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In a porcine aorta extract, we observed two protein kinase activities which specifically
phosphorylate the 204-kDa heavy chain isoform of aorta myosin in the absence of con-
ventional kinase activators. We referred to these two protein kinases, eluted at 0.15 and 0.2
M KC1 from a DEAE-column, as myosin kinases I (MKI) and II (MKII), respectively. The
phosphorylation site for MKI was determined using a purified phosphopeptide derived
from porcine aorta myosin phosphorylated with MKI. By comparison with the deduced
amino acid sequence for smooth muscle myosins, the site corresponded to a Ser located at
3 amino acids upstream from a Pro, the putative end of the a-helical segment of the 204-kDa
heavy chain tail. A homologous Ser is only present in smooth muscle myosins, i.e. not in
nonmuscle myosins. MKI was purified 130-fold, but not separated from a kinase activity
phosphorylating Serl or Ser2 in the 20-kDa regulatory light chain of aorta myosin. In
contrast, MKII was purified to near homogeneity. MKII phosphorylated the porcine aorta
myosin heavy chain at a Ser 19 amino acids downstream from the MKI site. The amino acid
sequence around the Ser shared a consensus sequence of the phosphorylation site for casein
kinase II and was homologous to that reported for bovine aorta myosin [Kelley, C.A. and
Adelstein, R.S. (1990) J. Biol. Chem. 265, 17876-17882]. MKII was identified as a multi-
functional protein kinase, casein kinase II.

Key words: aorta smooth muscle, casein kinase II, myosin heavy chain, phosphorylation,
protein kinase.

Vertebrate smooth muscle myosin is regulated through
phosphorylation of Serl9 in the 20-kDa regulatory light
chain (LC20). Actin-activated myosin ATPase activity
increases with the phosphorylation, which results in initia-
tion of smooth muscle contraction. The phosphorylation of
LC20 is catalyzed by myosin light chain kinase (MLCK),

• which is activated by Ca2+-calmodulin when the intracel-
lular Ca2+ concentration increases. The phosphorylation of
Serl 9 in myosin LC20 is thus the most important signal
transduced in smooth muscles (1, 2).

In vertebrate smooth muscle and nonmuscle myosins,
heavy chain subunits are phosphorylated in vivo and in
vitro (3-11), in addition to LC20. Myosin heavy chains of
bovine brain (6, 7) and bovine aorta smooth muscle (3, 4)
were shown to be phosphorylated by casein kinase II. The
site phosphorylated by casein kinase II is a Ser present in
the nonhelical tailpiece of the myosin heavy chain (4, 7),
and the amino acid sequences around the phosphorylatable
Ser are highly conserved among vertebrate smooth muscle
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Promotion of Education and Science in Hokkaido University, and by
a Grant-in-Aid for General Scientific Research from the Ministry of
Education, Science and Culture. A part of this work was performed at
the Research Center for Molecular Genetics of Hokkaido University.
1 To whom correspondence should be addressed.
Abbreviations: LC20, 20-kDa myosin light chain; MLCK, myosin
light chain kinase; PMSF, phenylmethylsulphonyl fluoride; PTH,
phenylthiohydantoin; TPCK-trypsin, L-(l-tosylamido-2-phenyl)-
ethyl chloromethyl ketone-treated trypsin.

and nonmuscle myosin heavy chains (4, 7, 8, 12-16).
Nonmuscle myosin heavy chains also contain another site
phosphorylatable by protein kinase C 30 amino acids
upstream from the casein kinase II site (8-10). A protein
kinase C site is not present in smooth muscle myosins. The
heavy chains of nonmuscle myosins of lower eukaryotes
such as Acanthamoeba (17, 18) and Dictyostelium (19, 20)
are phosphorylated by specific protein kinases, and the
phosphorylation inhibits the ATPase activity and filament
assembly of myosins. Therefore, the phosphorylation of
vertebrate myosin heavy chain tails may also be of physio-
logical significance, although their roles remain obscure.
There has been no report of the direct detection or charac-
terization of endogenous myosin heavy chain kinase in
vertebrate smooth muscles.

We studied the myosin heavy chain kinase in porcine
aorta smooth muscle and found the presence of two kinases
independent of various conventional kinase activators. We
referred to these two kinases as myosin kinases I (MKI) and
II (MKII), and identified their phosphorylation sites on the
aorta myosin heavy chain after their purification. We
report, for the first time, that the MKI site is a Ser located
near the end of the helical region of the 204-kDa heavy
chain tail in smooth muscle myosins. MKTJ was purified to
near homogeneity and identified as casein kinase II.

MATERIALS AND METHODS

Materials— [y-32P]ATP was purchased from NEN.
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Phosphatidylserine was obtained from Funakoshi. Egg
phosvitin, calf thymus histone (Type HA), sahnon pro-
tamine, rabbit muscle phosphorylase b, <*-casein (dephos-
phorylated), and TPCK-trypsin were from Sigma. Lysyl-
endopeptidase was from Wako Pure Chemical. Polyclonal
anti-casein kinase II antibodies against a peptide corre-
sponding to residues 70-91 of the a -subunit, and polyclonal
anti-human cdc2 kinase antibodies against a peptide corre-
sponding to residues 42-57 containing the PSTIK sequence
were from Seikagaku-Kogyo.

Proteins—All purification procedures were carried out at
4*C. Acid phosphatase was prepared from potatoes by
ammonium sulfate fractionation and DEAE Toyopearl
650S (Tosoh) column chromatography. One unit of acid
phosphatase was defined as the amount of enzyme neces-
sary to release 1 /zmol of P|/min at 25°C with p-nitro-
phenylphosphate as a substrate.

Myosin was prepared from porcine aorta media smooth
muscle as described previously (21). The heavy chain of the
purified myosin usually contained 1.3 to 4.1 mol of alkali-
labile phosphate per mol of myosin, depending on the
preparation. The phosphate covalently bound to myosin (5
mg/ml) was dephosphorylated by incubation with acid
phosphatase (1,200 U per nmol of phosphate in myosin) in
a solution comprising 30 mM MOPS-KOH (pH 7.0), 0.3 M
KC1, 5 mM MgCl2, and 2 mM dithiothreitol, at 25'C for 2 h.
The dephosphorylated myosin was dissolved in 0.25 M
KC1, 2 mM EDTA, 2 mM EGTA, 20 mM Tris-HCl (pH
7.5), and 0.2% 2-mercaptoethanol, and then passed through
a phosphocellulose column (Whatman, P l l ) equilibrated
with the same solution to remove acid phosphatase and
contaminating heavy chain kinase activities (6).

Chicken gizzard calmodulin, MLCK, and porcine aorta
LC20 were purified as described previously (22, 23). The
aorta LC20 was phosphorylated for 10 min at 25'C with 10
//g/ml gizzard MLCK in a solution of 10 //g/ml calmodulin,
0.25 M KC1, 67 mM NaCl, 4.4 mM NaP,, 5 mM MgCl2, 0.1
mM CaCl2, and 0.2 mM [y-32P]ATP (78dpm/pmol), and
then passed through a small Sephadex G25 gel nitration
column.

Quantitative Analysis of Alkali-Labile Phosphate in
Myosin—Myosin (approximately 5 mg/ml) suspended in
120 n\ of water was mixed with 24 //I of 6 M NaOH and
then boiled for 12 min to release alkali-labile phosphate
(24). The sample was neutralized with 24//I of 6 M HC1.
The concentration of free phosphate was determined by the
method of Chifflet et al. (25). As a control, the con-
centration of free phosphate released by 6 M HC1 and 6 M
NaOH without heat treatment was determined.

Kinase Assay—Unless otherwise indicated, MKI was
assayed at 25'C in a solution comprising 0.15 M KC1, 5 mM
MgCl2, 1 mM EGTA, 1 mM dithiothreitol, 20 mM Tris-
HCl (pH7.5), and 0.5 mM [y-"P]ATP (220-890 dpm/
pmol), and MKH was assayed in a solution of 0.2 M KC1, 5
mM MgCl2,1 mM EGTA, 20 mM Tris-HCl (pH 8.0), 1 mM
dithiothreitol, and 0.5 mM [y-52P]ATP (220-890 dpm/
pmol), at 25'C (standard assay conditions). The reaction
was started by the addition of [y-32P] ATP, and 3 mg/ml
myosin was usually reacted during 1-2 min with less than
0.3 U/ml of the kinase fraction (1 U= 1 nmol/min at 25°C,
with myosin heavy chain as the substrate). The reaction
was terminated by the addition of the SDS-PAGE sample
buffer, and then the sample was subjected to SDS-PAGE

after boiling. The gel was stained with Coomassie Brilliant
Blue. Radioactivity in the myosin heavy and light chain
bands was quantitatively determined with an image ana-
lyzer (Fujix BAS2000). In some assays during the puri-
fication of the kinases, radioactivity in myosin heavy chain
bands sliced from the gel was directly determined by
Cerenkov counting.

Purification of MKI and MKH—All procedures were
performed at 4*C. Freshly prepared porcine aorta mediae
were minced and then homogenized 5 times with a Polytron
for 15-30 s in three volumes of a solution comprising 0.6 M
KC1, 20 mM MOPS-KOH (pH7.0), 2 mM EGTA, 1 mM
benzamidine, 0.2 mMPMSF, and 0.1% 2-mercaptoethanol,
and then further stirred for 15 min. The homogenate was
centrifuged at 4,700 Xg for 30 min, and the resulting
supernatant was passed through four layers of cheesecloth.
The filtrate was fractionated with ammonium sulfate,
between 30 and 60% saturation, and then the precipitate
was homogenized in a small volume of water. The suspen-
sion was dialyzed overnight against buffer A [20 mM
Tris-HCl (pH 8.0), 1 mM EGTA, 1 mM benzamidine, 0.1%
2-mercaptoethanol, and 0.1 mM PMSF], and then centri-
fuged at 13,900 X g for 1 h. The supernatant was loaded on
a DEAE-Toyopearl 650S column equilibrated with buffer
A. The MKI and MKII activities were eluted at 0.15 and 0.2
M KC1, respectively, by applying a linear KC1 gradient.

MKI, eluted at 0.15 M KC1, was brought to 60% satura-
tion with ammonium sulfate, and then the precipitate was
collected and dialyzed against 20 mM Tris-HCl (pH 7.5), 1
mM EGTA, and 0.1% 2-mercaptoethanol. The dialyzed
sample was loaded on a Affigel blue column (BioRad, 100-
200 mesh) equilibrated with buffer B [20 mM Tris-HCl
(pH 7.5), 1 mM EGTA, 0.1% 2-mercaptoethanol, 0.1 mM
PMSF, and 1 mM benzamidine], and then developed with a
linear KC1 gradient. The active fractions eluted at 0.45 M
KC1 were loaded on a Sephacryl S300 column equilibrated
with buffer B plus 0.5 M KC1. The active fractions were
pooled and then dialyzed against buffer A plus 10% glycerol,
and finally concentrated on a small DEAE-Toyopearl 650S
column (1-2 ml) equilibrated with buffer A plus 10%
glycerol. The proteins were eluted with buffer A plus 0.5 M
KC1, and stored at — 20'C after dialysis against 20 mM
KC1, 20 mM Tris-HCl (pH 7.5), 50% glycerol, 1 mM benz-
amidine, 0.1% 2-mercaptoethanol, and 0.1 mM PMSF.

MKII fractions eluted at 0.2 M KC1 from the first
DEAE-Toyopearl 650S column were equilibrated with
buffer A plus 0.1 M KC1, precipitated by 60% saturation
with ammonium sulfate, and then dialyzed against buffer C
[20 mM MOPS-KOH (pH 7.0), 1 mM EGTA, 1 mM benz-
amidine, 0.1 mM PMSF, and 0.1% 2-mercaptoethanol].
After ultracentrifugation at 125,000 X g for 2 h, the super-
natant was loaded on a CM-Toyopearl 650S column (Tosoh)
equilibrated with buffer C plus 0.1 M KC1, and then
developed with a linear gradient of 0.1-0.4 M KC1. The
active fractions eluted at around 0.2 M KC1 were concen-
trated and then applied to a Sephacryl S300 column in
buffer A plus 0.5 M KC1. The pooled active fractions were
diluted to 0.3 M KC1 with buffer B and the pH was adjusted
to 7.5 with 6 M HC1. The sample was then loaded on a
heparin-agarose ALD column (GTBCO BRL) equilibrated
with buffer B plus 0.3 M KC1, and then developed with a
linear gradient of 0.3-0.8 M KC1. The active fractions free
from contaminants were collected and concentrated on a
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small DEAE-Toyopearl 650S column equilibrated with
buffer A plus 20 mM KC1 and 10% glycerol. The sample was
stored at - 20*C after dialysis against 20 mM Tris-HCl (pH
8.0), 30 mM KC1, 50% glycerol, 1 mM benzamidine, 0.1
mM PMSF, and 0.1% 2-mercaptoethanol.

Purification of Tryptic Phosphopeptides of Myosin—
Myosin (6.5 mg) was phosphorylated under the standard
kinase assay conditions, using [y-32P]ATP, at 25"C with
either 0.14 U of MKI for 1 h or 0.48 U of MKE for 15 min.
The MKI used was the fraction purified omitting the Affigel
blue step. The kinase reactions were terminated by adding
urea to saturation, and myosin subunits were separated on
a Sepharose CL6B column (Pharmacia) equilibrated with
8M urea and 20 mM Tris-HCl (pH8.0). The fractions
containing the myosin heavy chain or LC20 were exhaus-
tively dialyzed against 50 mM ammonium bicarbonate. The
heavy chain fraction was digested at 30*C for 24 h with
TPCK-trypsin (1 : 50 w/w). The LC20 fraction phospho-
rylated with MKI was digested with lysylendopeptidase
(1 : 50 w/w) at 30*C for 12 h. Each sample was lyophilized,
and phosphopeptides were isolated using an Fe-immo-
bilized chelating affinity column (Pharmacia) (4, 7, 8) and
HPLC with a C18 reverse phase column (ODS-80Ts;
Tosoh). The fractions containing radioactivity were further
purified by rechromatography. The LC20 phosphopeptide
obtained on the chelating column was not retained on the
HPLC column and thus passed through a Sephadex G10
column.

Two-Dimensional Phosphopeptide Mapping of LC20—
LC20 phosphorylated with MKI was separated from the
heavy chain on the Sepharose CL6B column described
above, and then dialyzed against 20 mM ammonium bicar-
bonate, lyophilized, and then dissolved in a small volume of
20 mM ammonium bicarbonate. The sample (180//g) was
then digested at 30*C with TPCK-trypsin (1 : 9 w/w). The
same amount of TPCK-trypsin was added four times, every
2 h, after the digestion was started, and the incubation was
continued for 14 h. The reaction mixture was lyophilized
and purified by repeated dissolution (in water)-lyophiliza-
tion twice. The lyophilized sample was then dissolved in 5
//I of the electrophoresis buffer (acetic acid : formic acid :
water=9 : 3 : 88) (26), and subjected to electrophoresis at
950 V for 30 min (5"C) after spotting onto a cellulose thin-

layer plate (10x10 cm; Funakoshi). The plate was dried,
and then ascending chromatography, as the second dimen-
sion, was carried out with a solution of 1-buthanol: pyri-
dine : acetic acid : water =195 : 150 : 30 : 120. The LC20
(90 fig) phosphorylated with MLCK was treated in the
same manner. Spots of phosphopeptides were detected
with Fuji X-ray RX film or BAS2000.

Other Methods—The amino acid compositions and se-
quences of the peptides were determined as described
previously (27) without performic acid oxidation of Cys.
Phosphoamino acid analysis of the purified tryptic phos-
phopeptide from the myosin heavy chain was performed by
partial hydrolysis of the peptide in 6 M HC1 at 110°C for
3 h. Electrophoresis of the partially hydrolyzed products
was carried out at 950 V for 150-180 min on a thin-layer
cellulose plate in electrophoresis buffer. The phosphoamino
acid standards were stained with cadmium-ninhydrin, and
radioactivity in the samples was monitored with X-ray film
and BAS2000. SDS-PAGE was performed as in Ref. 28 and
the gel was stained with Coomassie Brilliant Blue or silver.
Immunoblot analysis was performed by transferring pro-
teins in the gel to 0.1//m nitrocellulose membranes
(Schleicher & Schuell) for 80 min at 30 mA. After blocking
with gelatin, the membranes were incubated with anti-
bodies for 2 h. The immunoreactive bands were stained
with alkaline phosphatase conjugate substrate kit (Bio-
Rad). The concentration of myosin was determined from
the absorbance at 280 nm using the absorption coefficient of
Aw=0A8. The concentrations of phosvitin, casein, his-
tone, protamine, and phosphorylase b were determined by
the biuret method (29), and other proteins were deter-
mined by the Coomassie Brilliant Blue method (30) using a
Bio-Rad Protein Assay kit.

RESULTS

Survey of Myosin Heavy Chain Kinase Activities—Using
porcine aorta media extract, we searched for an endogenous
myosin heavy chain kinase activities. Two myosin kinases
activated by calcium and calmodulin, and two other kinases
exhibiting activities in the absence of conventional kinase
activators were found in porcine aorta smooth muscle. We
first focused on characterization of the latter two kinases.
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20 40 60 80 100
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Fig. 1. Elution profile of myosin
heavy chain kinase activity in a por-
cine aorta extract from a DEAE-Toyo-
pearl 650S column. The 30-60% satu-
rated ammonium sulfate fraction of a
porcine aorta extract was applied to a
DEAE-Toyopearl 650S column equili-
brated with 20 mM Tris-HCl (pH 8.5), 1
mM EGTA, 1 mM benzamidine, 0.1% 2-
mercaptoethanol, 0.1 mM PMSF, and 20
mM KC1. Kinase activity was measured
as the incorporation of radioactivity into
myosin (3 mg/ml) with 6^1 of dialyzed
eluted fractions and 0.5 mM [y-"P]ATP
(670 dpm/pmol) in a 12 n\ reaction
mixture comprising 0.2 M KC1, 5 mM
MgCl2, 1 mM EGTA, and 20 mM Tris-
HCl (pH 8.0). (•) kinase activity toward
the myosin heavy chain; (O) kinase activ-
ity toward myosin LC20.
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As shown in Fig. 1, DEAE Toyopearl 650S column chro-
matography of the porcine aorta extract gave two peaks of
heavy chain kinase activities detected in the presence of
EGTA. The first heavy chain kinase peak, eluted at 0.15 M
KC1, also contained myosin LC20 kinase activity, while the
second peak, at 0.2 M KC1, showed only heavy chain kinase
activity. We referred to these two kinases as MKI and
MKII, respectively, and attempted to characterize them.

MKI—This kinase activity was further purified by two
steps of column chromatography. MKI was not ultimately
purified to homogeneity, but the heavy and light chain
kinase activities were purified 130 and 140 times, respec-
tively (Table I). Both kinase activities were co-eluted from
the Afligel blue column at 0.45 M KC1 and from the
Sephacryl S300 gel filtration column at a KaV value of 0.50,
corresponding to a molecular mass of 40 kDa. These results
suggest that an identical protein kinase catalyzes the
phosphorylation of both the heavy chain and LC20 of aorta
myosin. MKI phosphorylated protamine and a-casein in
addition to the myosin heavy and light chains (Table II).
The kinase activity was not inhibited by heparin with either
myosin or phosvitin as the substrate (data not shown).

The phosphorylation site on the myosin heavy chain for
MKI was determined using porcine aorta myosin phospho-
rylated with MKI and [y-32P]ATP. The tryptic phospho-
peptide derived from the heavy chain gave a single radio-
active peak on reverse phase HPLC. The peak fractions
collected were subjected to protein sequencing. Two major
PTH-amino acids were recovered at each cycle of Edman
degradation, indicating the presence of two peptide compo-
nents in the sample. Since one of the two PTH-amino acids
recovered in each cycle appeared in the subsequent cycle,
the two peptides were shown to be the same fragment, but

TABLE II. Substrate specificity of MKI. The kinase assay was
carried out with less than 0.2 U/ml of MKI under the standard assay
conditions. In the case of substrates other than myosin, the assay was
performed in the absence of KC1. The reaction was terminated after
incubation for 1-2 min at 25'C, and phosphate incorporated into
substrates was determined by the method of Corbin and Reimann
(46). Kinase activity toward protamine was determined using P81
phosphocellulose paper (47). The values for myosin are cited from
Table I.

Substrate
Concentration of
substrate

MKI activity
(nmol/min/mg)

Myosin heavy chain 6.3
Myosin LC20 6.3
Histone HA 10
Protamine 10
Phosphorylase 6 10
a-Casein 10
Phosvitin 10

1.3
28
0
2.9
0.7
1.4
0.6

having a one residue difference in the N-terminal end. As
shown in Table EH, the yield of PTH-amino acids of the
longer peptide was significantly low at cycle 6, suggesting
phosphorylation of the corresponding residue. Phospho-
amino acid analysis of the purified phosphopeptide showed
a radioactive spot of phosphoserine but not one of phospho-
threonine (data not shown). These results indicated that the
site on the myosin heavy chain phosphorylated by MKI was
in the segment having the amino acid sequence of Arg-Gly-
Asn-Glu-Thr-Ser*-Phe-Val-Pro, where Ser* was the phos-
phoacceptor. This sequence is analogous to partial se-
quences of the reported 204-kDa heavy chain isoforms of
smooth muscle myosins (15, 16, 31), and the C-terminal
Pro of the peptide corresponds to that breaking the
a -helical segment of the 204-kDa heavy chain (Fig. 5).

The phosphorylation site of LC20 for MKI was deter-
mined from the tryptic phosphopeptide map of LC20
derived from aorta myosin phosphorylated with MKI (Fig.
2A). The two major peptides phosphorylated by MKI
hardly migrated in the chromatographic dimension, but one
of the two peptides migrated in the electrophoretic dimen-
sion faster than the peptide derived from porcine aorta
LC20 phosphorylated with MLCK (Fig. 2B). These degrees
of migration suggest that the two MKI phosphopeptides
(Fig. 2A) are amino-terminal fragments of LC20 in which
Serl or Ser2, or both are phosphorylated (9, 26). Addition-
ally, we observed only a single component for the lysylen-
dopeptidase phosphopeptide of LC20 derived from aorta
myosin phosphorylated with MKI. The amino acid compo-
sition of the lysylendopeptidase phosphopeptide was Ser :
Lys = 2.1 : 1, consistent with that of the amino-terminal
fragment of LC20, Ac-Ser-Ser-Lys (32). All these results
suggest that the phosphorylation site on aorta LC20 for
MKI is either Serl or Ser2, or both of them.

MKII—MKII was purified approximately 1,100-fold
from porcine aorta smooth muscle. Figure 3A shows the
silver-stained SDS-PAGE pattern of the purified product.

TABLE III. Results of amino acid sequence analysis of a heavy
chain phosphopeptide derived from porcine aorta myosin
phosphorylated with MKI.

Cycle No. PTH-amino acid Yield (pmol)
Arg
Gly
Asn
Glu
Thr

Phe
Val
Pro

10.1
27.1
27.6
26.7
17.8

20.9
16.9
6.73

TABLE I. Summary of purification of MKI from porcine aorta smooth muscle.

Purification step

Extract
30-60% SASFn*
DEAE-Toyopearl
Affigel blue
Sephacryl S300

19,000
7,000

620
18
0.9

Heavy chain
Total activity
(nmol/min)

190
50
27

6.8
1.2

Specific activity
(nmol/min/mg)

0.010
0.0072
0.044
0.38
1.3

Light chain
Total activity
(nmol/min)

3,800
590
870
140
25

Specific activity
(nmol/min/mg)

0.20
0.084
1.4
7.9

28
•Fraction precipitated between 30 and 60% ammonium sulfate saturation.
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43-, 40-, and 26-kDa polypeptides comprized the MKII.
The molecular mass of MKII under nondenaturing condi-
tions was estimated to be 160-kDa on Sephacryl S300
column chromatography. MKII favored acidic proteins such
as casein and phosvitin as substrates, and was inhibited
strongly by heparin with myosin as the substrate (data not
shown). Maximum kinase activity was observed in the
presence of 0.2 M KC1 and 5 mM MgCl2 at pH 8.0.

The phosphorylation site of the aorta myosin heavy chain
for MKII was determined. Tryptic phosphopeptides de-
rived from myosin phosphorylated with MKII gave two
radioactive peaks on HPLC on a reverse phase column.
Amino acid sequence analysis revealed that both radio-
active components contained peptides having identical
amino acid sequences, Val-Ile-Glu-Asn-Ala-Asp-Gly-Ser'-
Asp-Glu-Glu-Met-Asp-Ala-Arg, where Ser* was estimated
to be phosphorylated because of the significantly low yield.
Phosphorylation of this Ser was confirmed by phospho-
amino acid analysis of the purified phosphopeptides. This
amino acid sequence is analogous to that of bovine aorta
myosin containing the phosphorylation site for casein
kinase II reported by Kelley and Adelstein (4). We then
performed immunoblot analysis of the purified MKII with
anti-casein kinase II antibodies (Fig. 3B). Both the 43-kDa
main and 40-kDa minor components of MKH cross-reacted

A:MKI

with the antibodies, indicating that MKH is the well-
characterized ubiquitous protein kinase, casein kinase II.
The silver-stained band corresponding to a high molecular
mass in Fig. 3B is due to a contaminant because the MKII
used in thiH experiment was not the best purified fraction.

Localization of Endogenous Phosphates on the Porcine
Aorta Myosin Heavy Chain—The heavy chain derived
from purified porcine aorta smooth muscle myosin usually
contained up to 4.1 mol covalently bound phosphate per
mole of myosin. The degree of phosphorylation with MKI,

A

1 2
kDa
97
69- • * kDa

-40

2 6 - • • — 28

18 - •»

B

kDa

4 3 -
40"

2 6 -

Fig. 3. SDS-PAGE and immunoblot analysis of MKII. (A)
SDS-PAGE pattern of the purified MKII stained with silver. Lane 1,
molecular mass standards, phosphorylase (97 kDa), bovine serum
albumin (69 kDa), ovalbumin (44 kDa), chymotrypsinogen (26 kDa),
and >9-lactoglobuiin (18 kDa); lane 2, MKII. (B) Immunoblot analysis
of MKH with anti-casein kinase II antibodies. MKQ (0.5 fig) was
subjected to SDS-PAGE, transferred to a nitrocellulose sheet, and
then cross-reacted with anti-casein kinase II antibodies which recog-
nize the a anda/-8ubunits(43and40kDa),butnotthe/S-subunit(26
kDa). Lane 1, silver staining; lane 2, immunostaining.

B:MLCK

0

Fig. 2. Two-dimensional tryptic phosphopeptide mapping of
LC20 from porcine aorta myosin phosphorylated with MKI. (A)
Mapping of LC20 derived from myosin phosphorylated with MKI; (B)
mapping of LC20 phosphorylated with MLCK. The origin is denoted
by X.

20
Time (mln)

40

Fig. 4. Effect of acid phosphatase treatment of myosin on
myosin heavy chain phosphorylation by MKI or MKII/casein
kinase II. The time courses indicate the phosphate incorporation into
myosin after incubation of the myosin with each kinase under the
standard assay conditions. Open symbols, myosin treated with
phosphatase; closed symbols, myosin untreated with phosphatase.
Phosphate incorporation was measured after incubation with MKI
(circles), MKII (triangles), or without kinase (rhomboids). Myosin
untreated with phosphatase was prepared by passage through a
phosphocellulose column to eliminate contaminating heavy chain
kinases. This myosin contained 1.5 mol of covalently bound phos-
phate/mol of myosin.
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or with MKII/casein kinase II was examined before and
after dephosphorylation of the endogenous phosphate by
treatment with acid phosphatase. The phosphate incorpora-
tion into the dephosphorylated myosin increased with
MKII/casein kinase II, but not with MKI (Fig. 4). These
results indicate that a part of the phosphate covalently
bound to porcine aorta myosin was localized at the MKII/
casein kinase II site, not at the MKI site.

DISCUSSION

We have surveyed myosin heavy chain kinase activities in
a porcine aorta smooth muscle extract and found the
presence of two kinases independent of conventional kinase
activators. One kinase, MKII, which only had heavy chain
kinase activity, i.e. no LC20 kinase activity, was purified to
near homogeneity, and identified as casein kinase II based
on both the molecular and subunit masses, enzymatic
properties, substrate specificity, amino acid sequence
around the phosphorylation site (33-35), and results of
immunoblot analysis (Fig. 3). This result is consistent with
the report of Kelley and Adelstein (4) that the tryptic
phosphopeptide map of the myosin heavy chain derived
from bovine aorta myosin phosphorylated in cultured aortic
cells was identical to that of the heavy chain derived from
the myosin phosphorylated with casein kinase II in vitro.
The results suggested that casein kinase II catalyzes the
phosphorylation of the myosin heavy chain in intact aortic
cells. We presented here direct evidence that the endo-
genous heavy chain kinase phosphorylating the nonhelical
tailpiece of the 204-kDa myosin heavy chain is actually
casein kinase II in aorta smooth muscle.

Nonmuscle myosin heavy chains from bovine (7) and
chicken brains (14), human macrophages (12), and chicken
intestinal epithelial cells (23) also contain a Ser homol-
ogous to that phosphorylatable by casein kinase II (Fig. 5).
The conservation of the phosphorylation site among verte-
brate nonmuscle and smooth muscle myosins seems to
indicate that the phosphorylation of such a characteristic
site may be involved in an indispensable function. The role
of this phosphorylation, however, remains to be deter-
mined, though the carboxyl terminal tailpiece region of the
myosin heavy chain is important for filament formation in
smooth muscle and nonmuscle myosins (36-38).

The other endogenous kinase, MKI, phosphorylated a Ser
residue at 19 amino acids upstream from the MKII/casein

kinase II site based on the deduced amino acid sequence for
smooth muscle myosins (Fig. 5). Interestingly, the Ser
phosphorylatable by MKI is near a Pro which corresponds
to the putative site breaking the a -helix and starting the
nonhelical tailpiece region of the 204-kDa isoform. A
corresponding Ser exists in the 204-kDa heavy chain of rat
aorta and rabbit uterus myosins, but not in their 200-kDa
isoforms (Fig. 5). Chicken gizzard myosin also contains a
corresponding Ser, although it does not contain a Ser
phosphorylatable with casein kinase II, which is substituted
by Gly (31) (Fig. 5). It should be noted that the homologous
Ser phosphorylatable by MKI is only present in the heavy
chain of smooth muscle myosins, i. e. not in that of nonmus-
cle myosins (Fig. 5). As shown in Fig. 4, this Ser phosphor-
ylatable by MKI was not phosphorylated in the purified
porcine aorta myosin, suggesting that its phosphorylation
occurs transiently in vivo. Its phosphorylation may be
induced by an unknown particular signal, or there may be a
strong endogenous phosphatase specific to this phospho-
rylation site. Of note is that the total heavy chain kinase
activity of MKI was more than twice that of MKII/casein
kinase II in the aorta smooth muscle extract (Fig. 1). All
these results suggest that the phosphorylation of the 204-
kDa myosin heavy chain by MKI may play a significant role
in the smooth muscle function. This should be clarified by
future studies.

In contrast to MKII/casein kinase II, MKI also phospho-
rylated LC20, at the N-terminal Serl or Ser2 (Fig. 2).
These sites on LC20 are also phosphorylated by protein
kinase C (39) or cyclin-p34cdc2 kinase (40). We could not
observe, however, the activation of MKI by Ca2+ and
phosphatidylserine plus diolein, or the cross-reactivity of
MKI with the polyclonal anti-p34cdc2 kinase antibodies. The
molecular mass of the catalytic subunit of cAMP-depen-
dent protein kinase, 40-kDa, is similar to that of MKI.
However, the aorta myosin heavy and light chains were
reported not to be phosphorylated by cAMP-dependent
protein kinase (4). MKI, thus, is unlikely to be the catalytic
subunit of cAMP-dependent protein kinase. The proximity
of the Ser phosphorylatable with MKI to the Pro at the
helix end of the porcine aorta myosin heavy chain (Fig. 5)
suggests that MKI may be a kind of glycogen synthase
kinase-3 (GSK-3) (41). The phosphorylation of glycogen
synthase (42) and inhibitor-2 (43) of type 1 protein
phosphatase by GSK-3 is synergistically activated on the
phosphorylation of the casein kinase II site, which is also

Porcine aorta
Bovine aorta
Rat aorta (204)
Rabbit uterus (204)
Chicken gizzard
Chicken epithelium (NH-A)
Chicken brain (NH-B)
Rat aorta (200)
Rabbit uterus (200)

RGNE-T8FVP VIEN-ADGBDEEMDAR
VIEN-ADGSEEEVDAR

LKSKLRRGNE-ASFVPSRRAGGRRVIEN-TDGSEEEMDARDSDFNGTKASE*
LKSKLRRGNE-TSFVPTRRSGGRRVIEN-ADGSEEEVDARDADFNGTKSSE*
LKSKLRRGNEPVSFAPPRRSGGRRVIENATDGGEEEIDGRDGDFNG-KASE*
LKSKLRRGD LPFWT-RRLVRKGTGECSDEEVDGKAEAGDA-KATE *
LKNRLRRGGPITFSSSRSGRRQLHIEGASLELSDDDAESKGSDVNEAQPTPAE*
LKSKLRGPPPQETSQ*
LKSKLRGPPPQETSQ*

Fig. 5. Homology of the
amino acid sequences of MKI
and MKII/casein kinase II
phosphorylation sites on the
myosin heavy chain. The
amino acid sequences of two
tryptic phosphopeptides, 1 and
2, derived from porcine aorta
myosin phosphorylated with
MKI and MKII/casein kinase n,

respectively, were compared with the published sequences of myosin heavy chains. The outlined letter represents the phosphorylated Ser
residue. The underlined proline corresponds to the putative carboxy-terminus of the a -helical rod. (204) 204-kDa heavy chain of smooth muscle
myosin; (200) 200-kDa heavy chain of smooth muscle myosin. NM-A and NM-B, nonmuscle myosin heavy chains of the A-form and B-form,
respectively, according to the classification of Kawamoto and Adelstein (48). Amino acid sequences were obtained for bovine aorta [Kelley and
Adelstein (4)]; rat aorta [Babij and Periasamy (15)}, rabbit uterus [Nagai et al (16)]; chicken gizzard [Yanagisawa et al (32)]; chicken
epithelium [Shohet et al. (13)]; and chicken brain [Takahashi et al (14)]. The carboxy-terminal ends of the myosin heavy chains are denoted
by * .
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present in both proteins. The MKI site on the myosin heavy
chain was separated by only 19 amino acids from the casein
kinase II site (Fig. 5). The presence of these two phospho-
rylation sites on a myosin heavy chain also suggests that
MKI may potentially be a type of GSK-3. We do not,
however, have any convincing evidence to support this
assumption at present. Identification of MKI remains to be
performed.

The actin-activated Mg-ATPase activity of gizzard heavy
meromyosin was reported to decrease by more than 50% on
the phosphorylation of LC20 by protein kinase C. This large
decrease in the ATPase activity appears due to the phos-
phorylation of Thr9 rather than that of Serl or Ser2 (39,
44, 45). Furthermore, it was reported that the phosphoryl-
ation of protein kinase C sites in LC20 was not detected
during the contraction-relaxation cycle of bovine tracheal
smooth muscle (26). Therefore, the phosphorylation of
Serl or Ser2 of LC20 by MKI may not directly be correlat-
ed with the contraction-relaxation cycle. The specific
activity of the obtained MKI is more than ten times higher
for myosin LC20 than for the myosin heavy chain (Tables
I and II). It may be possible in vivo, however, that an
unknown regulator for MKI or an organized structure of
thick and thin filaments surrounded by many other cyto-
solic protein components regulates the MKI activity differ-
ently toward the myosin heavy chain and LC20. Clarifica-
tion of the localization of MKI in aorta cells is necessary.
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