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INTRODUCTION

An in-depth understanding of the regulation of contractile tone in smooth
muscle takes its form from detailed biochemical descriptions of (a) specific
effects unique to individual effector inputs at the membrane, (b) mechanisms of
mediation of the effector signal (second messengers), and (c) modes and sites
of action of second messengers both within the contractile protein regulatory
system and within the membrane-associated homeostatic mechanisms. Most
early physiological and pharmacological studies on smooth muscle prepara-
tions focused primarily on extracellular effectors and their interactions with the
membrane components ultimately involved in the control of intracellular Ca%*
concentration. Evaluation of the steady-state contractile response has been
interpreted as an index of sarcoplasmic Ca?* concentration, with the under-
lying assumption that Ca®* activates contractile proteins through a simple
switch-like mechanism. The discoveries that the 20,000-dalton light chain of
smooth muscle myosin could be phosphorylated (1), and that the phosphoryla-
tion of smooth muscle myosin is associated with an increase in its actin-
activated Mg”-ATPase activity (2), have led to a number of biochemical
investigations into theregulatory role of the specific phosphorylation of myosin
by the Ca?*- and calmodulin-dependent enzyme myosin light chain kinase.
Recent investigations have focused on demonstrating the physiological role of
myosin phosphorylation in the regulation of contractility in intact smooth
muscle.
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This review describes our current understanding of the regulation and role of
myosin phosphorylation in smooth muscle contraction and relaxation. It is not
historically comprehensive, and we have relied upon reviews by other authors
for the citation of certain developments and perspectives. For example, Krebs
& Beavo (3) have presented important criteria for establishing that an enzyme
undergoes physiologically significant phosphorylation and dephosphorylation.
In the context of myosin P-light chain and myosin light chain kinase phos-
phorylation in smooth muscle, it is worthwhile to review these criteria:

1. Demonstration in vitro that the enzyme can be phosphorylated
stoichiometrically at a significant rate in a reaction(s) catalyzed by an
appropriate protein kinase(s) and dephosphorylated by a phosphoprotein
phosphatase(s).

2. Demonstration that functional properties of the enzyme undergo
meaningful changes that correlate with the degree of phosphorylation.

3. Demonstration that the enzyme can be phosphorylated and dephosphory-
lated in vivo or in an intact cell system with accompanying functional
changes.

4. Correlation of cellular levels of protein kinase and/or phosphoprotein
phosphatase effectors and the extent of phosphorylation of the enzyme.

THE BIOCHEMICAL PROPERTIES OF MYOSIN
PHOSPHORYLATION

Smooth Muscle Contractile Proteins

All smooth muscle cells contain the contractile proteins actin, myosin, and
tropomyosin (4-6). The enzyme myosin is the primary protein of the thick
filament in smooth muscle and is composed of two high molecular-weight
subunits, or heavy chains, and two each of two types of low molecular-weight
subunits, or light chains. The molecular weight of each heavy chain subunit is
about 200,000 daltons, whereas the light chain subunits are 20,000 and 17,000
daltons respectively. The native hexameric form of myosin is configured as an
intertwined coiled-tail region embedded in the thick filament and two globular
head regions that protrude from the thick filament at regular intervals to form
cross bridges. These head regions contain the actin-binding domain, the cata-
lytic site for ATP hydrolysis, and the associated light chain subunits. Accord-
ing to the sliding filament theory of muscle contraction, thick (myosin) and thin
(actin and tropomyosin) filaments move past one another. This process is
related to the binding of cross bridgesto actin and tothe hydrolysisof ATP. The
sliding filament theory has been developed primarily from detailed investiga-
tions of skeletal muscle, but the general organization of thinand thick filaments
insmooth muscle is consistent with a similar mechanism of contraction (7-10).



Annu. Rev. Pharmacol. Toxicol. 1985.25:593-620. Downloaded from www.annual reviews.org

by Central College on 12/11/11. For personal use only.

SMOOTH MUSCLE MYOSIN PHOSPHORYLATION 595

Regulation by Ca®*

The dominant mechanism for Ca®* activation of contractile elements in verte-
brate skeletal and cardiac muscle is due to a thin-filament Ca?*-regulatory
system, troponin-tropomyosin. The regulation of actin-myosin interactions in
smooth muscle by Ca?" is more complex, and different biochemical mecha-
nisms have been proposed. These mechanisms may be differentiated into two
general classes involving thick- and thin-filament regulatory processes respec-
tively. In thick-filament regulation, Ca?* binds to calmodulin and the Ca2*-
calmodulin complex subsequently binds to and activates myosin light chain
kinase (11). Activation of this protein kinase results in the phosphorylation of
the 20,000-dalton light chain subunit of myosin, the P-light chain, and the
stimulation of actin-activated Mg? " -ATPase activity of smooth muscle myosin
(4-6). There is also evidence that phosphorylated smooth muscle myosin
Mg2*-ATPase activity may be further increased by Ca®*, which may be
related to Ca®* binding directly to myosin (12-16).

Ca?* may also regulate actin-myosin interaction in smooth muscle via
thin-filament components. Ebashi (17) has proposed that Ca?* activation is
mediated by a thin-filament protein complex referred to as leiotonin. Marston
(18), on the other hand, has proposed two thin filament-linked regulatory
mechanisms. Isolated thin filaments, which are capable of binding Ca®*,
activate myosin Mg?*-ATPase activity in a Ca%*-dependent manner. He also
found that the phosphorylation of"a 21,000-dalton protein component in thin
filaments is associated with an increase in the quantity of high affinity Ca%*
binding sites on thin filaments and a decrease in the Ca?* concentration
required for half-maximal activation of actin-activated myosin Mg?*-AT Pase
activity.

Insummary, the preponderance of biochemical evidence indicates that there
may be more than one mechanism for Ca2" regulation of smooth muscle
contraction. As will be discussed below, myosin phosphorylation certainly
plays a prominent role; however, it may not be the only Ca®*-dependent
regulatory mechanism in smooth muscle contraction. Although it is not possi-
ble to differentiate the relative importance of these other biochemical mecha-
nisms, physiological and pharmacological investigations indicate that, in addi-
tion to the calmodulin-myosin light chain kinase system, there is probably
another Ca?* regulatory mechanism acting in smooth muscle contraction.

Myosin Phosphorylation and ATPase Activity

The stoichiometric phosphorylation of a single serine residue of the P-light
chain of myosinis preferentially catalyzed by myosinlight chain kinase, which
requires two protein components for activity (4-6). One component is the
ubiquitous low molecular-weight Ca2*-binding protein calmodulin. The other
component is the catalytic subunit of myosin light chain kinase, which has
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molecular weights ranging from 130,000 to 155,000 in smooth muscle cells
from different animal species (19-22). The inactive enzyme exists as a mono-
mer and is activated by the binding of one mol of calmodulin per mol of myosin
light chain kinase when Ca?* binds to calmodulin. The general mechanism of
myosin light chain Kinase activation (23) is similar to the activation scheme
proposed for other calmodulin-dependent enzyme systems (24, 25):

KC32+
4 Ca?* + calmodulin =—— Ca%: calmodulin 1.
Kem
Ca?%'- calmodulin + kinase =——— CaZ%- calmodulin - kinase 2.

It is generally accepted that at least three, if not four, Ca2*-binding sites on
calmodulin are occupied for the activation of the various calmodulin-dependent
enzymes (24, 25). The importance of pathways for the activation and inactiva-
tion of calmodulin-activated enzymes has been emphasized in biological sys-
tems (26-28). It has been proposed that activation associated with an increase
in cytoplasmic Ca?* concentrations is the result of Ca?* binding first to
calmodulin, with subsequent binding to and activation of a calmodulin-
dependent enzyme. Inactivation due to a decrease in cytoplasmic Ca®* concen-
trations follows a different pathway, however. The rate of inactivation is about
three orders of magnitude faster when Ca?* first dissociates from the Ca2; -
calmodulin - enzyme complex. This scheme for the activation and inactivation
of myosin light chain kinase in vivo is summarized in Figure 1.

Phosphorylation of smooth muscle P-light chain by the CaZ- calmodulin -
myosin light chain kinase complex is thought to allow the activation of myosin
Mg?*-ATPase activity by actin, whereas dephosphorylated myosin is not
activated (4-6). The quantitative relationship between the extent of P-light
chain phosphorylation and actin-activated Mg?*-ATPase activity has been
shown not to be linear in avian gizzard smooth muscle myosin. Phosphoryla-
tion of both heads of myosin is required for the activation of myosin Mg2™*-
ATPase activity (29-32). Although this relationship between P-light chain
phosphorylation and actin-activated Mg?*-ATPase activity has been demon-
strated with gizzard smooth muscle myosin, it is not necessarily a universal
property of myosin from all types of smooth muscle, particularly mammalian
smooth muscle. Other investigators found a linear relationship between the
extent of phosphorylation and actin-activated Mg2* -ATPase activity of myosin
purified from swine pulmonary artery (14) and bovine stomach muscle (33).
Obviously, this is an important point in considering the relationship between
P-light chain phosphorylation and smooth muscle contraction.

Fewer studies have been reported on the biochemical properties of myosin
P-light chain phosphatases, although phosphoprotein phosphatases have been
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Figure 1 A general scheme for the biochemical regulation of myosin phosphorylation in smooth
muscle cells. CM = calmodulin; MLCK = myosin light chain kinase; myosin-®) = phosphory-
lated myosin.

purified from smooth muscle (34, 35). A phosphatase that preferentially
catalyzes the dephosphorylation of myosin has been purified from bovine aortic
smooth muscle (36). Recently, a similar type of phosphatase has been purified
from turkey gizzard (37). A preparation of bovine aorta containing actomyosin
phosphatase activity has been demonstrated to inhibit the actin-myosin interac-
tion as measured by the Ca?*-dependent superprecipitation of aortic native
actomyosin (38). These reports provide evidence of a biochemical mechanism
for reversing the effect of myosin phosphorylation by myosin light chain
kinase.

The biochemical investigations demonstrating specific stoichiometric phos-
phorylation of myosin by myosin light chain kinase, dephosphorylation by
phosphoprotein phosphatase, and appropriate accompanying activation of
myosin Mg?*-ATPase activity satisfy criteria 1 and 2 of Krebs and Beavo
mentioned above. These biochemical investigations also provide a framework
for understanding the salient features of myosin phosphorylation in smooth
muscle cells (Figure 1). In relaxed muscle with low cytoplasmic Ca®>* concen-
trations, little Ca?* is bound to calmodulin, activation of myosin light chain
kinase is minimal, and the phosphate content of P-light chain is low. During the
initiation of contraction, the concentration of intracellular free Ca%* increases
through influx across the sarcolemma and/or through the release of Ca** from
intracellular storage sites. This increase in intracellular Ca?* concentration
produces an increase in Ca%
kinase, which phosphorylates the myosin P-light chain. Phosphorylation re-

—Ca
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sults in an increase in myosin actin~activated Mg?*-ATPase activity. Relaxa-
tion caused by the sequestration and removal of Ca?* from the sarcoplasm
results in the inactivation of myosin light chain kinase by dissociating Ca?*
from the holoenzyme complex. Dephosphorylation of myosin P-light chain by
myosin phosphatase then inactivates myosin Mg?*-ATPase activity.

THE REGULATION OF CONTRACTION BY Ca’* AND
MYOSIN PHOSPHORYLATION

The combined structural arrangement and enzymatic properties of the contrac-
tile proteins within the cell act as a chemomechanical transducer, converting
the energy of hydrolysis of ATP to mechanical output. This output, determined
by physical constraints on the muscle, can be expressed as force in the isometric
case or force and shortening in the isotonic case. In the sliding filament theory
based on extensive studies with skeletal muscle, developed force is attributed to
the number of active cross bridges generating force additively, this number
being regulated by the binding of Ca®™ to specific regulatory proteins. Shorten-
ing velocity is governed by the load against which the muscle shortens. The
maximum velocity of shortening, or V,, is interpreted as a direct reflection of
cross-bridge cycling rates and appears to be determined by the isoenzymatic
form of myosin in the cell. This has been demonstrated by the linear correlation
between actomyosin Mg?*-ATPase activity and V, measured in skeletal mus-
cles with widely varying speeds of shortening (39). The similar dependence of
velocity on load observed in smooth muscle preparations indicates that the
same basic sliding filament mechanism is shared by both muscle types (40).

The dependence of contractile force on elevated levels of calcium in the
sarcoplasm surrounding the myofilaments of smooth muscle was originally
demonstrated using permeabilized smooth muscle preparations that developed
force as a function of calcium concentration in the presence of Mg?*-ATP
(41-44). Following the discovery that smooth muscle actin-activated myosin
Mg?*-ATPase activity increases upon phosphorylation of P-light chain by
Ca?*-calmodulin activated myosin light chain kinase isolated from avian
gizzard muscle, more detailed studies with permeabilized or skinned smooth
muscle preparations were carried out to demonstrate the significance of this
reaction to contractile function. Skinned chicken gizzard preparations showed a
correlation between force developed and the degree of P-light chain phosphory-
lation, although maximum force was produced at 0.2 mol phosphate per mol
P-light chain (45). Contractions of a variety of skinned smooth muscle fibers
were blocked by specific calmodulin blocking agents (46, 47), and the addition
of calmodulin to these preparations enhanced developed force (48, 49). Irre-
versible thiophosphorylation of myosin resulted in contractions that were
maintained in the absence of Ca?™ (50, 51). Ca®*-independent contractions
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could also be produced by treatment with a Ca®*-insensitive proteolytic frag-
ment of myosin light chain kinase (52). These results are consistent with the
notion of a Ca*- and calmodulin-regulated myosin light chain kinase system
activating contraction in smooth muscle.

Stimulus-induced contractions in intact smooth muscle have also demon-
strated a major role for myosin phosphorylation in the regulation of contractili-
ty; however, at the same time, studies in living cells have revealed the existence
of a second Ca®*-dependent regulatory event involved in contraction.

Cellular Myosin Phosphorylation and Dephosphorylation

The significant involvement of myosin phosphorylation in contractile function
of intact cells has been demonstrated in studies with a variety of smooth muscle
preparations in which different stimuli elicited a net increase in the phosphate
content of the P-light chain (Table 1). In all cases, myosin was phosphorylated
to levels above basal values during the isometric contraction. Decreases in the
extent of P-light chain phosphorylation have been measured during relaxations
induced by the removal of the stimulus (53-59), addition of a pharmacological
antagonist (60, 61), and treatment with a relaxant agent (61-64). In bovine
trachealis, the extent of both phosphorylation and force development was
depressed by brief pretreatment with the [B-adrenergic agonist isoproterenol
(65) and the calmodulin antagonist fluphenazine (58). Thus, smooth muscle
cells develop force with the phosphorylation of the contractile protein myosin.

As expected for a Ca®*-dependent enzymatic process, resting values of
myosin phosphorylation are generally reported to be low, averaging 0.10 mol
phosphate per mol P-light chain (55, 57, 58, 66-68). A few studies have
reported resting levels ranging from three to five times this value (69,70).
Following protein extraction from quick-frozen tissues, the fraction of phos-
phorylated and non-phosphorylated P-light chain has been quantitated by
determining the relative staining intensities of the two forms after separation
during isoelectric focusing (53,60, 71, 72). Erroneously high values can result
from analytical overestimates, which occur if the unphosphorylated P-light
chain undergoes a charge modification during electrophoresis so that it comi-
grates with the phosphorylated form (68). Higher resting values of myosin
phosphorylation might also be attributable to differences among tissue prepara-
tions, reflecting some degree of tonic contractile activity, unphysiological
stress, or possibly cell damage.

Transients in Myosin Phosphorylation

The hypothesis that P-light chain phosphorylation plays a direct role in deter-
mining isometric force by activating a certain number of cross bridges has been
complicated by the observation that phosphorylation can decline in time while
force is maintained (53). The correlation between P-light chain phosphoryla-
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Table 1 Maximum net increase in phosphate content of myosin P-light chain in stimulated smooth muscle®
mol phosphate
[ — Stimulus
Tissue Stimulus® mol P-light chain duration Animal Reference
Carotid artery 5 uM histamine 059 30 seconds pig 67
110 mM KCl 0.37 30 seconds pig 67
50 rM norepinephrine 0.27 9 minutes pig 62
100 mM KCl 0.36 9 minutes pig 62
Portal vein “high” KClI 0.68 2-15 seconds rabbit 66
Trachealis 1 uM carbachol 0.68 60 seconds steer 65
60 mM KCI 0.48 60 seconds steer 65
electrical (neural) 0.59 5 seconds steer 59
100 M methacholine 0.33 30 seconds dog 69
10 uM carbachol 0.33 30 seconds rabbit 55
Uterus 100 wM carbachol* 0.37 20 seconds rat 63
0.25 pM PGFy, 0.40 30 seconds rat 64
100 mM KCl 0.50 30 seconds rat 68
Taenia coli electrical® 0.22 5 seconds rabbit 57

009
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Net values were calculated as the difference between the maximum reported averages for each stimulus and the average resting levels of P-light chain phosphorylation in

the study.

® All studies were in physiological salt solutions containing 1.6-2.5 mM Ca?*. Tissues were incubated at 36-37°C except those noted below.

¢ Incubated at 28°C.
4Incubated at 18°C.
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Figure2 Schematic representative of the processes involved in smooth muscle contraction. The
stimulation of resting smooth muscle results in a rapid increase in Ca>* ), (shaded profile), which
may be transient. The first regulatory site (Ca>*1I) for initiating the cyclic interaction of myosin (M)
with actin (A) is the Ca3* - calmodulin activation of myosin light chain kinase, which results in
P-light chain phosphorylation (— and M-(®)). Attached cross bridges (A*M (®) or A*M) may be
rapidly cycling when phosphorylated, resulting in force development (---) and high maximal
shortening velocities (@), or non- or slowly cycling when dephosphorylated. Whether the low, but
measurablc, shortening velocities during the sustained phasc of contraction reflect the cycling of
non-phosphorylated cross bridges or the cycling of a small population of phosphorylated cross
bridges is unknown. The second regulatory site (Ca?*II) for force maintenance in the absence of

myosin phosphorylation remains unidentified.

tion and isometric force has been shown to vary significantly with both
contraction duration and agonist used (65, 67, 73). In the continuous presence
of stimuli that maintain constant levels of isometric force, phosphorylation of
the myosin P-light chain has been shown to decrease from high initial to
significantlylowervaluesin the hog carotid artery (54, 67, 74), bovine (65) and
rabbit (55) trachealis, and rabbit taenia coli (57). In the carbachol-stimulated
bovine trachealis, Ca?*-dependent phosphorylase a formation, like myosin
phosphorylation, has been seen to decline with time (65). Thus, the transient
increase and decrease in myosin phosphorylation indicates that phosphoryla-
tion of myosin may not be the sole Ca®*-dependent regulatory event in smooth
muscle contraction (Figure 2).

Thatthe phosphorylation and dephosphorylation of myosin may be related to
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changes in sarcoplasmic Ca®" concentrations is indicated by the concomitant
increase and decrease in phosphorylase a formation, which depends on Ca%*
and calmodulin activation of phosphorylase kinase (65, 73). Detailed studies
by Murphy and co-workers (67) have confirmed the hypothesis that transients
in cell [Ca%*] can account for the phosphorylation transients and have indirect-
ly ruled out or relegated to a minor role three other possible causes: (a) reduced
substrate (ATP depletion), (b) altered access of activated myosin to the kinase
or phosphatase, and (c) reduced kinase activity secondary to its phosphoryla-
tion by cAMP-dependent protein kinase. Agonist-stimulated transients in
luminescence by aequorin-loaded vascular cells have indicated that sarcoplas-
mic Ca?* concentration may indeed vary during maintained force (75). The
dependence of isometric force on sarcoplasmic Ca?* concentration is illus-
trated in the KCl-depolarized hog carotid artery where, after myosin is dephos-
phorylated to near basal levels, the lowering of extracellular CaCl, concentra-
tion results in a decrease in contractile force (76). It has been hypothesized that
the transient increase in myosin phosphorylation is explained by a transient rise
in cell Ca?* concentration and that a second regulatory site, responsible for
Ca®* -dependent force maintenance, necessarily has a greater Ca®* sensitivity
than the activation of myosin light chain kinase by Ca%"* calmodulin (67).

It should be emphasized that myosin light chain phosphorylation need not
always decline from high to very low values during smooth muscle contraction.
The magnitude and rate of phosphorylation measured in tissues varies for both
experimental and biological reasons. The time course of transients is affected
by experimental temperature. Tissue thickness greatly influences agonist diffu-
sion times. Analysis of tissues frozen soon after stimulation by adding agonist
to the bathing medium reflects values in only an outer few activated cells. The
true time course of cellular transients may be masked as levels of myosin
phosphorylation in cells at different states of activation are averaged. This has
been demonstrated by comparing rates of P-light chain phosphorylation seen
with transmural electrical stimulation of the cholinergic nerves in the bovine
trachealis, where activation is more synchronous than that produced by the
muscarinic agonist carbachol. With neural stimulation, myosin phosphoryla-
tion reaches maximum values at five seconds, as opposed to 60 seconds in the
carbachol-stimulated muscle (59, 65).

The time course of P-light chain phosphorylation also is strongly influenced
by the type of smooth muscle under investigation. The activation properties of
both cells and tissues are known to vary substantially depending on membrane
electrical properties, the relative content of sarcoplasmic reticulum, tissue
conductance and cell coupling, receptor populations and distribution, the
content of non-muscle cells (mast cells, autonomic nerves, endothelial cells),
and species and anatomical location (77). Any of these factors can have a
significant effect on calcium distribution and handling during stimulation.
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Within an individual muscle preparation, myosin phosphorylation may or
may not decline to basal levels depending on stimulus conditions. P-light chain
phosphorylation in the bovine trachealis has been observed during a contraction
in 1 pM carbachol to decline from a maximum of 0.75 mol phosphate per mol
P-light chain at one minute to resting values after two hours of maintained
isometric force (Figure 3). Stimulation with 60 mM KCl, on the other hand,
leads to a decline from 0.59 to only 0.40 mol phosphate per mol P-light chain
after two hours of maintained force (73). Myosin phosphorylation in hog
carotid artery depolarized in 110 mM KCI returns to basal levels from a
maximum of 0.45 mol phosphate per mol P-light chain after 15 minutes in
solutions containing 1.6 mM CaCl,. In the presence of 7.5 mM CaCl,,
phosphate content falls from 0.65 to 0.40 mol phosphate per mol P-light chain
after 15 minutes and remains unchanged for 30 minutes (67). Steady-state
maintenance of P-light chain phosphorylation during contraction is presumably
related to specific agonist effects on Ca** turnover and to maintaining sarco-
plasmic Ca®* concentrations above the threshold for myosin light chain kinase
activation.

Transients in Mechanical Behavior and Energy Consumption

A more mechanistic description of the involvement of myosin phosphorylation
in contractile regulation was proposed after the discovery in arterial muscle
that, in parallel with phosphorylation, isotonic shortening velocity against light
loads increases during the early phase of contraction and then declines while
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Figure3 Phosphorylation of myosin P-light chain in bovine trachealis smooth muscle. Muscle
strips were contracted by the addition of 1 wM carbachol; after two hours, S wM isoproterenol was
added. The extent of myosin P-light chain phosphorylation was the same at both 120 and 130
minutes as that in control muscles [adapted from (22)].
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force rises to a maintained maximum (74). Levels of myosin phosphorylation
during maintained contractions correlate directly with V,, (cross-bridge cycling
rate), and not necessarily with absolute levels of stress (number of activated
cross bridges) (54). The temporal correlation between myosin phosphorylation
and isotonic shortening velocity has since been observed in carbachol-
stimulated rabbit trachealis (55) and neurally stimulated bovine trachealis (59).
These observations have led to the hypothesis that the Ca?*-dependent phos-
phorylation of myosin initiates rapid cycling of cross bridges, resulting in the
development of isometric force, and that in the presence of a sarcoplasmic
Ca®* concentration sufficient to maintain force the dephosphorylation of
myosinresults in an attached non- or slowly cycling cross bridge (latch bridge).
A second Ca®"-dependent mechanism with a greater sensitivity to Ca* would
operate in force maintenance when myosin is dephosphorylated. The depen-
dence of V,, on levels of light chain phosphorylation has been interpreted to be
the result of an increase in internal load due to the formation of latch bridges
(76). However, a direct modulation of cross-bridge cycling rates by interacting
processes activating the myosin molecules has not been ruled out (see above).
Maximum velocity of shortening has been observed to be dependent on Ca?*
and calmodulin concentrations in skinned preparations (78-80) and on ex-
tracellular Ca®" concentration in intact preparations of smooth muscle (67,
80a). While the primary Ca?* -dependent regulatory event appears to be phos-
phorylation of the myosin P-light chain, there is evidence in intact taenia coli
muscle to suggest that Ca®>* may have the potential to alter cross-bridge cycling
rates while the level of myosin phosphorylation remains constant (80a).
Although force can be maintained in the absence of phosphorylation, these
two Ca®*-dependent mechanisms do not appear to be totally independent.
Levels of steady-state force have been correlated to initial maximal values of
P-light chain phosphorylation (73), and it has been proposed that myosin
phosphorylation must precede the latch state. Studies of skinned carotid arteries
have demonstrated that, while no difference in Ca?* sensitivity for myosin
phosphorylation and force is apparent in the development of contractions, a
subsequent reduction in Ca®* concentration results in a proportionally greater
dephosphorylation of myosin than reduction in contractile force (81). Thus,
myosin phosphorylation may be required for expression of the second Ca?*-
dependent mechanism involved in force maintenance during the latch state.
Mechanical (82, 83) and energetic (57) evidence also suggests the existence
of a Ca®*-dependent cross-bridge attachment in relaxed or relaxing smooth
muscle. Following the removal of a stimulus, P-light chain phosphorylation
falls rapidly to resting levels, while force declines at a slower rate (53-57, 59).
The Ca?* dependence on force maintenance by dephosphorylated cross bridges
during relaxation has been inferred from the acceleration of relaxation by
agents believed or known to lower intracellular Ca?* concentration (84).
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The decline in cross-bridge cycling rates during stimulation is reflected in
measurements of energy consumption in contracting smooth muscle (57, 80a,
85, 86). Such studies emphasize the physiological importance of the latch state,
which provides a hypothetical mechanism whereby tonic force can be main-
tained more efficiently by reducing the ATP consumption associated with high
cross-bridge cycling rates and, to a lesser degree, by reducing phosphate
turnover in the P-light chain of myosin.

The studies reviewed here fulfill the third criterion of Krebs & Beavo (3)
mentioned above, which requires that concomitant functional changes in intact
cells be associated with changes in enzyme phosphorylation and dephosphory-
lation. A simplified scheme representing processes involved with the initiation
and maintenance of contractile force in smooth muscle is shown in Figure 2.

Correlation of Cellular Kinase Contents and Activities with
Myosin Phosphorylation in Vivo

According to Krebs & Beavo’s fourth criterion above (3), the amounts and
catalytic properties of the kinase and phosphatase enzymes in the cells should
be sufficient to account for the rates and extent of enzyme phosphorylation and
its attendant functional alterations. Myosin light chain kinase concentration in
tracheal smooth muscle homogenates has been estimated to be 0.36 nM.
Assuming the maximal rate of P-light chain phosphorylation by tracheal
myosin light chain kinase at 37°C to be 30 pmol phosphate incorporated per
liter of intracellular water per second (87) and the rate constant for dephos-
phorylation to be 0.26 second ~! (59), maximal activation of cellular kinase
will result in the incorporation of 0.65 mol phosphate per mol P-light chain
after two seconds (59). The calculated maximum rate is slightly faster than that
measured in the neurally stimulated tracheal smooth muscle (59) and an order
of magnitude faster than measured in carbachol-stimulated trachealis (65),
demonstrating that maximal rates of enzyme activation and subsequent myosin
phosphorylation are not seen in tissues stimulated by externally applied ago-
nists. The time course of P-light chain phosphorylation in the neurally stimu-
lated smooth muscle precedes that of isometric force and coincides with the
maximum velocity of shortening.

THE REGULATION OF SMOOTH MUSCLE
CONTRACTION-RELAXATION BY CYCLIC AMP

Catecholamines, neurotransmitters, and many peptide hormones increase cy-
clic AMP formation in smooth muscle tissues by stimulating specific mem-
brane receptors. In particular, cyclic AMP formation has been tightly linked to
B-adrenergic receptors in a variety of cellsand tissues, and it has been proposed
that smooth muscle relaxation via stimulation of B-adrenergic receptors is
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mediated by cyclic AMP (88-91). In general, there is a correlation between
elevated cyclic AMP content and B-adrenergic induced smooth muscle relaxa-
tion or inhibition of contraction. Isoproterenol, a B-adrenergic agonist, inhibits
the rate and extent of both tension development and P-light chain phosphoryla-
tion in smooth muscle (65). However, these correlations cannot be interpreted
as convincing evidence of a role for cyclic AMP in mediating smooth muscle
relaxation until the precise biochemical mechanism(s) for the relaxation re-
sponse has been defined. All known effects of cyclic AMP in mammalian
biological systems are thought to be due to cyclic AMP activation of cyclic
AMP-dependent protein kinase (3). Therefore, it is logical to propose that the
relaxation of smooth muscle by B-adrenergic receptor stimulation may be
mediated through the cyclic AMP activation of cyclic AMP--dependent protein
kinase as well as the phosphorylation of a key protein(s) involved in the
contractile process.

Decreased Sarcoplasmic Ca’>* Concentrations

Ca?* plays a central role in eliciting contractions in smooth muscle. Therefore,
investigations of mechanisms by which 3-adrenergic receptor stimulation may
mediate smooth muscle relaxation via cyclic AMP formation have focused on
processes involved in excitation-contraction coupling. It has been proposed
that cyclic AMP formation may lead to a decrease in Ca** availability to
contractile proteins (88, 91). It is obvious in considering Equations 1 and 2 and
Figure 1 that a decrease in Ca®* concentrations in smooth muscle sarcoplasm
inhibits myosin P-light chain phosphorylation by decreasing the fractional
activation of myosin light chain kinase. The primary mechanisms by which
B—adrenergic receptor stimulation may decrease sarcoplasmic Ca** concentra-
tions include: (a) increased Ca®* sequestration into intracellular storage sites
(92-95); (b) decreased Ca®* influx into smooth muscle cells (96); (c) increased
Ca?" efflux from smooth muscle cells (97, 98). Regarding the last mechanism,
Scheid et al (99) have shown that isoproterenol activates Na*-K* pumping in
isolated smooth muscle cells from the toad Bufo marinus. These investigators
also have shown that membrane fragments from these smooth muscle cells
contain Na*-K*--dependent ATPase activity stimulated upon incubation with
cyclic AMP-dependent protein kinase. These data, as well as the recent
demonstration of B-adrenergic stimulation of K* influx and Ca?* efflux in
smoothmusclecells (98, 100), indicate that relaxation may be mediated in part
by increasing Na™-K* pump activity, with a concomitant decrease in contrac-
tility via increased Ca®* extrusion by the Na*-Ca?* exchange mechanism.
Thus, published evidence indicates that B-adrenergic stimulation may de-
crease sarcoplasmic Ca?" concentrations through three primary mechanisms
involved in excitation-contraction coupling. Due to the extensive physiological
and pharmacological diversity of smooth muscle cells, it seems likely that the
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relative importance of these mechanisms may vary from one type of smooth
muscle to another. Additional investigations will be required to elucidate the
biochemical mechanisms (presumably due to protein phosphorylation) in-

volved in regulating sarcoplasmic Ca®* concentrations in smooth muscle cells
(25).

Myosin Light Chain Kinase Phosphorylation

In 1978, Adelstein et al (101) showed that purified turkey gizzard smooth
muscle myosin light chain kinase is phosphorylated by the catalytic subunit of
cyclic AMP-dependent protein kinase, which results in a decrease in the rate of
P-light chain phosphorylation. Silver and DiSalvo subsequently showed that
the addition of cyclic AMP-dependent protein kinase to a crude preparation of
bovine aortic actomyosin markedly decreases the Ca®* -dependent phosphory-
lation of myosin P-light chain (102). Concomitant with the inhibition of myosin
P-light chain phosphorylation is a decrease in actin-activated Mg?*-ATPase
activity. Based upon these biochemical observations, the intriguing hypothesis
was proposed thatcyclic AMP may cause smooth muscle relaxation by inhibit-
ing myosin P-light chain phosphorylation via phosphorylation of myosin light
chain kinase by cyclic AMP-dependent protein kinase. This hypothesis has
been extended by additional investigations on the biochemical properties of this
phosphorylation reaction, and recent pharmacological and physiological stud-
ies have focused on the properties of myosin light chain kinase phosphorylation
in skinned fibers and living smooth muscle cells.

Below we review the criteria of Krebs & Beavo (3) as outlined in the
introduction in relation to some recent observations on the phosphorylation of
myosin light chain kinase by cyclic AMP-dependent protein kinase.

STOICHIOMETRIC PHOSPHORYLATION Two sites have been phosphorylated
in purified turkey gizzard smooth muscle myosin light chain kinase by cyclic
AMP—dependent protein kinase (103). In the absence of calmodulin, both sites
are phosphorylated, which results in an increase in the concentration of Ca%;
calmodulin necessary for 50% activation of myosin light chain kinase activity
(Kcm; see Equation 2). On the otherhand, when calmodulin is bound to myosin
lightchainkinase, only one site is phosphorylated and this is associated with no
change in myosin light chain kinase activity. Analogous studies have also been
performed on the dephosphorylation of myosin light chain kinase by a phospha-
tase purified from turkey gizzard smooth muscle (34). The phosphatase de-
phosphorylates both sites in myosin light chain kinase in the absence of bound
calmodulin. If calmodulin is bound to the diphosphorylated myosin light chain
kinase, only one site is readily dephosphorylated, and it coincides with the site
that is not phosphorylated by cyclic AMP-dependent protein kinase when
calmodulin is bound to myosin light chain kinase.
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In general, similar observations have been made on the phosphorylation
properties of myosin light chain kinases purified from smooth muscle from
bovine stomach (20), porcine myometrium (21), bovine aorta (104), and
bovine carotid artery (105). Although myosin light chain kinases purified from
bovine cardiac muscle (106) and rabbit skeletal muscle (107) are phosphory-
lated by cyclic AMP-dependent protein kinase with one mol of phosphate
incorporated per mol of myosin light chain kinase, there are no changes in the
calmodulin activation properties.

Thus, in terms of Krebs & Beavo’s first criterion, it has been shown that two
sites in gizzard smooth muscle myosin light chain kinase are stoichiometrically
phosphorylated by cyclic AMP-dependent protein kinase. However, the
effects of calmodulin on phosphorylation and dephosphorylation reactions
require complex consideration. During smooth muscle contraction, calmodulin
is bound to myosin light chain kinase (Figure 1). Under these conditions, one
would expect a net incorporation of one mol of phosphate per mol of myosin
light chain kinase because of inhibition at the other site phosphorylated by
cyclic AMP-dependent protein kinase. The dephosphorylation of this site by
phosphatase activity is not inhibited by calmodulin. If there were a net incor-
poration of only 1 mol phosphate per mol myosin light chain kinase in response
to an increase in cyclic AMP formation, the calmodulin activation properties
would not change.

Activation of myosin light chain kinase by the binding of calmodulin during
smooth muscle contraction would also greatly impede the relaxation response
due to the slow rate of dissociation of Ca%;- calmodulin from myosin light chain
kinase. The calculated ty, for Ca%- calmodulin dissociation is 30-60 minutes.
In this regard, it is interesting that previous investigations on skinned fibers
from gizzard (108) and tracheal smooth muscle (109) have shown that pre-
viously contracted fibers are slowly relaxed over a period of one hour by the
addition of the cyclic AMP-dependent protein kinase catalytic subunit.

RATE OF PHOSPHORYLATION At 1 pM myosin light chain kinase, the initial
rate of phosphorylation of the turkey gizzard enzyme in the absence of bound
calmodulin is 0.2 pmol per minute per mg of cyclic AMP-dependent protein
kinase catalytic subunit (103, 107). Purified bovine stomach and tracheal
smooth muscle myosin light chain kinase are phosphorylated at initial rates of
0.04 and 0.14 pwmol 2P incorporated per minute per mg of cyclic AMP-
dependent protein kinase catalytic subunit respectively at 1 pM myosin light
chain kinase (20, 110). These concentrations of myosin light chain kinase are
close to values thought to exist in smooth muscle (4, 19). Although the values
for the kinetic parameters K, and V.« for phosphorylation of smooth muscle
myosin light chain kinases are not available, the published rates of phosphory-
lation may be compared to other physiological protein substrates phosphory-
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lated by cyclic AMP-dependent protein kinase. These rates of phosphorylation
of myosin light chain kinase are considerably slower than the rates of phos-
phorylation of phosphorylase kinase (111), pyruvate kinase (112), and gly-
cogen synthase (113). The maximal rates of phosphorylation of these protein
substrates range between 18—45 pumol 2P incorporated per minute per mg of
cyclic AMP—dependent protein kinase catalytic subunit.

A simple comparison of rates of phosphorylation of purified protein sub-
strates for cyclic AMP-dependent kinase could be misleading in evaluating the
importance of a particular phosphorylation reaction in relation to a physiologi-
cal event (3). It is important to consider the relative amounts of the protein
substrate, as well as cyclic AMP-dependent protein kinase, in relation to the
physiological event affected. Tissues contain approximately 0.3 pM cyclic
AMP-dependent protein kinase in smooth muscle, and the calculated rate of
phosphorylation of myosin light chain kinase at 1 uM shows that at least 30
seconds may be required to phosphorylate the two sites in the enzyme in the
absence of bound calmodulin, assuming instantaneous maximal activation of
cyclic AMP-dependent protein kinase. During contraction, the rate of phos-
phorylation is considerably slower due to calmodulin binding to myosin light
chain kinase.

THE BIOCHEMICAL EFFECT OF PHOSPHORYLATION Conti & Adelstein
(103) originally found that phosphorylation of two sites in myosin light chain
kinase from turkey gizzard smooth muscle by cyclic AMP-dependent protein
kinase results in a 10-20 fold increase in the concentration of Ca%;"- calmodulin
necessary for 50% activation of myosin light chain kinase activity, i.e. a 10~20
fold increase in the K¢y value in Equation 2. This effect on the K¢y value is
reversed if myosin light chain kinase is dephosphorylated by a phosphoprotein
phosphatase purified from turkey gizzard smooth muscle. When calmodulin is
bound to myosin light chain kinase, only one site is phosphorylated and there is
no change in the calmodulin activation properties. It is not clear at this time
whether phosphorylation of both sites is required for the change in the calmodu-
lin activation properties or whether a single site may be phosphorylated with a
concomitant increase in Kcy. Miller et al (22) found that phosphorylation of
purified bovine tracheal smooth muscle myosin light chain kinase by cyclic
AMP-dependent protein kinase to 2 mol phosphate per mol myosin light chain
kinase results in a twelvefold increase in Ky, Similar types of results have
been obtained with myosin light chain kinase purified from bovine stomach
smooth muscle (20), porcine myometrium (21), bovine aorta (104), and bovine
carotid artery (105). Thus, myosin light chain kinase purified from a variety of
smooth muscles from-different animals is phosphorylated in the presence of
cyclic AMP-dependent protein kinase, and phosphorylation in the absence of
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Figure 4 The activation properties of nonphosphorylated and diphosphorylated myosin light
chain kinase from smooth muscle. Upper left: the effect of CaZ- calmodulin on kinase activities at
0.2 nM myosin light chain kinase; upper right: the effect of Ca®* on kinase activitics at 0.2 nM
myosin light chain kinase and 1 pM calmodulin; lower lefi: the effect of Ca?* on kinase activities at
1 pM myosin light chain kinase and 3 pM calmodulin; lower right: the effect of EGTA (A), 200
1M Ca?* (B), or 100 nM calmodulin and 200 pM Ca®* (C) on myosin light chain kinase activity of
the purified enzyme (left) and in a homogenate of tracheal smooth muscle (right). Assays were
performed according to conditions described in (23).

bound calmodulin results in an increase in the concentration of Ca2;+ calmodu-
lin required for activation (Figure 4, upper left).

In general, the K¢y values change from 1 nM to 10 nM Ca?} calmodulin
upon diphosphorylation. These concentrations of calmodulin are considerably
lower than the total calmodulin content in smooth muscle, which has been
estimated to be 3—6 pM calmodulin (4, 6, 24). However, the prediction may be
made from Equations 1 and 2 that a change in the K¢y value for myosin light
chain kinase would result in a change in the concentration of Ca* required for
activation of myosin light chain kinase in the presence of a high concentration
of calmodulin (Figure 4, upper right). At 1 pM calmodulin and low Ca**
concentrations, there is insufficient Ca% - calmodulin for the activation of
either the nonphosphorylated or the phosphorylated myosin light chain kinase.
As the Ca2™ concentration is increased, the concentration of Ca?+ calmodulin
is increased due to the occupation of the fourdivalent binding sites on calmodu-
lin with Ca®* (Equation 1). Because diphosphorylated myosin light chain
kinase requires a higher concentration of Ca% calmodulin for activation, Ca*
concentrations required for activation will be greater. Thus, in a biological
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setting the high concentration of calmodulin per se does not preclude the
possibility that phosphorylation of myosin light chain kinase may be important
in the regulation of myosin light chain kinase activity. The primary effect of
diphosphorylation of the enzyme would be to increase the concentration of
Ca?* required for half-maximal activation in the presence of high concentra-
tions of calmodulin.

However, there is another element that should be considered before these
properties are extrapolated to living smooth muscle cells. Measurements of
calmodulin or Ca* activation of myosin light chain kinase (Figure 4, upper left
and right) are usually done at concentrations of enzyme that are well below
Kcwms i.€. approximately 0.2-0.5 nM. The content of myosinlight chain kinase
in smooth muscle is approximately 0.5-1 pM (4, 19, 20). Thus, concentrations
of myosin light chain kinase and calmodulin are both three orders of magnitude
greater than K¢y, a factor that would have a significant effect upon activation
properties (Figure 4, lower left; D. K. Blumenthal, J. T. Stull, unpublished
observations). The high concentration of myosin light chain kinase acts as a
buffer, so that Ca%' - calmodulin formed at low concentrations (nM range)
would be bound to myosin light chain kinase. A change in K¢y from 1 to 10 nM
would result in no significant change in the Ca?* concentrations required for
half-maximal activation at high enzyme and calmodulin concentrations (Figure
4, lower left). One way of resolving this dilemma is to invoke competition for
Ca2+ calmodulin binding to other calmodulin binding proteins, so that the
amount of Ca%;+ calmodulin is not sufficient for full activation of myosin light
chain kinase. We have explored this possibility by determining whether cal-
modulin activation of myosin light chain kinase is limiting in tracheal smooth
muscle (Figure 4, lower right). As expected, purifiedmyosin light chain kinase
is not activated when Ca®* is added to the reaction mixture and requires
calmodulin in addition to Ca®". Myosin light chain kinase activity in a
homogenate prepared from tracheal smooth muscle, on the other hand, is fully
activated by the addition of Ca2* and the addition of calmodulin produces no
further activation. These results indicate that there is sufficient calmodulin in
tracheal smooth muscle to activate fully myosin light chain kinase, and that
there are not sufficient amounts of other calmodulin binding proteins to com-
pete effectively with myosin light chain kinase for Ca%: calmodulin.

The effect of cyclic AMP-dependent protein kinase on the calcium sensitiv-
ity of actin-myosin interactions has been investigated in a more intact protein
system involving skinned bundles of different types of smooth muscles. Ker-
rick & Hoar (108) were the first to show that the addition of the catalytic subunit
of cyclic AMP-dependent protein kinase inhibits Ca®*-activated tension of
skinned gizzard smooth muscle fibers. Qualitatively similar results have been
obtained with skinned fibers from guinea pig taenia coli (114), hog carotid
artery (115), and guinea pig trachealis (109). In most of these studies, the
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catalytic subunit of cyclic AMP-dependent protein kinase was preincubated
with skinned fibers in the presence of a low Ca** concentration that did not
elicit contraction. Under these conditions, the extent of steady-state contractile
force is inhibited with increasing Ca®* concentrations, in a manner similar to
the effect of phosphorylation on Ca?* activation of myosin light chain kinase
(Figure 4, upper right). Kerrick & Hoar (108) found that the addition of 5 uM
calmodulin in the presence of Ca®* reverses the inhibitory effect or prevents
relaxation with the subsequent addition of the catalytic subunit. Similar
observations have been made by Sparrow et al (109) and Riiegg & Paul (115).
Meisheri & Riiegg (116) found cyclic AMP itself relaxes skinned guinea pig
taenia coli. At physiological concentrations of calmodulin (5 pM), cyclic
AMP-induced relaxation is completely inhibited at low Ca** concentrations.
These investigators proposed that the decrease in sarcoplasmic free Ca**
concentrations by cyclic AMP may be the important determinant for the
inhibition of contraction and that a direct inhibitory effect of cyclic AMP on
actomyosin interaction (phosphorylation of myosin light chain kinase) plays a
secondary role.

PHOSPHORYLATION IN VIVO WITH ACCOMPANYING FUNCTIONAL
CHANGES  Although no measurements of myosin light chain kinase phos-
phorylation in vivo have been reported in which the calmodulin binding
properties are also analyzed, the potential physiological role for this phos-
phorylation reaction has been assessed indirectly. Nishikori et al (64) have
measured myosin light chain kinase activity from the uteri of estrogen-primed
rats stimulated to contract with prostaglandin F,, and then exposed to relaxin.
The stimulation of cyclic AMP formation and the relaxation of uteri by relaxin
decreases the extent of phosphorylation of myosin light chain and decreases
myosin light chain kinase activity. However, these investigators uncovered
some unusual features of myosin light chain kinase. About half of the total
kinase activity was Ca®*-independent, and it is this activity that primarily
decreases in extracts prepared from relaxin-treated uterine smooth muscle. The
Ca”*-independent kinase activity may represent partially proteolyzed myosin
light chain kinase or another protein kinase. The Ca®* activation properties of
the Ca?* and calmodulin-dependent kinase activity (64) are not typical of
smooth muscle myosin light chain kinase in that the curves of kinase activity do
not show any positive cooperativity (6). The amount of myosin light chain
kinase activity extracted from the washed myofibrillar pellets prepared from the
uteri is lower by several orders of magnitude than values normally obtained
(19, 20). We have found (J. R. Miller, J. T. Stull, unpublished observations)
that homogenization of quick-frozen mammalian smooth muscle results in the
supernatant fraction rather than the pellet containing most of the myosin light
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chain kinase activity. Thus, most of the uterine myosin light chain kinase
activity may not have been measured. Because of these problems, it is difficult
to reach a definitive conclusion about changes in the enzymatic properties of
uterine smooth muscle myosin light chain kinase in response to relaxin.

Miller et al (22) have developed a simple assay for assessing changes in
calmodulin activation properties that measures the ratio of myosin light chain
kinase activities in the presence of 4 uM—-100 wM Ca?* at 1 uM calmodulin.
This activity ratio in tracheal muscle strips incubated under control conditions
is 0.80, a value identical to non-phosphorylated myosin light chain kinase
(Figure 4, upperright). When purified myosin light chain kinase is phosphory-
lated at both sites by cyclic AMP--dependent protein kinase, there is a decrease
in the activity ratio to 0.24, corresponding to a twelve-fold increase in Kcp.
However, the ratio of myosin light chain kinase activity is unchanged when
tracheal smooth muscle is incubated with the B-adrenergic agonist isoprotere-
nol at a concentration sufficient to relax the muscle. These results indicate that
there are no changes in the calmodulin activation properties of myosin light
chain kinase in tracheal smooth muscle upon (3-adrenergic stimulation. Thus,
phosphorylation of both sites in myosin light chain kinase with the concomitant
increase in Kcm may not occur in smooth muscle cells.

As pointed out previously, phosphorylation of smooth muscle myosin P-
light chaincan be a transient event in relation to force development. It has been
found that after prolonged incubation with carbachol the extent of phos-
phorylation of myosin P-light chain decreases to control values after two hours
while force is maintained, and the addition of isoproterenol at this time results
in relaxation (Figure 3). Thus, B-adrenergic receptor stimulation may relax
tracheal smooth muscle in the absence of the significant phosphorylation of
myosin P-light chain. A similar experimental approach has recently been made
with hog carotid artery (84). Under conditions where force is maintained and
myosin P-light chain phosphorylation is at basal levels, forskolin-stimulated
cyclic AMP formation relaxes the muscles with no detectable change in the
extent of myosin phosphorylation. Under similar conditions adenosine, 3-
isobutyl- I-methylxanthine, sodium nitroprusside, and 8-bromo-cyclic GMP
also relax the muscle. Thus, these experiments show that dephosphorylation of
myosin is not necessary forrelaxation and in particular that agents that increase
cyclic AMP formation also relax vascular smooth muscle. Jones et al (117)
have measured changes in ion fluxes in relation to relaxation by forskolin
contractions produced by norepinephrine, angiotensin II, and KCl depolariza-
tion inrat aorta. These authors conclude that cyclic AMP—dependent regulation
of membrane ion fluxes represents a primary mechanism for relaxation and that
the phosphorylation of myosin light chain kinase apparently functions in a
secondary capacity. These pharmacological studies in isolated smooth muscle
strips indicate that cyclic AMP--dependent effects on sarcoplasmic Ca®* con-
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centrations may be the most important process in mediating smooth muscle
relaxation.

CORRELATION OF CYCLIC AMP CONTENT WITH THE EXTENT OF PHOS-
PHORYLATION IN VIVO De Lanerolle et al (61) measured the extent of
radioactive phosphate incorporated into myosin light chain kinase of tracheal
smooth muscle and found that the estimated phosphate incorporation under
control conditions is 1.1 mol phosphate per mol myosin light chain kinase.
Stimulation of cyclic AMP formation with forskolin in the absence or presence
of methacholine increases the net phosphate incorporated into myosin light
chain kinase by 0.6-0.8 mol phosphate per mol myosin light chain kinase
respectively. When forskolin is added in the presence of methacholine, the
tracheal smooth muscle relaxes. Under control conditions with low cyclic AMP
levels (61) and low phosphorylation of phosphorylase (22, 65), cyclic AMP—
dependent protein kinase is probably not activated. Hence, the phosphate
incorporated into myosin light chain kinase under these conditions is probably
not catalyzed by cyclic AMP--dependent protein kinase. Nonspecific phos-
phorylation in vivo is a feature common to regulated enzymes (3). During
smooth muscle contraction and calmodulin activation of myosin light chain
kinase, a net incorporation of 1 mol phosphate per mol myosin light chain
kinase in the site that does not result in an increase in K¢y would be expected,
and these data on the phosphorylation of myosin light chain kinase in intact
tracheal smooth muscle are consistent with this notion. There have been no
measurements of the calmodulin activation properties of tracheal smooth mus-
cle myosin light chain kinase from control and forskolin-treated strips. Nor
have there been any measurements of the sites phosphorylated by established
peptide mapping procedures (110). Thus, no investigations with smooth mus-
cles have yet correlated the extent of cyclic AMP formation with the phos-
phorylation of the two sites phosphorylated in myosin light chain kinase by
cyclic AMP--dependent protein kinase.

CONCLUDING REMARKS

The Ca?*-dependent phosphorylation of myosin P-light chain is an important,
if not obligatory, regulatory step in the initiation of smooth muscle contraction.
While myosin phosphorylation in itself may be sufficient to maintain isometric
tension, it is evident that a second, as yet unidentified, Ca2+-dependent
regulatory mechanism is capable of operating in the maintenance of contractile
force after the dephosphorylation of myosin. The identification and character-
ization of this second site presents an important area for future investigation.

The phosphorylation of purified smooth muscle myosin light chain kinases
by cyclic AMP-dependent protein kinase results in a change in the enzymatic
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properties of the enzyme, with an increase in the Ca?; calmodulin concentra-
tions required for activity. This basic observation has been used as a hypothesis
for considering an important role for cyclic AMP in mediating smooth muscle
relaxation via the phosphorylation of myosin light chain kinase. However, an
examination of this intriguing hypothesis in relation to the specific criteria set
forth by Krebs & Beavo (3) for establishing the physiological significance of a
protein phosphorylation reaction reveals unresolved problems, indicating that
it may not be a primary event in mediating smooth muscle relaxation associated
with cyclic AMP formation. Observations with living smooth muscles indicate
that a decrease in sarcoplasmic Ca®* concentration may be the primary bio-
chemical event that mediates smooth muscle relaxation upon B-adrenergic
receptor stimulation.
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