PROCEEDINGS OF THE SOCIETY FOR EXPERIMENTAL BIOLOGY AND MEDICINE 162, 337-341 (1979)

Relationships between Ca®*, Myosin Light Chains, and ATPase in Bovine Aortic
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The important role of Ca®" in regulating
contractile activity in vascular smooth muscle
is well recognized (1, 2). However, the mech-
anistic basis for this regulation has not been
completely elucidated. Studies with contrac-
tile proteins from several different smooth
muscles including avian gizzard (3-5), por-
cine stomach (6), and hamster vas deferens
(7) suggest that the Ca** regulatory mecha-
nism is linked to the thick myosin filament
and involves Ca®*-dependent phosphoryla-
tion of the 15,000- to 20,000-dalton myosin
light chains. This contrasts with striated mus-
cle where the regulatory mechanism is linked
to the Ca’"-receptive protein troponin located
on the thin actin filament (8). Nevertheless,
Mikawa et al. (9) claim that Ca®* regulation
in smooth muscle is independent of phospho-
rylation and is associated with an 80,000-
dalton troponin-like moiety.

Recently, we reported that Ca®*-dependent
phosphorylation of the 15,500-dalton myosin
light chains occurs in native actomyosin from
bovine aorta (10). The K., for Ca** (3 X 1077
M) in this reaction was the same as the K,
for Ca® in activating aortic actomyosin ATP-
ase. This suggests that the Ca®* regulatory
mechanism for actin-myosin interactions in
vascular smooth muscle may also involve
Ca®"-dependent phosphorylation of the
myosin light chains. The hypothesis is partic-
ularly attractive because myosin-linked reg-
ulation is present in vascular smooth muscle
(11, 12).

Ca® regulation is rapidly lost in acto-
myosin from vascular smooth muscle (2).
Whether or not this loss of Ca®* sensitivity is
associated with changes in the phosphorylat-
able light chains is unknown. In this context,
it is important to recognize that in other
tissues Ca® has also been shown to activate
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proteases which specifically degrade proteins
of the contractile apparatus. A Ca**-stimu-
lated protease which degrades a-actinin and
the Z line of myofibrils has been described in
skeletal muscle (13). In cardiac muscle, an
apparently different Ca®*-stimulated pro-
tease exists which degrades only the phos-
phorylatable light chain (14). It is therefore
possible that actomyosin from vascular
smooth muscle also contains a Ca**-depend-
ent factor which degrades or inactivates pro-
teins involved in regulating actin-myosin in-
teractions.

In this study we have examined phospho-
rylation of aortic actomyosin in preparations
which required Ca** for hydrolysis of ATP
and in stored preparations which no longer
required Ca”* for hydrolysis of ATP. Empha-
sis was placed on determining (a) if the loss
of Ca* regulation was associated with
changes in the phosphorylatable light chains,
and (b) whether or not the actomyosin con-
tained a Ca®*-stimulated factor which could
inactivate the regulatory mechanism for ac-
tin-myosin interaction.

Materials and methods. The methods used
for (a) preparation of bovine aortic acto-
myosin, (b) performance of sodium dodecyl
sulfate (SDS) electrophoresis and isoelectric
focusing, (c) determinations of actomyosin
ATPase activity, and (d) detection of phos-
phorylation of the myosin light chains using
[y-*P]ATP were described previously (10).

Superprecipitation of actomyosin was stud-
ied according to methods adapted from
Ebashi (15). Briefly, a reaction mixture was
prepared consisting of 18 mAM morpholino-
propanesulfonic acid pH 7.0 (MOPS), 10 mM
MgCl,, 107° M CaCls, 2 mg actomyosin/ml,
and sufficient KCl to maintain ionic strength
at 0.1. The mixture (2 ml) was transferred to
a cuvette in a Gilford spectrophotometer
which permitted continuous stirring of the
cuvette contents and maintained temperature
at 25°. The reaction was started by injecting
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10 ul of 200 mM Na,ATP into the mixture so
that its final concentration was | mM.
Changes in absorbance were recorded at 660
nm. After 5 min of incubation 250 pl was
withdrawn for SDS electrophoresis and iso-
electric focusing. Similar mixtures contain-
ing 1 mM ethyleneglycol-bis(2-aminoethyl
ether)-N,N'-tetraacetic acid (EGTA) in place
of CaCl, were used to assess Ca’* sensitivity
of the preparation.

Temporal relationships between phospho-
rylation of the myosin light chains and hy-
drolysis of ATP by actomyosin ATPase were
assessed using reaction mixtures containing
0.4 to 0.6 mg actomyosin/ml and 10 uCi [y-
*P]ATP/ml (Amersham, specific activity 2.2
Ci/mmole). The total concentration of ATP
in the reaction mixture was 1 mM so that its
specific activity was 2.2 X 10" cpm/nmole. At
appropriate intervals aliquots of the mixture
were withdrawn for determination of inor-
ganic phosphate (ATPase activity) and phos-
phorylation of the myosin light chains (10).

Unless otherwise indicated, all of the above
experiments were performed within 24 hr of
the isolation of native actomyosin. Prelimi-
nary experiments showed that storage of the
preparations at 4° resulted in time-dependent
loss of Ca® sensitivity. Progressive loss of
Ca®* sensitivity was determined by changes
in ATPase activity in the presence and ab-
sence of Ca®*, superprecipitation, and analy-
sis of electrophoretic profiles. The same ac-
tomyosin preparations were also stored in the
presence of 5 mM EGTA to test for the
presence of a Ca**-dependent factor which
contributed to the loss of Ca** requirement
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for activation of actomyosin ATPase.

Results and discussion. Twelve preparations
of actomyosin were studied. The yield of
actomyosin was 2.8 + 0.3 mg protein per
gram of aortic muscularis.

In freshly prepared actomyosin, the Mg**-
stimulated hydrolysis of ATP was Ca** de-
pendent in all 12 preparations. The specific
ATPase activity of fresh greparations de-
creased by 90% when the Ca®" in the reaction
mixture was chelated with | mM EGTA (Ta-
ble I). In accord with earlier findings (10)
isoelectric focusing (IEF) of reaction mixtures
containing Ca** and ATP showed that phos-
phorylation of the myosin light chains oc-
curred as evidenced by the progressive dis-
appearance of the unphosphorylated light
chain focusing at pH 5.05 and the appearance
of a new phosphorylated light chain band
focusing at pH 4.97. This change appears to
specifically require ATP because it did not
occur when ADP, AMP, cAMP, or sodium
pyrophosphate was substituted for ATP (Fig,.
1). We have Previously shown that the change
in IEF is Ca™ de!)endent and associated with
incorporation of *P from [y-**P]JATP into the
new band at pH 4.97. The phosphorylation is
limited to the 15,500-dalton myosin light
chains (10). Our procedure has been adapted
to detect phosphorylated light chains in intact
vascular smooth muscle (16).

Results obtained during concomitant mea-
surements of the time course for phosphoryl-
ation of the light chains and activation of the
Mg**-stimulated actomyosin ATPase showed
that light-chain phosphorylation preceded
the release of inorganic phosphate (P;) from

TABLE 1. INFLUENCE OF CA** AND EGTA oN Mg**-STIMULATED AcTOMYOSIN ATPase AcTiviTy of Ca’™*-
SENSITIVE AND Ca”*-INSENSITIVE PREPARATIONS OF AORTIC ACTOMYOSIN

Ca®* Sensitiv-

Actomyosin ATPase activity” ity
(nmoles Pi/mg/min) (activity in
107 M Ca*™/
activity in
. In 10 M 107" M
Preparation In 107" M Ca** EGTA EGTA) P
Ca®*-Sensitive 324+26 26+ 19 12.5 <0.001
Ca’*-Insensitive 183 + 2.1 154+ 19 1.2 >0.1 (NS)Y
P <0.005 <0.005

“ Values for ATPase specific activity are expressed as means + | SE for determinations on 12 different preparations
of actomyosin. Each preparation was assayed within 24 h of preparation (Ca®*-sensitive) and again after storage for

510 7 days at 4°C (Ca”*-insensitive).

" Shows P value for difference in specific activity measured in the presence of Ca>* and in the presence of EGTA.
“Shows P value for difference in specific activity of Ca**-sensitive and Ca**-insensitive preparations.

“ NS, Not significantly different.
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activation of the actomyosin ATPase (Fig. 2).
For example, 50% of the maximal amount of
phosphorylation (*’P incorporated) occurred
after only 30 sec of incubation at a time when
virtually no P; release from ATP was yet
detected. Similarly, of the total amount of P;
released during the entire 30-min period of
the assay, only 7% (60 nmol P;) was detected
within 2 min after the reaction was initiated.
In sharp contrast, 92% of the **P incorporated
into the new phosphorylated myosin light
chain band was found in the same interval.
These findings, obtained with preparations
from mammalian vascular smooth muscle,
are in agreement with results obtained from
avian gizzard actomyosin (17). The results
suggest that phosphorylation occurs Erior to
actin-mediated activation of the Mg™-stim-
ulated myosin ATPase. We have calculated®
that only about 15% of the phosphorylatable
light chains are actually phosphorylated un-
der the optimal conditions of Fig. 2 (i.e., after
5 min of incubation). Because this is a native
actomyosin preparation rather than a recon-
stituted system of purified proteins, it is prob-
able that there is a phosphatase activity pres-
ent as well as the kinase activity we are
measuring. The value of 15% phosphoryla-
tion is, therefore, likely to represent a dy-
namic equilibrium between phosphorylation
and dephosphorylation of the light chain.
Additionally, it should also be noted that the
time course for phosphorylation of myosin
light chains in vitro is compatible with the
time course for the development of maximal
isometric force (2-4 min) in strips of vascular
smooth muscle isolated from a variety of
sources (18, 19) and the time course maximal
vasoconstriction in several different vascular
beds in vivo (20, 21).

All of the preparations became Ca®* insen-

? This value for the phosporylation of the phosphor-
ylatable light chain was obtained as follows. Given a
specific activity of [y-*PJATP = 2.2 x 10' cpm/nmol,
the incorporation of a maximum of 7 X 10° dpm into the
light chain (Fig. 2) represents 0.32 nmol of phosphate
incorporated. The reaction mixture contained about 1
mg of protein of which at least 50% or 0.5 mg is myosin
(2, 4). With a molecular weight of about 2.6 X 10°, this
represents 1.1 nmol of myosin. Thus, assuming two
molecules of phosphorylatable light chain per myosin,
there will be 2.2 nmol of light chain of which 0.32 nmol
or 15% is phosphorylated.

339

A B

.

ATP ADP AMP cAMP NaPP

F1G. 1. Comparison of IEF of reaction mixtures con-
taining equimolar (1 mM) concentrations of either ATP
(A), ADP (B), AMP (C), cAMP (D), or sodium pyro-
phosphate (E). Each mixture contained 10> M CaCl,.
The gels were stained with Coomassie blue and each
band can be located by the pH scale at right. Bands at
pH 5.62-5.56 correspond to actin polymorphs, tropo-
myosin is in the diffuse area at pH 4.87, and the bands
at pH 4.67 and 4.58 are unidentified. The unphosphor-
ylated myosin light chain focuses at pH 5.05 (upper
arrow at left), whereas the phosphorylated form focuses
at pH 4.97 (lower arrow). The phosphorylated light chain
(dotted line between gels) occurs only in the presence of
ATP (A). The unphosphorylated band (solid line be-
tween gels) is intense in gels B-E.
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Fic. 2. Relationship between time of incubation at
25° (abscissa), incorporation of *?P from [y-**P]JATP (left
ordinate, solid curve), and release of inorganic phosphate
(P) by Mg“-stimulaled ATPase (right ordinate, broken
curve). The incorporation of P was determined by
withdrawing aliquots from the reaction mixture at the
times indicated and subjecting them to 1EF and SDS
electrophoresis. The myosin light-chain bands were ex-
cised and radioactivity was detected by scintillation
counting (see Ref. (10)). Release of P; was determined
by ATPase assay. Phosphorylation was essentially com-
pleted before significant hydrolysis of ATP occurred by
ATPase.
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sitive after storage at 4° for 5 to 6 days so
that the specific ATPase activity was similar
in the presence and absence of EGTA (Table
I). The loss of Ca®* sensitivity was associated
with the loss of the phosphorylatable myosin
light chains (Fig. 3). It is Earticularly note-
worthy that the loss of Ca®" sensitivity also
was associated with an increase in the basal
Mg**-stimulated ATPase activity. Thus,
while the specific ATPase activity of the aged
actomyosin was decreased by 50% in the pres-
ence of Ca’* it was increased, relative to the
fresh actomyosin, by almost sixfold in the
presence of EGTA (Table I). This marked
increase in basal ATPase activity measured
in the presence of EGTA may be related to
the concomitant loss of Ca®* sensitivity and
of the phosphorylatable light chains. Thus, it
is gossible that there are two effects of the
Ca**-dependent phosphorylation of light
chains. First, phosphorylation eliminates th::
inhibition of actin-myosin interaction im-
posed by the light chain in its nonphospho-
rylated form. Second, the presence of the
phosphorylated light chain augments actin
activation of myosin ATPase. Accordingly,
stored preparations which have lost the light
chain would show both high basal ATPase
activity and little or no stimulation with Ca®*.
Although additional studies are required to
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test this hypothesis, it is interesting to note
that removal of the phosphorylatable light
chain from cardiac myosin enhances actin-
myosin interaction (22). Interest in the car-
diac findings is heightened because it is an
actin-linked regulatory system.

The coincident loss of Ca®* sensitivity and
phosphorylatable light chains was prevented
when actomyosin preparations were stored in
the presence of 5 mM EGTA (Fig. 3). Ca**-
Dependent superprecipitation of prepara-
tions stored in the absence of EGTA became
progressively delayed and decreased in mag-
nitude (Figs. 3A-D). At the same time, how-
ever, Ca”"-independent superprecipitation
became more pronounced. These changes in
Ca®" sensitivity were associated with progres-
sive loss of the 15,500-dalton myosin light
chains. In sharp contrast, preparations stored
in the presence of EGTA over the same pe-
riod of time retained the myosin light chains
and the Ca®* requirement for superprecipi-
tation (Figs. 3E-F). Storage in EGTA invar-
iably J)rotected against time-dependent loss
of Ca”" sensitivity. Knowledge that addition
of EGTA protects the biochemical integrity
of aortic actomyosin preparations during
storage should also prove useful to other in-
vestigators. The protective effect of EGTA is
specific because no protection was afforded
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F1G. 3. Changes in Ca®" sensitivity of actomyosin stored at 4° in the presence and absence of EGTA. Panels A-
D show time-dependent changes in actomyosin stored for up to 7 days without EGTA. Superprecipitation was then
measured turbidometrically in the presence of 107° M Ca®* (@) or 107 M EGTA (O). SDS gels to the right of each
panel show the changes in profiles with storage where M is myosin heavy chains, Ac is actin, Tm is tropomyosin, L,
is the phosphorylatable light chain, and L. is the nonphosphorylatable light chain. Molecular weights are shown on
scale at right. Panels E-F show corresponding material from the same actomyosin preparation stored in the presence

of EGTA. Further details are given in the text.
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when preparations were stored in the pres-
ence of soybean trypsin inhibitor, pepstatin,
leupeptin, streptomyosin, chloremphenicol,
sodium azide, or phenylmethylsulfonyl fluo-
ride. The findings suggest that the aortic na-
tive actomyosin contains a Ca**-dependent
factor, perhaps a Ca®*-dependent protease,
which digests the phosphorylatable light
chain and thereby promotes the progressive
loss of Ca®* sensitivity. To our knowledge
this is the first report of the presence of a
Ca**-dependent factor in preparations from
mammalian vascular smooth muscle which
has high specificity for degrading the myosin
light chains. Despite its relative specificity for
myosin light chains, the postulated Ca**-de-
pendent protease(s) clearly also partially de-
grades certain other proteins as evidenced by
the disappearance of several other gel bands
(e.g., 55,000 daltons) and the appearance of
new bands (e.g., 80,000 daltons). Conse-
quently, the decrease in superprecipitability
as well as the alterations in Ca®*-sensitive
ATPase activity could also be related to mod-
ification of these other proteins. In this con-
text, it is noteworthy that tryptic digestion of
gizzard actomyosin results in concomitant
loss of phosphorylatable light chains and ac-
tin-activated ATPase (4). However, partial
digestion of the same preparation with papain
preserves Ca®* sensitivity as long as the phos-
phorylatable light chain remains intact.
Clearly, further studies are required to char-
acterize the Ca®'-dependent factor in our
preparations and define its role in maintain-
ing function in vascular smooth muscle.
Summary. Phosphorylation of the myosin
light chains occurs in Ca®*-sensitive aortic
actomyosin. This phosporylation specifically
requires ATP and is essentially completed
before significant release of P; by actomyosin
ATPase can be detected. Progressive loss of
Ca®" sensitivity in preparations stored at 4°
is associated with progressive loss of phos-
phorylatable light chains so that phosghoryl-
ation no longer occurs. Although Ca**-acti-
vated ATPase is depressed in these light
chain-deficient preparations, basal ATPase
measured in the absence of Ca®" is increased.
These data suggest that the unphosphorylated
light chains inhibit actin-stimulated myosin
ATPase, whereas phosphorylation of the light
chains relieves the inhibition and amplifies
actin stimulation of myosin ATPase. During
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storage there is a parallel loss of the Ca™
sensitivity and phosporylatable light chains.
Both losses are prevented when actomyosin
is stored in the presence of EGTA. These
findings suggest that aortic actomyosin con-
tains a Ca”*-dependent factor, perhaps a
Ca®*-stimulated protease, which is responsi-
ble for progressive loss of phosporylatable
light chains. The results of the present study
provide further support for the hypothesis
that the Ca®" regulatory mechanism for ac-
tin-myosin interactions in mammalian vas-
cular smooth muscle involves Ca®*-depend-
ent phosphorylation of the myosin light
chains.
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