several non-muscle
tissues such as lung, liver, and testis, which express an isozyme
of CaM kinase II composed of a single subunit of 51 or 52 kDa
(19). Brain CaM kinase II is known to undergo autophosphor-

ylation in the presence of Ca2� and CaM (15, 30). In the present
study, the 50-kDa protein in peak I is observed to be autophos-
phorylated (Figs. 2 and 6). The amino acids autophosphorylated
on the enzyme are serine and threonine. From these results, we

Afltibody� � + + +

PeakilI I Ill I
1 2 3 4$

�QiL

�4-

Antibody M L c P
(
hosphorylation

cpa

Peak III - 900

Peak I - 2500

Peak III + 1200

Peak I + 14900

Brain
CaM K II + 48400

Fig. 2. Upper, immunoprecipitation of CaM kinases with the anti-CaM
kinase II antibody. The enzyme (2.6 ,�g) in peak I (lanes 2 and 4) or peak
Ill (lanes 1 and 3) or rat brain CaM kinase II (0.5 iog) (lane 5) was
incubated with (lanes 3, 4, and 5) or without (lanes 1 and 2) the anti-
CaM kinase II antibody. The antibody was immobilized with Protein A-
Sepharose gel and incubated with 20 �M [‘y-�P] (2-4 X 10� cpm), under
standard phosphorylation conditions. Phosphorylated proteins were ana-
lyzed by SOS-PAGE in 13.5% acrylamide gels. Protein standards were
as follows: 94K, phosphorylase b; 67K, bovine serum albumin; 43K,
ovalbumin; 30K, carbonic anhydrase; 20K, soybean trypsin inhibitor; 14K,
a-lactalbumin. Arrows a and fi, a and fi subunits of brain CaM kinase II.
MLC, myosin light chain. Lower, phosphorylation of myosin light chain
by immunoprecipitated CaM kinases (peak I, peak Ill, and brain CaM
kinase II). The radioactivity of phosphorylated myosin light chain in the
gel was determined by liquid scintillation counting. Oata are the average
of two separate experiments.

conclude that the CaM kinase in peak I is closely related to
brain CaM kinase II. Yamauchi and Fujisawa (31) have re-

ported that adrenal CaM kinase II activity is not present or is
expressed at an extremely low level. The explanation for the
discrepancy between their results and ours is not known, but
the difference may be due to the fact that they assayed CaM

kinase activity by measuring the activation of tryptophan 5-
monooxygenase and did not purify the enzyme. The present
study directly demonstrates that an isozyme of CaM kinase II

exists in adrenal medullary cells.
Peak III contains a CaM kinase activity of approximately

200 kDa on Sephacryl 5-300 gel filtration columns. This activ-

ity possesses a substrate specificity similar to that found in

peak I (Fig. 1; Table 1). However, peak III CaM kinase is not

immunoprecipitated with the antibody against rat brain CaM
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kinase II (Fig. 2) and does not phosphorylate the protein in
peak II (Fig. 3), suggesting that the peak III kinase is distinct

from CaM kinase II. Further investigation is needed to identify
the peak III kinase.

In the present study, as shown in Experimental Procedures,

the purity of adrenal medullary cells is 90%. Therefore, we
could not exclude the possibility that the enzyme activities

described above are derived from non-chromaffin cells, such as
fibroblasts, in the cultured cell preparation. However, we also
have partially purified CaM kinases from fresh bovine adrenal
medulla that are similar to those from the cultured cells (data
not shown). Furthermore, our recent study has demonstrated
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CaM - - + + + - -

Peakll� - - + + + - - + +

Peakl- + - - + - + - - +

PeakIll- - + + - - - + + -

1 2 3 4 5 6 7 8 9 10

TH + - + - + - +

Peakl - + - + + - -

Akinase - - - - - + +

94K-.-

1 2 3 4 56 7

61K...

30.K..

67K-.-
� *-Peakfl 4TH

43K-.-

30K-.-

4PeakI

Fig. 3. Autoradiogram of peak II phosphorylated by peak I (CaM kinase
II). Peak II (1 lLg) was incubated at 30#{176}for 1 0 mm with 20 �M [-y-�P]ATP

(4-8 x 10� cpm) and 0.2 m� CaCl2, in the presence or absence of 2 �g
of CaM and 0.16 �g of peak I or Ill. SOS-PAGE was carried out in 10%
acrylamide gels.

A

PS I 2 3 4 5

B

6 7 8 9 10 PS

Fig. 5. Phosphorylation of purified tyrosine hydroxylase by peak I kinase.
Tyrosine hydroxylase (TH) (0.5 �g of protein) (lanes 1 , 3, 5, and 7) was
phosphorylated with 20 �M [‘y-�P1ATP (2-4 X 10� cpm) by 0.43 �zg of
peak I (lanes 2, 4, and 5) or 44 ng of the catalytic subunit of cAMP-
dependent protein kinase (A kinase) (lanes 6 and 7), in the presence
(lanes 3, 4, and 5) or absence (lanes 1, 2, 6, and 7) of CaM, under
standard phosphorylation conditions. Phosphorylated proteins were ana-
lyzed by SOS-PAGE in 10% acrylamide gels.

a->

Fig. 4. lmmunoblot of the protein in peak II with the anticaldesmon
antibody. Samples of the crude supematant (1 1 .7 �g) (lanes 1 and 6),
the effluent of the OEAE-cellulose column (2.8 ,�g) (lanes 2 and 7), peak
II (lanes 3 and 8, 1 .3 �Lg; lanes 4 and 9, 0.8 tog), and the lysate of cultured
adrenal medullary cells (12 �g)(Ianes 5 and 10) were separated by SDS-
PAGE (9% acrylamide gels) and analyzed by immunoblotting with the
anticaldesmon antibody and 125l-Protein A. A, Amido black stain (lanes
1-5); B, autoradiogram (lanes 6-10). Protein standards (PS) were myosin
heavy chain (200 kOa), �-galactosidase (1 15 kOa), phosphorylase b (94
kOa), bovine serum albumin (67 kOa), and ovalbumin (43 kOa). Arrows,
peak II (a) and caldesmon (b).

CaM

Peak I

- - + + +

- + - + +

CGM + + + - +

1 23456

Fig. 6. Phosphorylation of chromaffin granule membranes by peak I
kinase. Chromaffin granules were isolated from fresh bovine adrenal
medulla, as reported by Pollard et al. (40), and lyzed osmotically with 50
mM Tris . HCI buffer, pH 7.5. Chromaffin granule membranes were sedi-
mented by centrifugation and resuspended in 50 m�i Tris . HCI buffer, pH
7.5. After heat treatment at 90#{176}for 3 mm, chromaffin granule membranes
(CGM) (1 3.2 �g) (lanes 1 , 2, 3, and 5) were incubated at 30#{176}for 1 0 mm
with (lanes 2, 4, and 5) or without (lanes 1 and 3) peak I (0.85 ,�g), in
the presence (lanes 3, 4, and 5) or absence (lanes 1 and 2) of CaM,
under standard phosphorylation conditions. In lane 6, purified tyrosine
hydroxylase(TH)was phosphorylated with the catalytic subunit of cAMP-
dependent protein kinase. Phosphorylated membrane proteins were
analyzed by SOS-PAGE in 10% acrylamide gels. Arrows on the right,
bands (1 21 , 70, 58, 49, and 26 kOa) phosphorylated by peak I kinase.
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1 M. Tautsui, N. Yanagihara, E. Miyamoto, A. Kuroiwa, and F. Izumi. Manu-

script in preparation.

2 N. Yanagihara, H. Yamamoto, E. Miyamoto, E. Tachikawa, M. Tsutsui, and

F. Izumi. Manuscript in preparation.

0 1 2 3 4 5

Time (mm)

Fig. 7. Effects of 56 mM K� on autonomous activity of CaM kinase II and
�Ca2� influx in cultured adrenal medullary cells. A, Cultured adrenal
medullary cells (4 x 10�/dmsh) were incubated at 37#{176}without (0) or with
56 m� K� (U) or 56 mM K� plus 20 m� MgSO4 (A). At the indicated
times, cells were frozen and assayed for the percentage of Ca2� inde-
pendence of CaM kinase II (activity in the presence of EGTA x 100/
activity in the presence of Ca2� and CaM). At time 0, the total and Ca2�-
independent kinase activities were 675.80 ± 38.67 and 48.94 ± 0.74
pmol/mmn/mg of protein, respectively. The values are means ± standard
deviations of four experiments. B, Cultured cells were incubated with 1.5
MCi of �CaCl2, as described for A. After incubation, the cells were
washed four times with 1 ml of ice-cold Krebs-Ringer phosphate buffer
and solubilized with 1 ml of 10% Triton X-1 00. �Ca2� in the cells was
counted with a Beckman LS-7000 liquid scintillation counter. The influx
of �Ca2� was calculated from the initial specific radioactivity of the ion in
the incubation medium. Data are means ± standard deviations offour to
seven experiments. , p < 0.05; �, p < 0.01 , compared with 56 m� K�
alone at each time, using Scheffe’s test. +, p < 0.01 , compared with
normal K� at each time, using Ounnett’s test.

that various secretagogues such as acetylcholine and veratridine

phosphorylate and activate CaM kinase II in cultured adrenal
medullary cells.’

Evidence that peak II (70-kDa protein) is a novel
substrate for CaM kinase II. Because of the isolation of
peak II by CaM affinity column chromatography, peak II
apparently contains a CaM-binding protein, with a native

molecular mass of approximately 300 kDa and a subunit mo-
lecular mass of approximately 70 kDa (Fig. 1). Sobue et al. (26)
have reported the purification and characterization of the low

molecular mass caldesmon from bovine adrenal medulla. They
demonstrated that its molecular mass estimated by SDS-PAGE
is 77 kDa and a tetramer of polypeptides constitutes the native

molecule (300 kDa). The present study (Fig. 4) has shown that
the anticaldesmon antibody recognizes a protein (77 kDa) in
the cell lysate, the crude supernatant, and the effluent of the
DEAE-cellulose column, indicating that the low molecular mass

caldesmon indeed exists in our preparation of adrenal medul-
lary cells. However, the antibody does not recognize the protein
in peak II. These results suggest that peak II is separated from

caldesmon by DEAE-cellulose column chromatography during

the purification procedure and, therefore, is distinct from cal-
desmon.

Previously, the high molecular mass (150-kDa) caldesmon
isolated from chicken gizzard has been shown to be phosphoryl-
ated by a co-purified CaM kinase (32). The protein kinase

associated with caldesmon is reported to be CaM kinase II (33).
In the present study, we have observed the phosphorylation of

the protein in peak II by CaM kinase II (peak I) (Fig. 3). It is
well known that CaM kinase II phosphorylates a number of

proteins, such as synapsin 1, tyrosine and tryptophan hydrox-
ylases, glycogen synthase, the microtubule-associated proteins,

and myosin light chain (5-7). However, there is no report of a
CaM kinase substrate that is a CaM-binding protein and that
has a native molecular mass of 300 kDa and a subunit molecular

mass of 70 kDa. The present results suggest that the peak II
protein is a novel endogenous substrate for CaM kinase II in

adrenal medullary cells.

Other endogenous substrates and possible roles of CaM
kinase II in adrenal medulla. Protein phosphorylation has
been implicated in stimulus-secretion coupling in several tis-

sues such as brain synaptosomes (34) and adrenal medulla (35).

In bovine adrenal medullary cells, acetylcholine stimulates the
phosphorylation of several proteins; this phosphorylation is
inhibited by trifluoperazine, an inhibitor of CaM (36). In the

present study, we have demonstrated that adrenal medullary
CaM kinase II phosphorylates several proteins in the mem-

branes of chromaffin granules (Fig. 6). Among these phos-
phorylated proteins, we have observed the phosphorylation of

a 70-kDa chromaffin granule membrane protein. However, we
do not know whether this 70-kDa protein in the chromaffin

granule membranes is the same one that we purified in peak

II.
The phosphorylated 58-kDa protein in the chromaffin gran-

ule membranes (Fig. 6) is probably tyrosine hydroxylase (58-

60 kDa), because this enzyme exists partially in a membrane-

bound form attached to bovine adrenal chromaffin granules

(37) and is a good substrate for CaM kinase II and cAMP-
dependent protein kinase (28). We have also observed that

adrenal CaM kinase II (peak I) phosphorylates purified tyrosine

hydroxylase (Fig. 5). A previous report (38) has shown that

acetylcholine stimulates the phosphorylation of seven tryptic
fragments of tyrosine hydroxylase isolated from bovine adrenal

medullary cells. Phosphorylation of sites on three of the tryptic

peptides correlates with the transient activation of tyrosine
hydroxylase (38). These sites also correspond to sites on the

enzyme that are phosphorylated in vitro, in the presence of

Ca2� and CaM, by crude supernatants extracted from the cells
(39). These results and the present data suggest that CaM

kinase II plays an important role in the activation and phos-
phorylation oftyrosine hydroxylase in acetylcholine-stimulated
adrenal medullary cells. Furthermore, the autophosphorylation

of CaM kinase II is enhanced in the presence of tyrosine

hydroxylase (Fig. 5, lane 5), suggesting that there is an inter-

action between CaM kinase II and tyrosine hydroxylase.2

Activation of CaM kinase II in cultured cells by high-

K’ depolarization. The autophosphorylation on Thr-286 of
the a subunit of brain CaM kinase II converts CaM kinase II

to an autonomous form that is capable of phosphorylating

substrates in the absence of Ca2� and CaM (5, 7). Recent in

situ studies have demonstrated that cell stimulation by Ca2�-

mobilizing agents causes the autophosphorylation of the en-

zyme, with a concomitant increase in the Ca2�-independent
activity (autonomous activity) of CaM kinase II, in cultured
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cerebellar granule cells (23), neuroblastoma x glioma hybrid

NG1OS-15 cells (29), and rat hippocampal neurons (25). In the

present study, we have shown an increase in the autonomous
activity of CaM kinase II and 45Ca2� influx in cells stimulated

with 56 m�i K� (Fig. 7). Both responses are inhibited by 20 mM

MgSO4, an inhibitor of voltage-dependent Ca2� channels, sug-
gesting that the activation of CaM kinase II is caused by an

increase in the intracellular concentration of Ca2�. Further-
more, in other studies we have observed a close relationship
among CaM kinase II activation, catecholamine secretion, and

tyrosine hydroxylase activation elicited by acetylcholine in

cultured adrenal medullary cells.’
In conclusion, we have demonstrated that an isozyme of CaM

kinase II exists and is activated by cell depolarization in bovine
adrenal medullary cells. Furthermore, we have isolated a novel
endogenous substrate for CaM kinase II.
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