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ABSTRACT Myosin was isolated from the main pulmonary
artery of swine and was phosphorylated or dephosphorylated by
utilizing the endogenous kinase or phosphatase, respectively. The
myosins, phosphorylated to various degrees, were purified free
of kinase and phosphatase activities by gel filtration on Sepharose
CL-4B agarose columns. The level of actin-activated ATPase ac-
tivity was dependent upon the degree of myosin light chain phos-
phorylation. Fully phosphorylated myosin reconstituted with actin
and tropomyosin (actin/tropomyosin = 6:1) had the highest ATP-
ase activity (0.1 umol of PJ/mg-min). The actin-activated ATPase
activity showed maximal (60-65%) Ca2+ sensitivity at 2 mol of
Ca2+ bound per mol of myosin. The actin-activated ATPase activ-
ity, Ca2+ binding, and Ca + sensitivity of arterial myosin were also
dependent upon Mg2+ concentration. The ATPase activity was
maximal at 2-3 mM Mg2+ and, at low (0.5 mM) Mg2+ concentra-
tion, the activity was only one-third of the maximal activity. In-
creasing the Mg2+ above 3 mM was not associated with a further
increase in ATPase activity, but the Ca2+ binding and Ca2+ sen-
sitivity decreased with increasing Mg2+ concentration. The max-
imal Ca2+ sensitivity was observed at 2-3 mM Mg2+, a concen-
tration at which the myosin bound 2 mol of Ca2+/mol. Both the
ATPase activity and the Ca2+ sensitivity were more remarkable
when actin that contained tropomyosin was used to activate the
ATPase activity. The data indicate that calcium regulates the actin-
activated ATP hydrolysis not only by its effects on the phosphoryl-
ation system but also by direct binding to the myosin.

Phosphorylation of myosin is correlated with actomyosin ATP-
ase in gizzard (1, 2), vas deferens (3), and in porcine and bovine
stomach (4, 5). Using purified myosins in phosphorylated and
unphosphorylated states, Chacko et aL (6) showed that the
myosin ATPase measured at high ionic strength (0.5 M KCl) is
the same for phosphorylated and unphosphorylated myosin.
However, the actin-activated ATPase activity measured under
physiological conditions is severalfold higher for phosphoryl-
ated myosin. This agrees with experiments in which platelet
myosin was used (7). The degree of actin-activated ATP hydro-
lysis by myosin isolated from mammalian smooth muscle is lin-
early correlated with the amount ofphosphate covalently bound
to the 20,000-dalton light chain (5). Proponents of the phos-
phorylation mechanism agree that Ca2+ activates actomyosin by
its effect on Ca2+-dependent kinase. Kerrick and co-workers
(8), using skinned fiber preparations from avian gizzard and rab-
bit ileum to determine the relationship between phosphoryla-
tion and muscle tension, showed that the light chain became
phosphorylated when tension was developed by the muscle
strips. A relationship between phosphorylation and develop-
ment of tension has also been reported when intact smooth
muscle strips were used (9-11). The phosphorylation and ten-
sion development were correlated linearly by using hog carotid
(11).

In contrast to findings that the phosphorylation is correlated
with actomyosin ATPase, Ebashi and co-workers (12) observed
that the ATPase activity of myosin was activated by actin in the
presence of Ca2+ when the actomyosin was mixed with tropo-
myosin and leiotonins (leiotonin A, Mr 100,000; leiotonin C, Mr
18,000). Furthermore, relaxation of the muscle strip was not
correlated with dephosphorylation (13). Alternatively, Butler
and Siegman (14) observed correlation between dephosphoryl-
ation and cross-bridge cycling during relaxation.

Using competition experiments of Szent-Gyorgyi (15), Fred-
eriksen (16) observed that the Ca2' regulation of actomyosin
extracted from swine aorta was mediated by myosin. Similar
observations were made by using actomyosin and acto-heavy
meromyosin prepared from swine carotid artery (17). Neither
the kinase activity nor the state of phosphorylation of the light
chain was known in these studies. Hence, it is unclear whether
the Ca2' sensitivity observed by Mrwa and Ruegg (17) is due
to a direct effect of Ca2' on myosin-similar to that observed
for invertebrate muscle (18)-or due to the activation of the
phosphorylation system (2, 4, 5). It is also possible that these
mechanisms may coexist in some smooth muscles. Using pu-
rified phosphorylated and unphosphorylated myosins from
guinea pig vas deferens, Chacko et al (6) showed that although
phosphorylation is a prerequisite for activation of myosin
ATPase by actin, Ca2' increases this activation of the ATPase
even after phosphorylation. Rees and Frederiksen (19) recently
reported that the actin-activation of phosphorylated aortic
myosin was maximal in the presence of Ca2'. Previous studies
(6, 19) that reported Ca2' sensitivity of smooth muscle myosin
do not show if the sensitivity is associated with Ca2+ binding
by myosin.

In this report we show that the actin-activated ATPase ac-
tivity ofmyosin isolated from swine pulmonary aytery is linearly
correlated with the degree of myosin light chain phosphoryla-
tion. We also demonstrate that when myosin binds 2 mol of
Ca2+/mol, the actomyosin ATPase expresses the maximal Ca2'
sensitivity. Furthermore, the actin-activated ATPase activity,
Ca2' binding, and Ca2' sensitivity of arterial myosin depend
on Mg2+ concentration.

EXPERIMENTAL PROCEDURE
Preparation of Phosphorylated and Unphosphorylated

Myosin. Actomyosin that contained endogenous kinase and
phosphatase was prepared from the main pulmonary arteries
of swine by low-salt extraction followed by ammonium sulfate
fractionation as described (5, 6). The times required for maximal
phosphorylation and dephosphorylation were determined by
using [y-32P]ATP (5). Myosins that were phosphorylated to var-
ious degrees were purified from other proteins by gel filtration
on Sepharose CL-4B agarose columns equilibrated and eluted
with 0.8 M KCl/1 mM EDTA/20 mM Tris HCl, pH 7.5/2.5
mM dithiothreitol. The samples were made 10mM with respect
to MgATP prior to application to the columns. Dephosphoryl-
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ated myosin was mixed with 1 mM EGTA before adding ATP.
Fractions (5 ml) were collected at a flow rate of 30 ml/hr from
2.5 X 100 cm columns. The myosin peak was located by ATPase
assay (6) and fractions from the peak were pooled. The myosin
peak was routinely tested for the absence of kinase and phos-
phatase activities (5).

Estimation of the Degree of Phosphorylation. The amount
ofphosphate bound to the light chain ofmyosin, phosphorylated
with [y-32P]ATP, was determined by elution ofthe radioactivity
(6) from the 20,000-dalton light chain which was separated by
NaDodSOJpolyacrylamide gel electrophoresis (20). 'Myosin
phosphorylated with nonradioactive ATP was subjected to elec-
trophoresis on vertical slab gels of 10% polyacrylamide with 20
mM Tris/122 mM glycine buffer (pH 8.6) containing 8 M urea
(21). A microgel electrophoresis unit (designed by Y. Nonomura
and S. Ebashi) was utilized to minimize the amount of myosin
required to observe the light chain. The phosphorylated light
chain migrated faster than did the unphosphorylated light chain
in this gel system. The gels were stained with Coomassie bril-
liant blue R and were scanned at 584 nm with a gel scanner-in-
tegrator (Transidyne, Ann Arbor, MI). The percent of light
chain phosphorylation was obtained from areas under the fast
migrating (phosphorylated) and slow migrating (unphosphoryl-
ated) bands on the urea gel.

ATPase Assay. The K2EDTA and Ca2+-activated myosin
ATPase activities were determined in 0.5 M KCV20 mM
Tris HCl, pH 7.5/2mM ATP and either 2 mM EDTA or 10 mM
CaCl2 with a myosin concentration of 15 ,g/ml. Actin-activated
ATPase activity was assayed in the presence of 10 mM imid-
azole HCl, pH 7.1/2 mM ATP/15 mM KCV6 mM MgCl2 (ex-
cept in experiments in which Mg2' concentration was varied)
and either 0.1 mM CaCl2 or 2 mM EGTA. A CaEGTA buffer
(22) was used for experiments in which Ca2' concentration was
varied. The protein concentrations used, unless indicated oth-
erwise, were: myosin, 0.14 mg/ml; rabbit skeletal muscle actin,
0.25 mg/ml; tropomyosin, 0.07 mg/ml. Samples were incu-
bated at 37°C and aliquots were removed at zero time and at
two additional times to ascertain linearity ofphosphate release.
Pi was measured according to Martin and Doty (23).

Preparation of Other Proteins. Rabbit skeletal muscle actin
was prepared according to Spudich and Watt (24). Tropomyosin
was extracted from the alcohol/ether powder (25) ofthe residue
after myosin extraction by using 1 M KCI/20 mM imidazole HCl,
pH 7.0/5 mM dithiothreitol. Tropomyosin was purified by iso-
electric precipitation at pH 4.3 and ammonium sulfate fraction-
ation (40-65% saturation) (25). All proteins were assayed for
biological activity by monitoring their effect on ATPase activity
of purified skeletal muscle myosin. They were all free of kinase
and phosphatase activity and other calcium regulatory proteins.

Protein concentrations were determined (26) with bovine
serum albumin as a standard.

Measurements of Ca2" Binding. All solutions used for Ca2+
binding were analyzed by atomic absorption spectrometry using
internal standards. The CaEGTA buffer was made using a value
for the dissociation constant of1.9 x 10-7 M at pH 7.0 (27). Ca2+
binding by myosin was determined according to Chantler et aL
(28). The pooled column fractions that contained pure myosin
were dialyzed for 5 hr against 10 mM imidazole HCl, pH 7.0/
10 mM MgCl2/2.5 mM dithiothreitol. The myosin, a fine silky
precipitate after dialysis, was sedimented by centrifugation
(48,000 x g, 15 min), resuspended in 0.5 M KCl/1 mM EDTA/
1 mM EGTA/10 mM imidazole HCl, pH 7.0/2.5 mM dithio-
threitol, and dialyzed for 5 hr against the same buffer. The pro-
tein was then dialyzed for 5 hr against the above buffer without
EGTA and EDTA. After dialysis the protein concentration was
determined. Aliquots of protein were precipitated by dilution

with buffer (10 mM imidazole HCI, pH 7.0/2.5 mM dithio-
threitol to obtain a KCI concentration of 40 mM. The precipi-
tated protein was sedimented by centrifugation and then was
resuspended in 40 mM KCI/10 mM imidazole HCl, pH 7.0/
2.5 mM dithiothreitol/0-8 mM MgCl2 (based on the experi-
ment) and CaEGTA buffer that contained 45Ca and [3H]glucose.
The final count in each channel was 30,000 cpm/20 ,.d. The
protein was then resedimented by centrifugation and the pro-
cess was repeated; the final pellet was dissolved in 0.5 M KCl/
10 mM imidazole HCl, pH 7.0/2.5mM dithiothreitol. Aliquots
(0.05 ml) of the protein solution were transferred into scintil-
lation vials, mixed with 10 ml of Ready-Solve HP (Beckman),
and assayed in a liquid scintillation counter (Beckman 2000 LS).

Calcium bound to the myosin was determined according to
Kendrick-Jones et al. (18). Supernatant trapped in the pellets
was determined from the [3H]glucose content. The mol ofCa2+
bound per mol of myosin was calculated (myosin Mr 470,000).

RESULTS

Effect of Light Chain Phosphorylation on Actin-Activation
of Myosin ATPase Activity. Myosins that were phosphorylated
to various levels were purified free of kinase and phosphatase.
The phosphate bound to the myosin was stable and was in the
20,000-dalton light chain. The level of light chain phosphoryl-
ation was determined either by elution of the 32P radioactivity
from myosin phosphorylated with [y-32P]ATP or by urea gel
electrophoresis. Fig. 1 shows the migration patterns of un-
phosphorylated and phosphorylated 20,000-dalton light chain
on urea gels. In some experiments the degree of phosphoryl-
ation was estimated by both procedures; this was necessary
because the phosphatase failed to completely dephosphorylate
the myosin prior to phosphorylation with [y-32P]ATP. Esti-
mation of the degree of phosphorylation based only on the 32P
that was eluted from light chain band in NaDodSOJpoly-

P
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FIG. 1. Urea gels (different loadings) of unphosphorylated (lanes
1) and partially phosphorylated (lanes 2) 20,000-dalton light chain.
The phosphorylated light chain (P) migrated faster than did the un-
phosphorylated light chain (UP). The myosin heavy chain did not enter
the separating gel. The separation of 15,000-dalton light chain into
multiple bands in this gel system was not related to phosphorylation
(compare lanes 1 and 2). The nature of this phenomenon is unknown
at present.
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acrylamide gel gave a lower level of phosphorylation because
it did not include the nonradioactive phosphate bound to the
myosin prior to phosphorylation with [y-32P]ATP.

Fig. 2 shows the dependence of actin-activated ATPase ac-
tivity on the percent of myosin phosphorylation. This activity
was linearly correlated with the phosphate bound to the light
chain. An ATPase activity of 0.1 umol of PJmg of myosin per
min was obtained when the myosin was fully phosphorylated.
The K2EDTA-stimulated activities (in 0.5 M KCl) ofmyosins

used (Fig. 2) were 1.2-1.5 Amol PJmg-min. The Ca2+-activated
ATPase activity was 0.5-0.65 ,tmol PJmg-min. A decrease in
K2EDTA-stimulated activity and an increase-in Ca2+-activated
myosin ATPase activity was associated with a lower actin-acti-
vated ATPase activity even when the myosin was fully phos-
phorylated.

Effect of Mg2e on Actin-Activation. Fig. 3 shows the de-
pendence of arterial myosin on Mg2+ concentration for actin-
activation. The ATPase activity was increased 4-fold by increas-
ing the free Mg2+ concentration from 0.5 mM to 3 mM. At
higher Mg2+ concentration (8 mM), the ATPase activity was
only 3-fold higher than that observed at 0.5 mM. The state of
phosphorylation was not altered during the ATPase assay, as
determined from urea gel electrophorograms of aliquots of
myosin removed from the enzyme assay mixture at the same
time that samples were removed for Pi determinations.

In another experiment ATPase assay was begun at 0.5 mM,
Mg2+ and additional Mg2+ was added every 5 min for 30 min
(final Mg2+ concentration, 10 mM). Aliquots for Pi determi-
nations were taken at each time before the MgCl2 addition. The
Pi liberated increased as Mg2+ was added to the incubation until
the final Mg2+ concentration reached 4 mM. The Mg2+ effect
is seen over a range (13-80 mM) of KC1 concentrations.

20 40 60 80
Myosin phosphorylation, %

FIG. 2. Relationship between myosin light chain (20,000 daltons)
and actin-activated ATPase activity. Myosins were phosphorylated or
dephosphorylated by using the endogenous kinase or phosphatase, re-

spectively, prior to separation of the myosin from these enzymes. The
degree of phosphorylation was determined as described. Myosins that
were phosphorylated to various degrees were reconstituted with rabbit
skeletal muscle actin (myosin/actin molar ratio = 1:20). Actin was
complexed with smooth muscle tropomyosin (tropomyosin/actin molar
ratio = 1:6). Assay conditions were as described in text [myosin, 0.14
mg/ml; CaCl2, 0.1 mM; MgCl2, 4mM (total); ATP, 2 mM]. The ATPase
activity was correlated linearly with the degree of myosin phosphor-
ylation. Fully phosphorylated (2 mol ofPjmol of myosin) had the high-
est (0.1 jmol of Pjmg-min) ATPase activity under the assay
conditions.
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FIG. 3. Dependence of actin-activated ATP hydrolysis on Mg2+.
Assay conditions were as in Fig. 2. The Ca2+ concentration was 0.01
mM. Fully phosphorylated myosin was reconstituted with actin com-
plexed with tropomyosin. Molar ratios are myosin/actin = 1:20; tropo-
myosin/actin = 1:6. Free Mg2e concentration ranged from 0.5 mM to
8 mM. Notice that the ATPase activity is maximal at 3 mM Mg2e.

Ca2" Dependence of Actin-Activated ATP Hydrolysis. Fig.
4 shows the effect of varying Ca2+ on the actin-activated ATP
hydrolysis. The ATPase activity was maximal at pCa 4, and a
60% inhibition was observed by lowering the Ca"+ concentra-
tion (pCa 8). The Ca2+ sensitivity of the ATPase activity was
noticed both for myosin that was reconstituted with pure actin
and for myosin that was reconstituted with actin complexed with
tropomyosin. Both the actin-activated ATPase activity and the
Ca sensitivity were more pronounced when actin was com-
plexed with tropomyosin at an actin/tropomyosin molar ratio
of 6:1.

Because the actomyosin ATPase of arterial myosin was de-
pendent on Mg2+ concentration, the Ca2+ sensitivity was de-
termined at various Mg2+ concentrations. Fig. 5 shows the ef-
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FIG. 4. Effect of varying Ca2" on actin-activated ATPase activity.
Assay conditions were as in Fig. 2 except for Ca2" concentration which
varied as indicated. The actin-activated ATPase activities of phos-
phorylatedmyosin (65% phosphorylated) reconstituted with pure actin
(o) andactin complexed with turkey gizzardtropomyosin (0) are shown
at various Ca2+ concentrations. Ca2+ sensitivity was observed in both
instances; however, the ATPase activity and the Ca21 sensitivity were
more remarkable in the presence of tropomyosin.
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FIG. 5. Effect of Mg2+ concentration on Ca2" sensitivity. Assay
conditions were as in Fig. 2. The ATPase assay was done at pCa 8 or

pCa 5 at various Mg2e concentrations. Ca2+ sensitivity = [(ATPase
activity at pCa 5 - ATPase activity at pCa 8)/ATPase activity at pCa
51 x 100. The Ca2+ sensitivity increased until the free Mg2e concen-
tration reached 2 mM. Further increase in Mg2+ concentration de-
creased the Ca2+ sensitivity. The ATPase activity was not Ca2+ sen-
sitive at 6 mM Me'.

fect of Mg2" on the Ca2" sensitivity of actin-activated ATPase
activity of arterial myosin. Ca2+ sensitivity was maximal be-
tween 2 and 3mM Mg2e and it disappeared when the free Mg2+
concentration was increased to 6 mM.

Effect of Mg2` Concentration on Ca2+ Binding. To deter-
mine whether the Ca2+ sensitivity observed was associated with
Ca2+ binding to myosin, the Ca2+ bound by the column-puri-
fied, phosphorylated myosin was determined at various Mg2+
concentrations. Fig. 6 shows the mol of Ca2+ bound per mol of
myosin at Mg2+ concentrations used for actin-activation. At 0

Mg2+ concentration, 1 mol of myosin bound about 4 mol of
Ca2+. The myosin bound 2 mol of Ca2+ per mol at Mg2+ con-
centrations between 2 and 3 mM. The Ca2+ binding decreased
as the Mg2+ concentration was increased.

Actin and tropomyosin did not alter the Ca2+-binding char-
acteristics of myosin because the myosin that was reconstituted
with actin and tropomyosin also bound 2 mol of Ca2+ per mol
at 2-3 mM Mg2e. Varying the KC1 concentration from 40 mM
to 100 mM also had no effect on Ca2+ binding.
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FIG. 6. Effect of me, concentration on Ca`+ binding: mol of Ca`+
bound per mol of myosin at pCa 5 is shown at various me+ concen-
trations. At Ome2+ the myosin bound about 4 mol of Ca'+. Myosin
bound 2 mol of Ca2+/Mol of myosin atAm+concentrationsbetween
2 and 3 mM. Notice that the Ca2+ binding decreased as the me+ con-
centration was increased. Values are means SEM.

DISCUSSION
The calcium dependence of myosin light chain kinase from ar-
terial smooth muscle has been reported (19, 29-31). Data pre-
sented here extend previous observations (19, 31) that the phos-
phorylation of myosin light chain increases the actin-activated
ATP hydrolysis by arterial myosin. Using myosin that was phos-
phorylated to various degrees, we showed that the actin-acti-
vated ATPase activity was linearly correlated with the phos-
phate, covalently bound to the myosin. Fully phosphorylated
myosin (2 mol of phosphate per mol of myosin) that was recon-
stituted with rabbit skeletal muscle actin that contained tropo-
myosin had the highest ATPase activity. The tropomyosin po-
tentiates the actin-activated ATPase activity (5, 6). The maximal
activity was observed when the actin was complexed with
tropomyosin at a molar ratio of 6:1 (actin/tropomyosin). Actin
used for these experiments was complexed with turkey gizzard
tropomyosin to obtain the maximal activity. In low salt (20 mM
KCl), the fully phosphorylated arterial myosin that was recon-
stituted with actin (molar ratio of myosin/actin, 1:20) that con-
tained tropomyosin had a lower activity (0.1 /umol of Pj
mg-min) than did myosins from mammalian visceral smooth
muscles (0.25 tkmol ofPJmg-min) assayed under the same con-
ditions (4-6). However, the K2EDTA-stimulated, Ca2+-acti-
vated, and Mg2e-activated ATPase activities of arterial myosin
assayed in 0.5 M KC1 were the same as those ofmyosins isolated
from other mammalian smooth muscles (3, 5).
The actin-activated ATPase activity of phosphorylated arte-

rial myosin was dependent on Mg2+ concentration. A similar
effect on actin-activation of ATPase activity of Acanthamoeba
myosin II caused by Mg2+ has been reported (32). The Mg2+
effect was observed over a range (13-80 mM) of KC1 concen-
trations. When the KC1 concentration was increased higher
than 80 mM, the actin-activated ATP hydrolysis decreased,
perhaps by dissociation of the actomyosin complex (33).

The Ca2+ sensitivity and the Ca2+-binding property of
myosin were affected by Mg2+ concentration. The maximal
Ca2+ sensitivity (65%) was observed at 2-3 mM Mg2+, a con-
centration at which myosin bound 2 mol of Ca2+ per mol. Sub-
sequent increase in Mg2+ caused a decrease in Ca+ binding and
Ca + sensitivity. Turbidity measurements of the myosin at pCa
5 and pCa 8 that were carried out at various Mg2+ concentra-
tions (1-6 mM) gave similar values (data not shown), indicating
that the difference in ATPase activity was not associated with
a difference in aggregation properties. The effect of Mg2+ on
the Ca2+ sensitivity ofarterial myosin is similar to that observed
for Acanthamoeba myosin II (32). The Ca2+-binding character-
istics ofAcanthamoeba myosin are not known.

Rees and Frederiksen (19) reported that the actin-activated
ATPase activity of phosphorylated myosin is 40% higher in the
presence of 0.1 mM CaCl2 than when the Ca2+ is replaced by
2 mM EGTA, confirming our previous report ofcalcium's effect
on phosphorylated myosin isolated from vas deferens (6). The
data presented in this paper indicate that a direct correlation
between Ca2+ binding and Ca2+ sensitivity of actomyosin
ATPase exists for smooth muscle myosin. The observation that
the Ca2+ sensitivity ofactin-activated ATPase activity ofarterial
myosin was present even after the myosin was phosphorylated
indicates that Ca2+ plays a dual role in the regulation of acto-
myosin ATPase in some mammalian smooth muscles. Myosins
isolated from avian gizzard (34), porcine stomach (4), and bovine
stomach (5) do not require Ca2+ for actin activation once the
myosin is phosphorylated.
The Ca2+ sensitivity expressed by arterial myosin is similar

to that of the scallop myosin because the latter also binds 2 mol
of Ca2+ when it expresses Ca2+ sensitivity (18, 28). Although
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Ca2+ exerts its effect on scallop actomyosin ATPase by directly
binding to myosin, it has a-dual effect on the actin-activated ATP
hydrolysis of arterial myosin. For arterial-myosin, Ca2' was re-
quired-for the activation ofATPase activity because of its effect
on the phosphorylation system. Ca2+ was also required for
expression of the maximal ATPase activity of phosphorylated
myosin, presumably when the Ca2+-binding sites were not oc-
cupied by Mg2+. Although binding of Ca2+ is essential for ac-
tomyosin ATPase in molluscan myosin, Mg2+ at higher con-
centration (presumably Mg2+ binding to myosin) can replace
the effect ofCa2 in the artery. The contractile system in arterial
smooth muscle behaves similarly to that ofvas deferens muscle
(6). It is different from gizzard (1, 2), porcine stomach (4), and
bovine stomach (5), though in all smooth muscles, phosphoryl-
ation is a prerequisite for actin-activation (however, see refs.
12 and 13).
Our findings show that the actin-activated ATPase activity

is linearly correlated with the degree of phosphorylation; how-
ever, this does not rule out the possibility that additional factors
(35) or leiotonins (12) may serve as alternative or complementary
mechanisms for the regulation of actin-activated ATP hydro-
lysis. Addition of such factors or proteins to the phosphorylated
myosin without altering the level ofphosphorylation will enable
us to understand how the various regulatory mechanisms in-
teract in the regulation of actin-myosin interaction and ATP
hydrolysis.

This report shows that the actin-activated ATP hydrolysis,
Ca2+ binding, and Ca2+ sensitivity ofsmooth muscle myosin are
affected by Mg2+ concentration. The mechanisms by which
Mg2+ modulates the ATPase activity and Ca2+ sensitivity are
not clear at present. However, the Mg2+ effects were seen at
a Mg2+ concentration reported as a range (2-5 mM) for free
Mg2e in muscle (36, 37). No data are available for the free Mg2+
concentrations of smooth muscle cells in the pulmonary artery.
Using chemically skinned smooth muscle fibers, Saida and Non-
omura (38) showed that >1 mM Mg2+ was required for Ca2+-
induced contraction in skinned fibers as well as for the activation
ofATPase and superprecipitation in smooth muscle actomyosin;
Mg2e >2 mM caused a slow tension development by itself in
the absence ofCa2+. On the basis ofthese results they suggested
that the mode of actin-myosin interaction in smooth muscle is
substantially different from that in skeletal muscle.
The biochemical demonstration of a direct relationship be-

tween Ca2+ binding and Ca2+ sensitivity at the physiological
range ofCa2+ and Mg2e concentrations raises the possibility for
the existence of a.direct, myosin-mediated calcium regulation
of contraction in some smooth muscles. Although the basic
mechanism of the contractile process appears to be similar for
various vertebrate smooth muscles (39), the regulation of con-
traction may be different for different smooth muscles.

We thank George Thomas for excellent technical assistance, Janet
Flinn for typing the manuscript, and Peter D. Villari, Inc., for donating
the pulmonary artery. This study was supported by Grants HL-23779
and HL-22446 from the National Institutes of Health.

1. Sobieszek, A. & Small, J. V. (1977)J. MoL BioL 112, 559-576.
2. Gorecka, A., Aksoy, M. 0. & Hartshorne, D. J. (1976) Biochem.

Biophys. Res. Commun. 71, 325-331.

3. Chacko, S., Conti, M. A. & Adelstein, R. S. (1976) Fed. Proc.
Fed. Am. Soc. Exp. Biot 35, 1581 (abstr.).

4. Small, J. V. & Sobieszek, A. (1977) Eur.J. Biochem. 76, 521-530.
5. (Chacko, S. (1981) Blbchemistry 20, 702-707.
6. Chacko, S., Conti, M. A; & Adelstein, R. S. (1977) Proc. Natl.

Acad. Sci. USA 74, 129-133.
7. Adelstein, R. S. & Conti, M. A. (1976) in Cell Motility, Cold

Spring Harbor Conferences on Cell Proliferation, eds. Goldman,
R., Pollard, T. & Rosenbaum, J. (Cold Spring Harbor Labora-
tory, Cold Spring Harbor, NY), Vol. 3, pp. 725-738.

8. Hoar, P. E., Kerrick, W. G. L. & Cassidy, P. S. (1979) Science
204, 503-506.

9. Barron, J. T., Barany, M. & Barany, K. (1979)J. Biol Chem. 254,
4954-4956.

10. de Lanerolle, P. & Stull, J. T. (1980) J. Biol Chem. 255,
9993-10000.

11. Dillon, P. B., Aksoy, M. O., Driska, S. P. & Murphy, R A.
(1981) Science 211, 495-497.

12. Hirata, M., Mikawa, T., Nonomura, Y. & Ebashi, S. (1980) J.
Biochem. 87, 369-378.

13. Mikawa, T., Nonomura, Y., Hirata, M., Ebashi, S. & Kakiuchi,
S. (1978)J. Biochem. 84, 1633-1636.

14. Butler, T. M. & Siegman, M. J. (1982) Fed. Proc. Fed. Am. Soc.
Exp. BioL, in press.

15. Lehman, W., Kendrick-Jones, J. & Szent-Gyorgyi, A. G. (1975)
Cold Spring Harbor Symp. Quant. Biol 37, 319-330.

16. Frederiksen, D. W. (1976) Proc. Nati Acad. Sci. USA 73,
2706-2710.

17. Mrwa, U. & Ruegg, J. C. (1975) FEBS Lett. 60, 81-84.
18. Kendrick-Jones, J., Lehman, W. & Szent-Gybrgyi, A. G. (1970)

J. Mol Biol 54, 313-326.
19. Rees, D. D. & Frederiksen, D. W. (1981) J. Biol Chem. 256,

357-364.
20. Fairbanks, G. T., Steck, T. L. & Wallach, D. F. H. (1971) Bio-

chemistry 10, 2606-2617.
21. Perrie, W. T., Smillie, L. B. & Perry, S. V. (1973) Biochem. J.

135, 151-164.
22. Bremel, R. D. & Weber, A. (1975) Biochim. Biophys. Acta 376,

366-374.
23. Martin, J. B. & Doty, D. M. (1949) AnaL Chem. 21, 965-967.
24. Spudich, J. A. & Watt, S. (1971)J. Biol Chem. 246, 4866-4871.
25. Eisenberg, E. & Kielley, W. W. (1974) J. Biol Chem. 249,

4742-4748.
26. Lowry, 0. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J.

(1951)J. Biol Chem. 193, 265-275.
27. Chaberek, S. & Martell, A. E. (1959) Organic Sequestering

Agents (Wiley, New York).
28. Chantler, P. D., Sellers, J. R. & Szent-Gyorgyi, A. G. (1981) Bio-

chemistry 20, 210-216.
29. Chacko, S., Mayne, R., Blose, S. H. & Adelstein, R. S. (1979) in

Motility in Cell Function, eds. Pepe, F. A., Sanger, J. W. &
Nachmias, V. T. (Academic, New York).

30. Disalvo, J., Gruenstein, E. & Schmidt, C. (1979) Proc. Soc. Exp.
Biol Med. 162, 337-341.

31. Chacko, S. & Rosenfeld, A. (1981) Biophys.J. 33, 276 (abstr.).
32. Collins, J. H. & Korn, E. D. (1981) J. Biol Chem. 256,

2586-2595.
33. Eisenberg, E. & Moos, C. (1967)J. Biol Chem. 242, 2945-2951.
34. Sherry, J. M. F., Gorecka, A., Aksoy, M. O., Dabrowska, R. &

Hartshorne, D. J. (1978) Biochemistry 17, 4411-4418.
35. Persechini, A., Mrwa, U. & Hartshorne, D. J. (1981) Biochem.

Biophys. Res. Commun, 98, 800-805.
36. Brinley, F. J., Scarpa, A. & Tiffert, T. (1977)J. Physiot (London)

266; 545-565.
37. Cohen, S. M. & Burt, C. T. (1977) Proc. Natl. Acad. Sci. USA 74,

4271-4275.
38. Saida, S. & Nonomura, Y. (1978)J. Gen. Physiot 72, 1-14.
39. Murphy, R. A. (1975) Blood Vessels 13, 1-23.

Proc. Natl. Acad. Sci. USA, 79.(1982)


