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ABSTRACT 

Role of Caldesmon in the Regulation of Smooth Muscle Contraction  

Philip K. Ngai, University of Calgary, Calgary, Alberta. October, 1986. 

Caldesmon (Mrl4lOOO) a major calmodulin- and actin-binding 

protein, has been isolated from chicken gizzard smooth muscle. Its 

tissue content was found to be 11.1 1AM while myosin light chain kinase, 

the other major calmodulin-binding protein in the tissue, was present at 

4.6 1AM. The potential involvement of caldesmon in the regulation of 

actin-myosin interactions in smooth muscle was investigated using an in 

vitro smooth muscle contractile system. Caldesmon inhibited superpre-

2+ cipitation and actomyosin Mg -ATPase activity ( biochemical correlates 

of contraction) in a system reconstituted from purified contractile and 

regulatory proteins ( actin, myosin, tropomyosin, calmodulin and myosin 

light chain kinase). A novel Ca 2+_ and calmodulin-dependent caldesmon 

kinase was also identified in smooth muscle. Caldesmon phosphorylation 

abolished its inhibitory effects on superprecipitation and actomyosin 

2+ 
Mg -ATPase activity. The phosphorylation of caldesmon could be re-

versed by a caldesmon phosphatase also found in chicken gizzard smooth 

muscle. Furthermore, phosphorylation of caldesmon was shown to influ-

ence its binding capacity to actin within physiologically-relevant Ca2 

concentrations. These observations suggest that caldesmon may play a 

role in modulating actin-myosin interactions in smooth muscle, a role 



which may itself be regulated by [Ca 2 ] via the reversible phosphoryla-

tion of caldesmon. In addition, caldesmon has been found to be widely 

distributed among avian and bovine smooth muscles, striated muscles and 

non-muscle tissues. Caldesmon was subsequently isolated from bovine 

aorta and found to be structurally and functionally similar to caldesmon 

isolated from chicken gizzard. The latter observations further suggest 

that caldesmon may indeed play a fundamental physiological role in the 

regulation ofsmooth muscle contraction. 
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I. INTRODUCTION 

One of the fundamental characteristics of all living organisms is 

their ability to move; however, the mechanisms by which movement is 

achieved differ widely from one organism to another. Muscle contraction 

exemplifies a very specialized category of this phenomenon. This volume 

will be focused upon the molecular basis of the regulation of the 

contractile process in smooth muscle. The subject matter will include a 

review of the research activities in the past decade, re-examination of 

some of the established mechanisms described in the literature as well 

as new information derived from the author's research. Thus, the 

primary aim of this work is to provide a better understanding of the 

mechanism(s) governing the smooth muscle contractile machinery. 

Muscles have evolved to meet a variety of functions which demand 

gross differences in performance. For example, skeletal muscle may be 

required for short bursts of activity. On the other hand, cardiac 

muscle contracts rhythmically at a rate critical to the physiological 

well-being of the organism. Despite these differences in activity, all 

muscles appear to involve the interaction and relative sliding of actin-

and myosin-containing filaments which are fuelled by the hydrolysis of 

ATP. However, this generalization terminates at this point as the 

filaments from different muscle types contain additional but different 

protein components which further contribute to the differences in their 

molecular arrangements. 
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Vertebrate striated muscles show regular alignment of their myo-

filaments under the light microscope whereas vertebrate smooth muscle 

cells appear structureless at this resolution. This is one of the 

distinctions between striated and smooth muscle established by some of 

the pioneers in the muscle research field. However, recent advances in 

electron microscopic techniques have indicated a substantial structural 

organization of the contractile machinery of smooth muscle. Striated 

muscle may be further divided into skeletal and cardiac muscles which 

are activated by different mechanisms. The former is under conscious 

control ( voluntary) whereas the latter undergoes regular, self-sustained 

contractions. Smooth muscles include a wide variety of muscle types 

which are primarily responsible for the constriction of internal organs. 

They are under involuntary control and are accompanied by slow contrac-

tions. Invertebrate muscles also show similar characteristics, but 

discussion of this muscle type will not be dealt with to any extent in 

this volume. 

The interaction of actin and myosin filaments is ultimately con-

trolled by the cytosolic Ca 2+ concentration. Calcium is now accepted as 

the most fundamental regulatory factor for various forms of cellular 

activity. When the intracellular Ca 2+ concentration is low, the cell is 

quiescent. The cell becomes increasingly active as the level of Ca 2+ 

rises above a certain threshold value of approximately 0.1-1 iiM. This 

increase in intracellular Ca 2+ serves as a second messenger to mediate 

the action of external signals such as hormones, neurotransmitters, and 

growth factors. Calcium thus functions as a part of a signal pathway 

which begins at the cell surface. Here, external signals are detected 
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by cell surface receptors which, via various transduction mechanisms, 

bring about an increase in the cytosolic Ca 2+ level. These Ca 2+ ions 

then combine with an internal receptor, e.g. troponin C or calmodulin, 

to activate a variety of cellular processes. Such a signal pathway can 

also be modulated by other second messengers, the most important ones 

being cyclic AMP in this context. In addition, diacyiglycerol and 

inositol 1,4,5-trisphosphate are also emerging as important second 

messengers of the signal pathway. These other second messengers can 

modulate the signal transduction process itself, or the intracellular 

receptors which mediate the action of Ca24. These modulators of Ca2+ 

homeostasis provide additional mechanism(s) of fine tuning of the signal 

pathway. The consequences are subtle changes in cellular activity such 

as a positive inotropic effect in the heart, adjustment of smooth muscle 

tone, etc. Some of the functional properties of calcium and how its 

cellular concentration is maintained will be discussed at the beginning 

of the next section. It will be followed by an examination of the 

advances in smooth muscle research which comprises the remaining section 

of " Review of Literature". 
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II. REVIEW OF LITERATURE 

II.A Calcium and its cellular homeostasis in smooth muscle 

Calcium commonly occurs in nature as the divalent cation of Ca24. 

It has a great tendency to form complexes with a variety of anionic 

structures. It has 

total body weight 

content is found in 

ation of insoluble 

The remaining Ca24 

been estimated that calcium makes up about 2% of the 

of an adult. Approximately 99% of this calcium 

bone ( skeleton) as hydroxyapatite which is a combin-

calcium carbonate and tricalcium phosphate salts. 

in the body is bound to either inorganic anions or 

proteins. As a result, the actual Ca24 concentration in the extra-

cellular space is about 1 mM while the concentration within the intra-

cellular milieu is about 0.1 pM ( Katz, 1985). Such a distribution of 

Ca24 ions between the intracellular and extracellular matrices gives 

rise to a large concentration gradient. Hence, Ca24 can enter into the 

cell cytoplasm by passive diffusion, a process which is further enhanced 

by the electronegativity found in the interior of most excitable cells. 

The ability of Ca24 to associate reversibly with proteins and 

membrane structures leads to its functional role as a second messenger. 

Its actions are controlled by regulation of Ca 2+ fluxes across bio-

logical membranes. The net differential changes in Ca24 concentration 

within different compartments provide the signal to initiate or termin-

ate a variety of cellular activities. There are numerous signal trans-

duction systems to convey the various messages, and there are different 
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sources and sinks of the signal. During activation, the sarcolemma and 

the sarcoplasmic reticulum ( SR) are the major membrane systems in smooth 

muscle which function to regulate fluxes of cytoplasmic free Ca2 . Both 

systems participate as sources and sinks in the delivery and removal of 

2+ i Ca . The delivery process s energetically downhill through excitable 

channels (mainly Ca 2+ channels) and the leak pathways ( Casteels and van 

Breemen, 1975). The removal process is uphill through ATP-dependent 

Ca-pumps ( Wuytack et al., 1981) and Na+ /Ca 2+ exchangers ( van Breemen et 

al., 1979). These two processes, together with a small number of other 

mechanisms, act in concert to maintain cellular calcium homeostasis. 

II.A.l Calcium entry 

Two separate types of excitable Ca 2+ channels have been identified 

(Bolton, 1979; van Breemen et al., 1979). These are receptor-operated 

channels ( those activated by binding of agonists to receptors) and 

voltage-dependent channels ( those activated by membrane depolarization). 

In addition, a third type of channel has been described which allows 

considerable Ca 2+ influx in the absence of excitation ( Casteels and van 

Breemen, 1975). This type is designated as the Ca 2+ leak channels. All 

three modes of Ca 2+ entry contribute to contractile activity; however, 

the mode of entry differs widely between them as revealed by their 

different responses to Ca 2+ antagonists. 

The separate identity of receptor-operated and voltage-dependent 

channels is confirmed by the observation that their individual 45 Ca 

fluxes are additive ( Meisheri et al., 1981). On the other hand, the 

45Ca influxes activated by different agonists are not additive and do 

not show any appreciable difference in response to different Ca 2+ 
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antagonists in the same tissue ( Loutzenhiser et al., 1985). These 

observations suggest that different agonists activate Ca2+ entry through 

a common mechanism for the receptor-operated channels. As for voltage-

dependent channels, recent studies using whole- cell voltage clamp ( Bean, 

1985; Friedman et al., 1985; Sturek and Nermsmeyer, 1985) showed that 

smooth muscles exhibit two different types of Ca 2+ current. The first 

one is a rapidly inactivating current elicited over a fairly wide range 

of potentials, whereas the second one is a sustained current which is 

evoked by strong depolarization. Channels with similar characteristics 

have also been reported elsewhere ( Nowycky et al., 1985) and they have 

been named transient ( T) and long-lasting ( L) channels. When receptor-

operated channels were studied by using voltage clamp techniques, it was 

concluded that these channels are not specific Ca 2+ channels. They are 

nonselective cation channels and they do not exhibit any specific 

voltage dependency ( Benham et al., 1985; Bolton et al., 1985; Finkel et 

al., 1984). 

II.A.2 Intracellular calcium release 

The release of Ca2+ from internal storage organelles of smooth 

muscle has been studied in a number of ways: contraction ( Loutzenhiser 

et al., 1985), Quin 2 fluorescence ( Kobayashi et al., 1985), electron 

probe x-ray microanalysis of subcellular preparations ( Bond et al., 

1984; Kowarski et al., 1985), transient stimulation of 45Ca efflux from 

intact or skinned smooth muscle cells ( Leijten et al., 1984; Saida and 

van Breemen, 1984), and measurement of Ca2+ activities using a calcium-

specific electrode in skinned arterial smooth muscle ( Somlyo et al., 

1985). All of thee studies have strongly indicated that the majority 
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of activating Ca 2+ originates from the SR albeit a minor component of 

Ca 2+ release may have been derived from the inner surface of the plasma 

membrane ( Daniel, 1985). 

It has been demonstrated that the number of " hot spots" which 

contain high concentrations of Ca 2+ coincides with the location of 

superficial and deep SR as measured by electron probe x-ray micro-

analysis ( Bond et al., 1984). Upon administration of maximally-effect-

ive doses of an agonist, e.g. norepinephrine, the number of " hot spots" 

decreases ( Kowarski et al., 1985). The reported concentration of Ca 2+ 

within the internal organelles as measured by this technique is lower 

than the actual concentration. This is due to the analysis, by the 

electron probe, of a volume much greater than the lumen of the SR 

(Somlyo, 1985). Nonetheless, all the available data are consistent with 

the hypothesis that the SR is the primary intracellular pool of releas-

2+ able Ca 

II.A.3 Mechanism of calcium release 

A number of earlier reports showed that agonists, such as norepin-

ephrine, acetylcholine and caffeine, could partake in the process of 

releasing Ca 2+ from internal stores ( e.g. Deth and van Breemen, 1977; 

Itoh et al., 1982). These suggestions led to the hypothesis that 

occupation of a receptor initiates a process resulting in Ca 2+ release 

only from those sensitive sites located near the sarcolemma, possibly 

involving a portion of the superficial sarcoplasmic reticulum or cal-

cium-binding sites on the inner surface of the plasmalemma ( Loutzenhiser 

and van Breemen, 1983). The latter observation led Saida and van 

Breemen ( 1983; 1984) to further suggest a Ca2+_induced release mechanism 
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as originally advanced by Fabiato and Fabiato ( 1979) for cardiac muscle. 

However, recent experiments have provided evidence that a neuromuscular 

agonist such as norepinephrine is unable to release Ca 2+ from internal 

stores after the surface receptors have been removed during the process 

of saponin skinning of arterial smooth muscle cells ( van Breemen et al., 

1986). Furthermore, using aequorin to measure intracellular [Ca 2+] 

transient, the question has been raised as to whether the increase in 

intracellular [Ca 2 ] during depolarization would be high enough to 

elicit Ca24-induced Ca 2+ release ( Morgan and Morgan, 1984). 

In 1975, Michell recognized that the large number of external 

stimuli which act via the calcium-mobilizing receptors to promote 

calcium entry as well as calcium release from intracellular sites also 

stimulated a breakdown of the inositol lipids present in the plasma 

membrane. This led him to propose that the two processes could be 

associated with each other in some coordinated fashion. The important 

subsequent development was the discovery that inositol 1,4,5-tris-

phosphate ( IP3) acts as a second messenger for mobilizing calcium from 

the endoplasmic reticulum of many non-muscle cells ( Berridge and Irvine, 

1984). The key event is the agonist-dependent hydrolysis of phospha-

tidylinositol 4,5-bisphosphate ( PIP 2)to give diacylglycerol ( DG) and 

IP3 ( Berridge, 1984). The latter then diffuses into the cytosol to 

release calcium from intracellular organelles. Occupation of a calcium-

mobilizing receptor results in the stimulation of a PIP  phosphodi-

esterase ( PDE) which catalyzes the hydrolysis step. The coupling 

between receptors and POE seems to depend on a G-protein ( Berridge and 

Irvine, 1984). The excitement of these findings resulted in the 
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proposal that IP3 might also be involved in excitation-contraction 

coupling in skeletal muscle ( Vergara et al., 1985). Such a mechanism 

would be ideally suited to explain the receptor-mediated Ca 2+ release 

from internal stores of smooth muscle. 

Indeed, studies using various smooth muscle cells have strongly 

indicated that agonist activation of its membrane receptors led to 

increases in cytosolic [ IP3] and intracellular [Ca 2+ ] over similar time 

courses. Furthermore, this increase in cytosolic [ IP3] was shown to be 

the cause of Ca2+ release from intact SR of skinned smooth muscle 

(Suematsu et a]., 1984; Somlyo et al., 1985). Administration of angio-

tensin II, a known potent vasoconstrictor, to cultured arterial smooth 

muscle cells led to a transient increase in cytosolic free [Ca 2+] and 

simultaneous increase in phosphati dyl i nosi tol hydrolysis ( Smith et al., 

1984). Similar results were obtained using porcine coronary artery 

(Sasaguri et al., 1985). Later, Alexander et al. ( 1985) actually 

demonstrated the increase in cellular content of the products of phos-

phatidylinositol hydrolysis upon the addition of angiotensin II to 

cultured rat aortic cells. Yamamoto and van Breemen ( 1985) estimated 

that nearly 300 pmol of Ca 2+ was released per litre of cultured skinned 

aortic cells. This amount of Ca 2+ released is more than sufficient to 

evoke tension development in a Ca2+_free medium. 

II.A.4 Calcium extrusion 

In smooth muscle, the major vehicles which participate in maintain-

ing the optimal intracellular [Ca2 ] in the relaxed or inactive state 

are the ATP-dependent Ca-pump and Na+ /Ca 2+ exchanger in the plasmalemma 

and the SR ( Casteels et al., 1986). During activation, the amount of 
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Ca 2+ influx is usually in excess of that required for full activation. 

Therefore, Ca 2+ within the cell must be actively sequestered to refill 

the internal stores after activation or extruded in order to maintain 

the cell at rest. 

Calcium pumps appear to have higher affinities for calcium than the 

calcium-binding proteins which also mediate the intracellular [Ca 2 ]. 

When the cell is at rest, these Ca-pumps are responsible for lowering 

the intracellular [Ca 2 ] below the cellular activation threshold. For 

each molecule of ATP hydrolyzed, the Ca-pump on the SR transfers two 

Ca 2+ ions whereas it is less efficient in the plasma membrane with a 1:1 

stoichiometry ( Schatzmann, 1985). These pumps are also activated by 

calcium and calmodulin which further enhance their affinities for 

calcium. The Na + /Ca 2+ exchangers can operate in two different modes. 

They can either allow three Na+ to flow into the cell in exchange for a 

2+ i 2+ single Ca or it can function n the opposite direction with Ca 

flowing into the cell in exchange for internal Na+. In the efflux mode, 

the exchanger has low affinity for Ca 2+ and high velocity so that it is 

effective in bulk extrusion of Ca 2+. On the other hand, the low-

velocity, high-affinity Ca2 -ATPase functions as a fine tuner to reduce 

the intracellular [Ca 2 ] to the low levels found in resting cells. 

A third and interesting mechanism which maintains cellular Ca2 

homeostasis involves the sarcoplasmic reticulum itself. It has been 

suggested that the SR could compete with the myofilaments for Ca 2+ 

entering from the extracellular matrix ( van Breemen, 1977). This is 

recently confirmed in a study correlating Ca 2+ influx and tension 

development stimulated by a Ca agonist, Bay K8644, in rabbit aorta 
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(Hwang and van Breemen, 1985). It was observed that a slow rate of 

stimulated Ca 2+ entry did not produce tension; instead it led to a net 

Ca 2+ gain in the caffeine-releasable pool. Hence, incoming Ca 2+ appears 

to be diverted into the SR before it can bind to calmodulin associated 

with the myofilaments. The fraction of SR that is thought to be in-

volved in this process is the superficial SR which takes up Ca 2+ that 

has just entered the cell. Thus, the superficial SR acts as a buffer to 

regulate tonic tension and to protect small cells from high Ca24 leaks 

(van Breemen et al., 1986). 

II.A.5 Integration of the action of calcium with other cellular second 

messengers 

In order for an intracellular second messenger to carry out its 

role, it must be capable of altering the conformational state of target 

protein(s) which mediate the activity of many different effector sys-

tems. In most cases, calcium does not alter the conformation of effec-

tors directly, but through specific receptors: the ever-growing family 

of calcium-binding proteins ( Manalan and Klee, 1984). It is these 

receptors which translate an increase in intracellular [Ca2+ ] into a 

change in the activity of some response component. 

Calmodulin is the most ubiquitous of this family as it is present 

in invertebrates, vertebrates, as well as in plants ( Cheung, 1980). 

Sequence analysis of calmodulins from all sources reveals that the 

protein has been highly conserved and probably evolved by gene duplica-

tion of an ancestral calcium-binding protein. This ancestral protein 

probably had a calcium-binding pocket flanked on either side by a-

helices. Duplication of this gene led to a protein with two binding 
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domains and a further duplication gave a protein with four calcium-

binding sites characteristic of the structure of calmodulin ( Kretsinger, 

1980) and the closely-related troponin C, which is thought to have 

evolved from calmodulin at about the time that vertebrates first 

appeared ( Means et al., 1982). The role of calmodulin as a signal 

transducer depends upon its ability to undergo a marked change in 

conformation after binding calcium. The consequence is that calmodulin 

increases its a-helical content and most importantly, exposes a pre-

viously-concealed hydrophobic region of the molecule ( Vanaman, 1980). 

This calcium-dependent conformational change subsequently induces a 

corresponding conformational change of the target protein or enzyme. 

Within the cell, calcium acts in concert with other cellular second 

messengers in an integrated fashion, either cooperatively or antagonist-

ically. In muscle systems, the second messenger pathway involving 

cyclic AMP is the most important in modulating various aspects of the 

calcium signal pathway. Another pathway involving inositol 1,4,5-tris-

phosphate and diacylglycerol, which are products of phosphatidylinositol 

hydrolysis, has emerged as an equally- important branch of the calcium-

mobilizing phenomenon during the past few years. The effects of [P3 in 

smooth muscle have already been explored earlier in this volume ( section 

II.A.3) whereas the role of DG in excitation-contraction coupling of 

smooth muscle is unclear. 

A classical example of the dual control of Ca 2+ and cyclic AMP is 

their coordinated regulation of the enzyme activity of skeletal muscle 

phosphorylase kinase ( Cohen, 1980). Calcium released during a typical 

excitation-contraction cycle not only binds to troponin C to initiate 
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contraction, but it also binds to calmodulin, the 6-subunit of phos-

phorylase kinase to stimulate glycogen breakdown. The latter activation 

provides the energy for further cycles of contraction-relaxation. In 

this way, contraction and relaxation are precisely coupled to the same 

second messenger signal. On the other hand, the activation of phos-

phorylase kinase by Ca 2+ is modulated by cyclic AMP which, by phosphory-

lating one of the enzyme's subunits, enhances the sensitivity of the 

enzyme so that it can be activated by [Ca2 ] at cellular threshold 

levels. 

More complex interactions exist in cardiac muscle where cyclic AMP 

brings about a positive inotropic response by modulating at least three 

major events of the calcium signal pathway. First, cyclic AMP enhances 

the inward flow of calcium through the voltage-dependent calcium chan-

nels ( Trautwein and Pelzer, 1985). Second, cyclic AMP acts through its 

A-kinase to phosphorylate phospholamban, a low molecular weight proteo-

lipid, which enhances the Ca-pumping activity in the SR (Tada and Katz, 

1982). Two important consequences result from this phosphorylation 

reaction: it speeds up the rate of relaxation and, because the pumps 

are able to sequester a greater proportion of Ca 2+ during relaxation, it 

also allows the SR to discharge a larger pulse of calcium on the next 

beat, leading to a greater force of contraction. Finally, cyclic AMP-

dependent phosphorylation of troponin I results in a reduction in the 

affinity of troponin C for calcium ( Winegrad, 1984). Calcium thus 

dissociates faster from troponin C and the rate of relaxation is in-

creased. During the stimulation by epinephrine, the heart rate 
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increases and the consequence of troponin I phosphorylation is essential 

in preventing the heart from going into tetanus. 

As it will be discussed in several subsequent sections, smooth 

muscle myosin light chain kinase serves as a substrate for cyclic 

AMP-dependent protein kinase. This is a consequence of the stimulation 

of the smooth muscle cell by 3-adrenergic hormones. The hormone-

receptor interaction at the cell surface leads to the synthesis of 

cyclic AMP and activation of its dependent protein kinase. The protein 

kinase then catalyzes the phosphorylation of a number of intracellular 

substrates to initiate or terminate various cellular activities. Thus, 

cyclic AMP also plays a role in modulating the contractile state of 

smooth muscle. The significance of Ca 2+ and cyclic AMP second messenger 

actions within the framework of smooth muscle contraction-relaxation 

will be examined later. 

II.B Ultrastructure of smooth muscle 

The contractile apparatus of smooth muscle is composed of thick and 

thin filaments in a manner similar to that of skeletal muscle. However, 

the associated regulatory proteins in smooth muscle are significantly 

different from those of the skeletal muscle. This gives rise to very 

different regulatory mechanism(s) for smooth muscle although the latter 

still follows very closely the " sliding filament model" originally 

described for skeletal muscle ( see detailed discussion below). 

II.B.1 The proteins of the thick filaments 

The thick filament is made up of myosin molecules for all types of 

muscle. In smooth muscle, myosin is a hexameric molecule composed of 

two heavy chains ( 205,000 daltons each) and two pairs of light chains 
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(two each of 17,000 and 20,000 daltons). The tissue content of myosin is 

estimated at 0.04 mM in both arterial and non-arterial smooth muscle 

(Hartshorne, 1981). The molecular structure of smooth muscle myosin is 

thought to be basically similar to those from other muscle sources 

(Kendrick-Jones and Scholey, 1981). The a- helical heavy chains wind 

together in the same direction beginning from the C-terminus to form a 

left-handed coiled rod. The two heavy chains, when approaching the 

N-terminus, unwind and fold separately to form two globular head 

regions. These head regions contain sites for actin-binding and ATP 

hydrolysis. 

The two pairs of light chains are each located in the head region. 

The 17,000-dalton light chain is named essential light chain since it is 

analogous to those of vertebrate striated muscle. Removal of the 

essential light chains from smooth muscle myosin is followed by a 

concomitant loss of myosin ATPase activity ( Gröschel-Stewart and 

Drenckhahn, 1982). On the other hand, removal of the 20,000-dalton 

light chain is not associated with a loss of ATPase activity. It 

actually regulates the rate of actin-activated Mg2 -ATPase activity in a 

way similar to the regulatory light chain of invertebrate striated 

muscle, e.g. from mollusks ( Kendrick-Jones and Scholey, 1981). However, 

the regulatory light chains of smooth muscle are different from those of 

invertebrates. The former serve as substrates for a calcium-dependent 

protein kinase: myosin light chain kinase ( see below). Thus, the 

regulatory light chains are often referred to as P- light chains. 
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II.B.2 The proteins of the thin filaments 

Actin is the major component of the thin filaments. This is a 

rather small molecule with a molecular mass of 42,000 daltons. The 

globular monomeric form of actin ( G-actin) can be polymerized into 

filaments ( F-actin). Within the thin filaments, monomeric G-actins 

appear as pear-shaped molecules which intertwine to form a double-

stranded bead with a diameter of z 4.2 nm ( Gröschel-Stewart and 

Drenckhahn, 1982). The exact length of thin filaments in smooth muscle 

is unknown. 

Actin is a highly-conserved molecule. Sequence analysis showed 

that chicken gizzard actin differs from rabbit skeletal muscle actin by 

only 6 conservative amino acid replacements ( Vandekerckhove and Weber, 

1979). Hence, actin isolated from skeletal muscle can activate the 

ATPase activity of smooth muscle as well as nonmuscle myosin and vice 

versa ( Strzelecka-Golaszewska and Sobieszek, 1981), although minor 

differences have been reported regarding the kinetics of actomyosin 

ATPase activity. 

In addition to actin, the thin filament also contains tropomyosin. 

Smooth muscle tropomyosin, isolated from chicken gizzard, was shown to 

be similar but not identical to striated muscle tropomyosin ( Cummins and 

Perry, 1974). It consists of two subunits in equal proportions with 

apparent molecular masses of 36,000 and 39,000 daltons ( Dabrowska et 

al., 1980). It is a long, thin molecule of approximately 39 nm in 

length. Tropomyosin molecules attach end to end to form a very thin, 

double-coiled filament which is thought to lie in or at the edge of the 

groove between the paired strands of the actin filament. Although the 

movements of tropomyosin have been shown to play an essential role in 
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muscle regulation ( Philips et al., 1980), the precise location of 

tropomyosin in smooth muscle during contraction and relaxation is 

unknown. The tissue contents of actin and tropomyosin are 1.2 and 0.2 

mM in arterial smooth muscle; 0.66 and 0.11 mM in non-arterial smooth 

muscle respectively ( Hartshorne, 1981). 

Unlike thin filaments of vertebrate striated muscle, troponin 

and/or troponin-like proteins are believed to be absent from vertebrate 

smooth muscle. This is in spite of numerous early reports ( Carsten, 

1971; Sparrow and van Bockxmeer, 1972; Ebashi et al., 1975; Head et al., 

1977) which claimed the existence of proteins resembling skeletal muscle 

troponin in smooth muscle. Subsequently, most of these proteins were 

shown not to be troponin subunits. For example, upon further analysis, 

troponin C- like protein ( Head et al., 1977) isolated from several smooth 

muscle sources turned out to be identical to calmodulin ( Grand et al., 

1979). Components similar to the skeletal troponin complex were iso-

lated from ascidian smooth muscle ( Endo and Obinata, 1981). These 

components, when reconstituted with rabbit skeletal actomyosin in the 

presence of tropomyosin, conferred Ca 2 sensitivity on the skeletal 

muscle contractile apparatus while no data were shown using smooth 

muscle actomyosin. 

II.B.3 Regulatory proteins associated with smooth muscle filaments 

As it has been mentioned above, smooth muscle myosin can be phos-

phorylated by a calcium-dependent protein kinase. It is called myosin 

light chain kinase. This enzyme is activated by the second messenger 

calcium acting via the Ca2 -binding protein calmodulin in a protein-

protein interaction as follows: 
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24 _. 2+ * 
4Ca + CaM CaCaM Ca  CaM 

2+ * .-.... 2+ * - 2+ * * 
Ca  • CaM + MLCK .- Ca  • CaM MLCK ..- Ca4 • CaM - MLCK 

* 

where denotes the active conformation of the protein. This mode of 

interaction is fully consistent with the second messenger action dis-

cussed above ( see section II.B). 

Myosin light chain kinase has been reported to be present in a wide 

variety of muscle and nonmuscle cells ( Walsh and Hartshorne, 1982). 

Originally, the kinase was isolated together with a low molecular weight 

(Mr=l7OOO) component. The apoenzyme from skeletal muscle exhibited a 

molecular weight of 80,000 daltons ( Yazawa et al., 1978) while that from 

chicken gizzard smooth muscle was 105,000 daltons ( Dabrowska et al., 

1978). This smaller component was subsequently identified as the 

ubiquitous calcium-binding protein calniodulin. Myosin light chain 

kinases purified from different sources are all shown to be calmodulin-

dependent albeit their molecular weights vary considerably ( Walsh, 

1985). The differences in molecular weight from the same source are 

partly due to the susceptibility of the enzyme to proteolysis. The 

latter was demonstrated in the case of the chicken gizzard enzyme whose 

native molecular mass is 136,000 daltons while previous reports showed 

values ranging from 105,000 to 130,000 daltons ( Adachi et a]., 1983). 

Using purified chicken gizzard myosin as substrate, MLCK catalyzes 

the transfer of the terminal phosphate of ATP to serine-19 of each of 

the two regulatory light chains (Maita et al., 1981). Stoichiometry of 

phosphate incorporation is two moles of phosphate per mole of myosin, or 

one mole of phosphate per mole of 20,000-dalton light chain. Myosin 

light chain kinase itself can be phosphorylated by a cAMP-dependent 
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protein kinase ( Adelstein et al., 1978) at two sites in the apoenzyme 

and at one site in the holoenzyme, i.e. the Ca2+_calmodulin_kinase 

complex ( Conti and Adelstein, 1980). Phosphorylation of the apoenzyme 

reduces its affinity for calmodulin and so the activity of MLCK can also 

be modulated by phosphorylation. 

Phosphorylated myosin and MLCK can be dephosphorylated by one or 

more phosphoprotein phosphatases. Myosin light chain phosphatase 

activity was originally identified in extracts of cardiac muscle, both 

fast and slow skeletal muscles as well as uterine smooth muscle 

(Frearson et al., 1976). The phosphatase (Mr=7OOOO) was subsequently 

isolated from fast skeletal muscle and found to be specific for dephos-

phorylating the regulatory light chain (Morgan et al., 1976). 

Using turkey gizzard smooth muscle, two myosin light chain phospha-

tases were purified initially ( Pato and Adelstein, 1983a,b). These 

phosphatases are different in their compositions: phosphatase I or 

SMP-I is composed of three subunits (Mr6OOOO 50,000 and 38,000) 

present in equimolar ratios and its activity was found to be relatively 

nonspecific and independent of Mg2 . On the other hand, phosphatase II 

or SMP-II is a single subunit enzyme (M r=43 ,000)requiring Mg 2+ for 

activity and is relatively specific for the regulatory light chains. 

Recently, two other phosphatases were identified in turkey gizzard 

(Pato, 1985). The first, purified to apparent homogeneity, is desig-

nated as SMP-IV and is composed of two subunits (M r=58 ,000 and 40,000). 

The second one is designated as SMP-III and is only partially purified 

at present. Both SMP-IV and SMP-III appeared to be able to dephosphory-

late intact myosin while SMP-II was able to dephosphorylate isolated 
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regulatory light chains. These observations lead to the following 

hypothesis. Myosin light chain phosphatases that are active in vivo may 

be SMP-IV or SMP-III or both. On the other hand, SMP-I may play an 

active role in dephosphorylating MLCK whose activity has been reduced by 

cAMP-dependent protein kinase phosphorylation. Since the effects of 

myosin and MLCK dephosphorylation are opposite, the enzymes responsible 

for catalyzing their respective dephosphorylation must be coordinately 

regulated. Such a regulatory control mechanism is as yet unknown. 

II.0 Molecular arrangements of smooth muscle filaments 

As stated in the introduction, the level of cytosolic free Ca 2+ 

concentration ultimately controls the state of contraction or relaxation 

in all muscle types. The second messenger action is expressed via a set 

2+ 2+ of Ca -binding proteins or Ca switches. It is quite apparent now 

that the Ca 2+ switches for skeletal and smooth muscle are different. 

Hence a brief summary of the mechanism governing skeletal muscle con-

traction will allude to the current understanding of the smooth muscle 

contractile apparatus. 

II.C.1 " Sliding filament model" for skeletal muscle contraction 

In 1954, A.F. Huxley & Niedergerke and H.E. Huxley & Hanson inde-

pendently proposed that the shortening of skeletal muscle was a direct 

consequence of the relative sliding between sets of thin and thick 

filaments. This hypothesis has now become the basis of the well-estab-

lished " sliding filament model". A typical molecular arrangement of 

skeletal muscle components is depicted diagrammatically in Figure 1. 

The thin and thick filaments interdigitate to form the so-called sarco-

meres. Each unit of sarcomere is defined by two sets of Z- lines as its 
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Figure 1. Schematic diagram of the structural features of the skeletal 

muscle sarcomere. The source of activating calcium is also 

shown (0). Ion channels are schematically depicted on the 

inner surface of the sarcolemma. LC = Longitudinal Cister-

nae; SR = Sarcoplasmic Reticulum; T = Transverse tubule. 
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boundaries. As it was discussed above for smooth muscle filaments, the 

thin filament is composed of a double strand of F-actin as the backbone. 

In addition, the Ca2+_sensing regulatory proteins, troponin and tropo-

myosin, are located on this backbone. The thick filament is essentially 

composed of myosin molecules that are packed in such a way that the 

enzymatically-active head regions protrude from the body of the fila-

ment. These are called cross-bridges and are the sites of interaction 

with actin molecules of the thin filament. 

One of the prevailing views of the mechanism of action was origin-

ally described by Weber and Murray ( 1973). In the absence of Ca2 , 

tropomyosin strands, which run along either side of the actin double 

helix, occupy a position which physically blocks the interaction of 

actin with myosin cross-bridges. Excitation of the muscle cell leads to 

2+ Ca entry from either the extracellular matrix or internal stores 

(primarily sarcoplasmic reticulum). These Ca2 ions then bind to 

troponin C, the Ca2+ -binding subunit of the troponin-tropomyosin com-

plex, leading to a conformational change in its neighbouring subunits 

(troponin T and I) and tropomyosin. Consequently, tropomyosin shifts 

away from the blocking position on the actin filament to allow actin-

myosin cross-bridge interactions. Under these conditions, myosin 

cross-bridges also undergo cyclic transformation to hydrolyze ATP and to 

generate tension. On the other hand, when Ca2+ is removed from tro-

ponin C, tropomyosin returns to its former blocking position thereby 

preventing further actin-myosin cross-bridge interactions. The muscle 

moves from the contracted to the relaxed state while the processes of 

ATP hydrolysis and tension development cease. 
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It is quite apparent that troponin and tropomyosin, present in 

skeletal muscle, function to control actin-myosin cross-bridge formation 

by blocking sites on the thin filament in the absence of Ca2 . The 

resulting interaction between myosin cross-bridge and actin in the 

presence of Ca 2+ is sufficient for ATP hydrolysis and force generation. 

Thus, the overall mechanism can also be referred to as a " repression-

derepression" process. On the contrary, a mixture of smooth muscle 

myosin and actin in their physiological ratios and in the presence of 

Ca 2+ does not lead to any significant extent of ATP hydrolysis. Fur-

thermore, it has been clearly demonstrated that proteins resembling 

skeletal muscle troponin subunits do not exist in smooth muscle ( dis-

cussed above, section II.B.2). This led to the search for alternative 

regulatory mechanism(s) which is associated with myosin molecules on the 

thick filament. 

II.C.2 "Mini-sarcomeres" of smooth muscle 

It has been established from studies using skeletal muscle ( Huxley, 

1957) that tension generated during contraction is proportional to the 

number of accompanying cross-bridge interactions. Hence an assumption 

can be put forth relating tension development and myosin content for any 

given muscle type. Analysis of the myosin content in smooth muscle 

showed that, on a weight basis, it is about one-third of the amount of 

myosin that is..found in skeletal muscle (Walsh and Hartshorne, 1982). 

For arterial and nonarterial smooth muscles, the molar stoichiometries 

of myosin to actin are approximately 1:28 and 1:16 respectively. For 

skeletal muscle, the ratio is 1:4 which is much higher than that of 

smooth muscle. Thus, from the above assumption, a mixture of smooth 
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muscle myosin and actin in their physiological ratios would not be 

expected to generate much tension because of the fewer number of cross-

bridges. On the contrary, Murphy et al. ( 1974) did find that tension 

developed by smooth muscle is approximately equal to that developed by 

skeletal muscle. A different mode of activation must, therefore, exist 

in smooth muscle to compensate for the lower myosin content. 

Recent advances in electron microscopic techniques have clarified a 

number of the uncertainties regarding the structure-function relation-

ship in smooth muscle activation. There are numerous comprehensive 

reviews on this subject, e.g. Somlyo, 1980; Bond and Somlyo, 1982; 

Somlyo, 1985. The higher content of actin compared to myosin in smooth 

muscle is reflected by the relative amounts of thin versus thick fila-

ments as shown in Figure 2. This is an electron micrograph of a smooth 

muscle preparation from which soluble proteins were partially removed by 

treatment with saponin. Throughout the cytoplasm and associated with 

the sarcolemma are numerous dense bodies. By decoration of actin with 

myosin subfragment-1 these dense bodies are shown to be anchoring sites 

for thin filaments which insert into these structures at opposite poles. 

Therefore, it is thought that the thin filaments, thick filaments and 

dense bodies constitute a "mini-sarcomere" ( Bond and Somlyo, 1982). 

Furthermore, the bipolar dense bodies are linked in series ( Fay et a]., 

1983) so that tension developed can conceivably be transmitted through-

out the cell since the network of mini-sarcomeres is ultimately anchored 

at the sarcolemma via membrane-associated dense bodies. However, the 

existence of mini-sarcomeres in smooth muscle is not unanimously accep-

ted ( Small et al., 1986) and evidence which suggests a more labile state 
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Figure 2. Longitudinal section of a saponin-skinned portal anterior 

mesenteric vein. 

Some of the soluble cytoplasmic proteins had been washed out of the 

cell, allowing better " visualization of filaments. Thin actin filaments 

(indicated by small arrows) which emerge from cytoplasmic dense bodies 

(db) can be traced to the thick myosin filaments ( indicated by large 

arrow) to form a "mini-sarcomere". The 10-nm filaments ( double arrow-

heads) do not run parallel to the sarcomeres. Connections between the 

10-nm filaments and a cytoplasmic dense body occur at the upper centre 

part of the figure. This figure was generously supplied by Dr. A.V. 

Somlyo, University of Pennsylvania. 
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of smooth muscle myosin filament organization is extensive ( e.g. Murphy, 

1979; Kendrick-Jones and Scholey, 1981; Cande et al., 1983; Soml yo, 

1985). 

It.D Regulation of contractile activity 

The highlights of the literature reviewed thus far are: firstly, 

the available sarcoplasmic free [Ca 2+] ultimately controls the state of 

contraction-relaxation in all muscle types. Secondly, there are a 

number of different Ca2 -binding proteins which act as Ca 2+ switches to 

convey the mechanism of action. In skeletal muscle, troponin C of the 

troponin-tropomyosin complex acts as the Ca 2+ switch and these regula-

tory proteins are found to be associated with the thin filament. In 

smooth muscle, the Ca 2+ switch is the ubiquitous, multifunctional 

calmodulin. Thirdly, the current understanding of the regulatory 

mechanism governing smooth muscle contraction is founded on the basic 

cross-bridge cycling/sliding filament hypothesis which is well estab-

lished for skeletal muscle. Revelations of the ultrastructure of smooth 

muscle at the electron microscopic level lend reasonable support to the 

assumption that this hypothesis is also valid for smooth muscle. It 

follows that biochemical studies using smooth muscle proteins can also 

be interpreted in terms of this model. Nevertheless, a wide variety of 

other regulatory mechanisms have also been proposed for smooth muscle 

contraction and some of the most prominent theories will be examined in 

this section. 

II.D.l Thick filament- linked regulation: Myosin phosphorylation theory 

In 1977, Sobieszek first reported the observation that smooth 

muscle myosin can be phosphorylated. Concurrent with this report, 
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Bremel et al. ( 1977) further observed that phosphorylation of the myosin 

regulatory light chains is accompanied by an increase in the actin-

activated Mg24-ATPase activity. Both the phosphorylation and the actin 

activation processes occur only in the presence of Ca24. In the absence 

of Ca24, the regulatory liht chains are not phosphorylated and myosin 

remains in an inactive state. Since these original reports, a great 

deal of effort has been directed towards establishing the significance 

of myosin phosphorylation in the regulation of smooth muscle contrac-

tion. A decade has passed and the volume of data accumulated in support 

of the myosin phosphorylation theory is overwhelming ( for reviews, see 

Adelstein and Eisenberg, 1980; Walsh and Hartshorne, 1982; Kamm and 

Stull, 1985; Walsh, 1985). The general consensus is that myosin phos-

phorylation plays an essential role in the regulation of smooth muscle 

contraction. The sequence of biochemical events leading to contraction 

can be depicted in a simplified scheme as shown in Figure 3. The key 

points are: 

(i) Stimulation of the smooth muscle cell, either electrically or 

hormonally, leads to an increase in the intracellular free 

[Ca24]. 

(ii) When the free [Ca24] reaches a threshold value of z 0.8 pM, it 

binds to calmodulin to activate this Ca 2+ switch. 

(iii) Activated calmodulin can now interact with the inactive apoenzyme 

of myosin light chain kinase to form an active ternary enzyme 

complex. 

(iv) This active enzyme complex subsequently catalyzes the phosphory-

lation of the regulatory light chains associated with myosin. 
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Figure 3. Outline of the phosphorylation theory in the regulation of 

smooth muscle contraction ( adapted from Walsh, 1986). 
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(v) In the phosphorylated state, myosin can then interact with actin 

and hydrolyze ATP at a fast rate. Energy derived from ATP hydro-

lysis leads to rapid cross-bridge cycling and tension development 

resulting in contraction. 

(vi) Removal of the stimulus returns the intracellular free [Ca 2+] to 

the resting value of < 0.1 pM. Calmodulin can no longer interact 

with Ca 2+ to form an active complex. Myosin light chain kinase 

then dissociates from calmodulin to regenerate its inactive apo-

enzyme. Consequently, myosin phosphorylation ceases. 

(vii) Myosin, in the active state, then becomes dephosphorylated by one 

or more myosin light chain phosphatases regenerating the inactive 

myosin. At this point, relaxation ensues. 

The process of smooth muscle contraction-relaxation as envisaged in 

the above scheme appears to be quite straightforward. The interaction 

between actin and myosin cross-bridge is a consequence of the net 

balance between myosin phosphorylation catalyzed by myosin light chain 

kinase and its dephosphorylation by myosin light chain phosphatase(s) as 

a function of the free [Ca 2 ] in the intracellular milieu. Evidence in 

support of the above scheme includes experiments indicating a correla-

tion between myosin phosphorylation and actin-activation of myosin 

Mg2+_ATPae, superprecipitation and tension development as well as 

experiments using ATP analogs, Ca24-independent myosin light chain 

kinase, myosin light chain phosphatase and calmodulin antagonists ( for 

review, see Walsh, 1985). 

Contrary to the myosin phosphorylation theory, other biochemical 

observations also suggest that smooth muscle contraction does not 
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require, or at least not solely, myosin phosphorylation. For example, 

myosin Mg2+_ATPase activity was activated by actin under some conditions 

when myosin was not phosphorylated ( Cole et al., 1982; Merkel et al., 

1982). On the other hand, using chicken gizzard actomyosin, Persechini 

et al. ( 1981) showed that phosphorylation alone was not sufficient to 

generate an active state. Similar results were observed earlier in 

intact pig aortic strips ( Murray and England, 1980). More recently, 

Cole et al., ( 1983) described a preparation of chicken gizzard smooth 

muscle myosin which, when fully phosphorylated, exhibited an actin-

activated Mg2 -ATPase activity as high as that of skeletal muscle 

actomyosin. They suggested that when myosin was not fully phosphory-

lated in this preparation, the actomyosin ATPase activity was regulated 

by a Ca2+_sensitive system different from myosin light chain kinase. 

Results from all these studies indicate that some additional factor 

is required for full activation while the nature of this factor(s) is 

unknown. However, caution must be exercised in the interpretation of 

some of these data as artifactual changes introduced into the myosin 

molecule during protein purification could account for some of the above 

observations. This is exemplified by the modification of a sulfhydryl 

group on the regulatory light chains of myosin rendering high actin-

activated Mg2 -ATPase activity without phosphorylation ( Seidel, 1979; 

Bailin and Lopez, 1981; 1982). Similarly, limited proteolysis of smooth 

muscle myosin produces a form which can also be activated by actin 

without the phosphorylation of its regulatory light chains ( Seidel, 

1980; Okamoto and Sekine, 1981). 
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II.D.2 Thick filament-linked regulation: Direct Ca2+ binding 

This concept evolved from studies of invertebrate muscles, notably 

those from mollusks, where the site of Ca2+ action resides within the 

myosin molecule ( Szent-Gyorgyi et al., 1973; Lehman and Szent-Gyorgyi, 

1975). Each molluscan myosin molecule contains two regulatory light 

chains and two specific high-affinity Ca2 -binding sites. The regula-

tory light chains function to inhibit the interaction between myosin and 

actin in the relaxed muscle. Upon activation, this inhibition is 

relieved after calcium binds to the high-affinity sites on the myosin 

molecule. Myosin can then interact with actin, leading to contraction. 

Similar modes of direct Ca2+ binding to myosins have also been shown for 

vertebrate striated muscle ( e.g. Minowa et al., 1983), cardiac muscle 

(e.g. Kardami and Gratzer, 1982) and smooth muscle ( see below) sugges-

ting that such an event may also participate in the regulatory mechan-

isms of contraction. 

From studies using guinea pig vas deferens, Chacko et al. ( 1977) 

provided evidence to show that Ca2+ not only exerts its effect on myosin 

light chain kinase but it also further enhances the actin activation of 

phosphorylated myosin. Similar direct effect of Ca2+ was also observed 

by Rees and Frederiksen ( 1981) for phosphorylated porcine aortic myosin. 

Using isolated swine pulmonary arterial myosin, Chacko and Rosenfeld 

(1982),, further showed that the highest actin-activated Mg2 -ATPase 

activity of phosphorylated myosin occurs when two moles of Ca2+ are 

bound per mole of myosin. The calcium-binding capacity as well as the 

ATPase activity are both dependent on the free Mg 2+ concentration ( 2-3 

2+ mM). At higher Mg 2+ concentrations, myosin binds very little Ca and 

the calcium sensitivity also disappears. The dual effects of Ca 2+ on 



35 

the actin activation of smooth muscle myosin have also been shown for 

phosphorylated chicken gizzard myosin under similar conditions ( Nag and 

Seidel , 1983). In all of the experiments described above, tropomyosin 

was essential for the full activation of smooth muscle actomyosin ATPase 

activity and the maximal expression of Ca 2+ sensitivity. The modulatory 

effect of tropomyosin has also been observed subsequently ( Merkel et 

al., 1984; Yamaguchi et al., 1984; Heaslip and Chacko, 1985; Miyata and 

Chacko, 1986, Seidel et al., 1986). 

II.D.3 Thick filament-linked regulation: Myosin heavy chain phosphory-

lation 

Thus far, there is good evidence that actin-activated Mg2 -ATPase 

of muscle myosin produces the force for contraction. By analogy, 

cytoplasmic myosins are likely to generate movement in a variety of 

nonmuscie systems. A unique nonmuscie system, as exemplified by 

Acanthamoeba castellanil, is regulated by myosin heavy chain phosphory-

1 ati on-dephosphoryl ati on. 

Acanthamoeba contains three different enzymes with myosin-like 

AlPase activity ( Gadasi and Korn, 1980; Kuznicki et al., 1983). Myosins 

IA and lB are both single-headed enzymes. Myosin IA contains a heavy 

chain of Mrl3OOOO and light chains of Mrl7OOO and 14,000, while 

myosin lB contains a heavy chain of Mrl2SOOO and light chains of 

Mr=27 OOO and 14,000. The third isoenzyme, myosin II, is similar to 

myosins isolated from other muscle and nonmuscle cells. It is composed 

of a pair of heavy chains of Mr=l7OOQO and two pairs of light chains of 

Mr=l7 SOO and 17,000. In the intact cell, myosins IA and lB are 
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preferentially localized close to the plasma membrane, while myosin II 

seems to be present predominantly in the cytoplasm. 

The myosin I isoenzymes normally have very low Mg2+_ATPase activi-

ties. When their heavy chains are phosphorylated, they can be activated 

by F- actin to a high degree ( Maruta and Korn, 1977). On the other hand, 

the actin-activated Mg 2+-ATPaseof myosin II is high when heavy chains 

are dephosphorylated ( McClure and Korn, 1983). Incorporation of two to 

three moles of phosphate into each of the two heavy chains completely 

inhibits the ATPase activity by interfering with the intermolecular 

interactions ( Kuznicki and Korn, 1984). Three phosphorylatable serine 

residues lie within a 16-residue sequence very close to the C-terminus 

of the molecule ( Collins et al., 1982; Cöté et al., 1984; Kuznicki et 

al., 1984). The ATPase and actin-binding sites lie in the globular head 

at least 90 nm away from the phosphorylation sites that regulate their 

activity. Trypsin-cleaved myosin II, which has lost only 66 amino acids 

from the C-terminus of each heavy chain (where the phosphorylation sites 

are located), is unable to form filaments and also has very little 

actin-activated Mg 2+ -ATPase activity ( Kuznicki et al., 1984). This 

observation led to the hypothesis that myosin II filaments were needed 

for actin-activated Mg2 -ATPase activity and that the short terminal 

peptide segment that contains the regulatory phosphorylation sites is 

also important for the formation of bipolar filaments. 

Recently, myosin heavy chain phosphorylation has been observed in 

mammalian nonmuscie systems such as bovine brain ( Matsumura et al., 

1982) and rabbit alveolar macrophages ( Trotter et al., 1985). However, 

similar observations have not yet been found in vertebrate smooth muscle 
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systems. Nevertheless, the concept that myosin filament formation may 

be regulated by reversible phosphorylation is an interesting one and may 

have a potential role in the control of muscle contraction. 

II.D.4 Thin filament- linked regulation: Leiotonin 

Ebashi 

phoryl ati on 

(Mikawa et 

and his associates were of the opinion that myosin phos-

is not involved in the control of smooth muscle contraction 

al., 1977). Instead, they proposed a system of leiotonin 

which represented the regulatory proteins in smooth muscle ( Ebashi, 

1980; Ebashi et al., 1982). This system appears to be similar to that 

which is involved in myosin phosphorylation. However, leiotonin does 

not act via the phosphorylation of myosin regulatory light chains but 

appears to activate directly the actomyosin AlPase activity (Mikawa et 

a]., 1978). It is thought that leiotonin is located on the thin fila-

ments. This conclusion is supported by experiments where active ( cap-

able of activating myosin Mg2 -ATPase activity in the presence of Ca2 ) 

and inactive smooth muscle thin filaments were prepared ( Mikawa, 1979). 

In addition, it was found that leiotonin-actin complex showed a strong 

affinity for Ca 2+ and this affinity was considerably reduced when 

leiotonin was removed from the complex ( Hirata et al., 1980; Nonomura et 

al., 1980). 

Leiotonin is composed of two subunits: leiotonin A of Mr=8OOOO 

and leiotonin C of Mr=l7OOO (Mikawa et al., 1978; Nonomura and Ebashi, 

1980). Leiotonin A shows an affinity for smooth muscle actin but not 

for tropomyosin, albeit the latter is required for the expression of 

full activity. It has been estimated that leiotonin is functional at a 

molar ratio to actin of about 1:10. Assuming that smooth muscle thin 
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filaments are each approximately 1 .iM long, five leiotonin molecules 

would be expected to be found along each thin filament. This relatively 

low stoichiometry with respect to either actin or tropomyosin is sup-

portive of an enzymatic function rather than a structural role ( Nonomura 

and Ebashi, 1980). Leiotonin C, on the other hand, is an acidic protein 

which is similar to, but not identical with, calmodulin (Mikawa et al., 

1978). When comparing the amino acid content of these two proteins, 

leiotonin C was found to contain cysteine but not trimethyllysine while 

the opposite was true for calmodulin. Furthermore, leiotonin C was 

ineffective in the activation of phosphodiesterase activity. On the 

other hand, calmodulin was able to replace leiotonin C in the activation 

of smooth muscle actomyosin reconstituted with components of leiotonin. 

This raises the question regarding which of the two proteins is the in 

vivo regulatory effector, keeping in mind that the cellular concentra-

tion of calmodulin is much higher than that of leiotonin C. Nonethe-

less, since the original conception of the leiotonin system, other 

laboratories have not been able to purify similar components. Further-

more, the mode of activation by leiotonin has not yet been fully charac-

terized by the original investigators. All these unresolved issues make 

it difficult to assess the physiological relevance of leiotonin in 

smooth muscle contraction. 

II.D.5 Thin filament-linked regulation: Calcium/actin-binding protein 

Besides the thin filament- linked leiotonin regulatory system 

proposed by Ebashi and his coworkers, several isolated reports appeared 

in the earlier literature which also suggested the existence of a thin 

filament- linked regulatory system. Initially, Driska and Hartshorne 



39 

(1975) prepared thin filaments from chicken gizzard which contained a 

protein of subunit molecular weight of z130,000 capable of regulating 

the gizzard actomyosin. Later, Marston et al. ( 1980) concluded, from 

studies using pig aorta and turkey gizzard smooth muscles in the myosin 

competition test of Lehman and Szent-Györgyi ( 1975), that a thin fila-

ment-linked regulatory system was operative in smooth muscle as well as 

the thick filament-linked system previously described. Subsequently, a 

thin filament preparation was obtained from pig aorta which contained 

enzyme(s) capable of phosphorylating a single protein of Mr2lOOO on 

the thin filament ( Walters and Marston, 1981). Comparing with informa-

tion available now, the 130,000-dalton protein of Driska and Hartshorne 

(1975) is probably equivalent to myosin light chain kinase on the basis 

of similar molecular weight (Walsh et al., 1983b) as well as the affin-

ity of this enzyme for actin ( Dabrowska et al., 1982), whereas the 

21,000-dalton protein of Walters and Marston ( 1981) could very well be 

the regulatory light chains of myosin copurified with thin filaments as 

shown recently ( Ngai et al., 1986). 

The aforementioned reports have revived the search for a thin 

filament- linked regulatory mechanism. Now, thin filament preparations 

have been obtained from chicken gizzard, rabbit stomach, sheep trachea 

and aorta smooth muscles ( Marston and Smith, 1984, 1985; Ngai et al., 

1986) which are capable of activating the reconstituted actomyosin 

2+ i 2+ Mg -ATPase activity n a Ca -dependent manner. The major components 

of these thin filament preparations are actin, tropomyosin and a 

120,000- to 140,000-dalton protein now identified as caldesmon (Marston 

and Lehman, 1985; Lehman, 1986; Ngai et al., 1986). The Ca 2+ regulatory 
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component in these thin filaments could be either caldesmon ( Marston and 

Lehman, 1985; Marston et al., 1985, Ngai et al., 1986) or another as-yet 

unidentified Ca 2+_and/or actin-binding protein associated with thin 

filaments and present in trace amounts ( Ngai et al., 1986). The nature 

of the Ca 2+_and/or actin-binding protein in the above thin filament 

system could be related to proteins which regulate actin filament 

structure reported previously ( Hinssen et al., 1984; Strzelecka-

Golaszewska et al., 1984; Ebisawa et al., 1985, Ebisawa and Nonomura, 

1985; Kanno et al., 1985). The nature of caldesmon and its potential 

functional involvement in smooth muscle regulation will be discussed 

next. 

II.D.6 Thin filament- linked regulation: Caldesmon 

Kakiuchi and his colleagues originally reported the identification 

and purification of caldesmon from chicken gizzard smooth muscle ( Sobue 

et al., 1981a). Caldesmon is a calmodulin-binding protein as shown by 

the gel overlay technique using [3H]calmodulin ( Sobue at al., 1981b), 

purification via calmodulin-Sepharose affinity chromatography ( Ngai et 

al., 1984; Bretscher, 1984; Clark et al., 1986; FUrst et al., 1986) and 

by tryptophan fluorescence measurements ( Dabrowska and Galazkiewicz, 

1986). It also binds to F- actin. Therefore, its name was derived from 

the term calmodulin and the Greek word desmos meaning binding. 

The interaction between caldesmon and calmodulin is a Ca2+-depend-

ent one ( K d=1.7 lAM) whereas its interaction with F-actin is independent 

of Ca2 . In addition, only in the presence of Ca2 , calmodulin blocks 

the interaction of F-actin and caldesmon. On the basis of these 
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interactions, Sobue et al. ( 1981b) proposed a "flip-flop" mechanism in 

which Ca 2+ acts as a switch interconnecting the following two complexes: 

+Ca2 
CaD•F-actin + CaM 2+ CaM•CaD + F-actin 

-Ca 

Equilibrium of this interconversion was found to occur at a Ca 2+ concen-

tration near 1 pM. It was thus suggested that the flip-flop mechanism 

could occur in vivo. Subsequently, such a mechanism was shown in the 

Ca2 -sensitive gelation of F-actin filaments ( Sobue et al., 1982a; 

Maruyama et al., 1985), actin-myosin interaction of gizzard smooth 

muscle ( Sobue et al., 1982b) and the interaction of a 135,000-dalton 

calmodulin-binding protein with F- actin ( Sobue et al., 1982c). In all 

cases, the addition of calmodulin in the presence of Ca2+ released 

F-actin from its complex with caldesmon. 

Caldesmon as originally isolated exhibited a subunit molecular mass 

of 150,000 daltons and two subunits constituted the native molecule 

whose molecular weight was determined to be 310,000 by gel filtration 

(Sobue et al., 1981b). However, considerable disagreements exist 

regarding the true native molecular structure of caldesmon. Recent data 

presented by Bretscher ( 1984) and FUrst et al. ( 1986) strongly suggest 

that caldesmon is an elongated, highly-flexible, asymmetric monomer. To 

date, caldesmons have been detected and/or isolated from a wide variety 

of tissues and cells ( for review, see Walsh, 1986). They all seem to 

fall within two general molecular weight classes as determined by 

SDS-PAGE: the first class has molecular masses ranging from 120,000 to 

150,000 daltons while the second has a range of 70,000-80,000 daltons. 

The lower molecular weight class appears to be a true isoform of 
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caldesmon rather than representing proteolytic fragments of the higher 

molecular weight forms. 

The content of caldesmon in chicken gizzard smooth muscle was 

estimated to be 240 mg/100 g. Based on the finding of a 1:1 stoichio-

metric binding of caldesmon to calmodulin, Sobue et al. ( 1981a) con-

cluded that caldesmon could account for nearly 70% of the total tissue 

calmodulin-binding activity. Therefore, it is conceivable that 

caldesmon may play a key role in mediating the regulatory action of 

calmodulin in smooth muscle contraction. In support of this contention, 

Sobue et al. ( 1982b) demonstrated that caldesmon inhibited the super-

precipitation of desensitized gizzard actomyosin, and that this inhi-

bition could be reversed by the addition of calmodulin in the presence 

of Ca 2+. - This observation provided evidence that the flip-flop mechan-

ism involving caldesmon and calmodulin served as an on-off switch for 

actin-myosin interaction. Thus, at high [Ca 24], caldesmon interacted 

with calmodulin rather than actin filaments, thereby allowing actin-

myosin cross-bridge formation as myosin became phosphorylated. When the 

cytosolic free [Ca 24] decreased, caldesmon dissociated from calmodulin 

and bound to actin to block actin-myosin interaction. This mechanism is 

operative in addition to the myosin phosphorylation theory constituting 

a dual regulatory control for the contractile machinery of smooth 

muscle. However, it is uncertain why this mechanism should exist while 

myosin light chain phosphatase has been shown to perform a similar role 

in relaxation. 

Subsequent data were obtained to show that the regulatory action of 

caldesmon on actin is primarily through the tropomyosin-enhanced actin-
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myosin interaction, with calmodulin conferring the Ca2+_sensitivity upon 

the action of caldesmon ( Sobue et al., 1985b). Similar evidence of a 

dual regulatory flip-flop mechanism was also provided using bovine 

adrenal medullary actomyosin ( Sobue et al., 1985c). In addition to 

these two systems, the inhibitory effect of caldesmon was also observed 

with rabbit skeletal muscle actomyosin ( Lim and Walsh, 1986; Dabrowska 

et al., 1985) and vascular smooth muscle thin filaments ( Smith and 

Marston, 1985). However, in order to negate the inhibitory effect of 

caldesmon, the amount of calmodulin added in all cases is much higher 

than the equimolar ratio of calmodulin to caldesmon. This observation 

poses further questions with respect to the " flip-flop" mechanism of 

caldesmon. 

The binding of caldesmon to F-actin also raises questions regarding 

the influence of such interactions on the filamentous nature of F-actin 

in vivo. Originally, Maruyama et al. ( 1982) did not observe any direct 

effect by caldesmon alone on the physical state of actin filaments, e.g. 

gel formation or actin filament-severing activity. In contrast, 

Bretscher ( 1984) showed that caldesmon prepared by a heat-treatment 

method crosslinked actin filaments to form thick bundles, implicating a 

structural role for caldesmon. Consistent with a structural function, 

Galazkiewicz et al. ( 1985) showed that the polymerization of G- actin 

into filaments was indeed induced by caldesmon in low ionic strength and 

was abolished by calmodulin in the presence of Ca2+. However, Sobue et 

al. ( 1985a) argued that actin filaments could not be crosslinked by 

either monomeric or dimeric caldesmon, but by caldesmon aggregates, 

formed by concentration or freeze-thawing, which caused F- actin to 
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gelate. The controversy was finally resolved in reconstitution studies 

of proteins disassembled from vascular smooth muscle Ca2+_sensitive thin 

filaments ( Moody et al., 1985). At low concentrations of caldesmon to 

actin ( 1:25), significant inhibition of actomyosin ATPase activity was 

observed while the fraction of actin filaments in bundles was very low. 

When higher caldesmon concentrations, similar to those employed by 

Bretscher ( 1984) and Dabrowska et al. ( 1985), were used, larger and more 

frequent bundling was observed. It was suggested that such bundling may 

only be related to occupation of "weak" binding sites that are not 

involved in regulation. Considering the realistic physiological ratio 

of caldesmon to actin in the smooth muscle cells and comparing this 

value to the functional ratio of troponin to actin in skeletal muscle, a 

structural role of caldesmon appears to be unlikely. 

As it was discussed in the preceding section, there has recently 

been a revival of interest in the possibility of thin filament-linked 

regulation in smooth muscle. Caldesmon must be considered as a primary 

candidate for such a mechanism and its association with smooth muscle 

thin filaments is well documented (Marston and Smith, 1985). Unfortu-

nately, the potential involvement of caldesmon in thin filament regula-

tion has so far been controversial. In addition, all observations have 

been made exclusively with in vitro systems and therefore their sig-

nificance in regulating living physiological systems remains unknown at 

this time. 

II.E. Issues and evaluations 

Biochemical studies are prerequisites in the investigation of 

regulatory mechanisms involving phosphorylation-dephosphorylation. 
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However, such studies usually are based on isolated proteins so that the 

results obtained cannot be independently applied to evaluate the physio-

logical validity of such mechanisms in vivo. The criteria of Krebs and 

Beavo ( 1979) provide the basis for assessing the physiological signifi-

cance of Ca dependent regulatory light chain phosphorylation in the 

control of smooth muscle contraction: 

i It must be demonstrated that the isolated regulatory light chains 

as well as purified intact myosin can be phosphorylated stoichio-

metrically at a significant rate in a reaction which is catalyzed 

by an endogenous Ca24-dependent kinase and dephosphorylated by 

endogenous phosphoprotein phosphatase(s). 

ii The functional properties of myosin must be shown to undergo 

physiologically-meaningful changes that can be correlated with 

the degree of phosphorylation. 

iii Myosin must be reversibly phosphorylated and dephosphorylated in 

vivo or in an intact cell system with corresponding functional 

changes. 

iv Myosin phosphorylation in muscle cells must be correlated with 

changes in the myoplasmic [Ca 2+] and other second messengers 

affecting kinase or phosphatase activity. 

The key data supporting Criteria i & ii as necessary and sufficient 

to explain the Ca 2+ stimulated contraction have been derived from the 

following observations ( reviewed in Kamm and Stull, 1985; Walsh, 1985): 

(a) Smooth muscles contain a myosin light chain kinase. When activated, 

it phosphorylates myosin at rates consistent with the rates of activa-

tion. ( b) An endogenous myosin phosphatase(s), whose activity is Ca 2+ 
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independent, can dephosphorylate myosin at rates consistent with the 

rates of inactivation. ( c) The actin-activated Mg 2+ -ATPase activity of 

smooth muscle myosin and stress generated by skinned smooth muscle 

fibers exhibit the same Ca 2+ dependence as does phosphorylation. ( d) 

Both force generation in skinned fibers and actin-activated Mg2 -ATPase 

activity depend upon phosphorylation and not Ca 2+ alone, when these two 

factors are experimentally separated. 

If myosin phosphorylation were the sole Ca2 -dependent regulatory 

mechanism, active stress should be directly related to phosphorylation 

during steady-state contraction of intact tissues ( Criterion iii). 

However, this prediction was not fulfilled. In a recent series of 

studies using different skinned smooth muscle preparations ( Dillon et 

al., 1981; Aksoy et al., 1982; 1983; Butler et al., 1983; Gerthoffer and 

Murphy, 1983a,b; Miller et al., 1983), it was observed that while myosin 

phosphorylation exhibits a rapid rise on stimulation, it typically falls 

to a lower value when stress approaches a steady-state level. These 

studies showed that Ca2 -dependent cross-bridge phosphorylation is an 

important regulatory mechanism but it does not correlate with the 

kinetics of cross-bridge cycling. The fact that stress is maintained at 

times when myosin is dephosphorylated implies that an unidentified, 

perhaps secondary, Ca2+_dependent regulatory mechanism is operative in 

intact tissues to maintain stress with low rates of cross-bridge cy-

cling. Murphy proposed to call such a Ca2 -dependent state as " latch 

state" which is mediated by dephosphorylated, attached, non-cycling or 

slowly cycling cross-bridges ( Dillon and Murphy, 1982; Murphy et al., 

1983). The physiological significance of these latch-bridges lies in 
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their presumably-low rates of energy consumption ( Butler et al., 1983; 

Siegman et al., 1985). The development of the latch state can occur 

only after the processes of activation and cross-bridge phosphorylation 

have taken place, i.e. Ca 2+_ st i mulated phosphorylation is an obligatory 

event ( Chatterjee and Murphy, 1983). In addition, it is thought that 

the formation of the latch-bridge may also involve direct Ca24-binding 

to the myosin regulatory light chains ( Chacko and Rosenfeld, 1982). 

Alternatively, phosphorylation may activate yet another regulatory 

mechanism associated with the thin filament whose function depends on 

stress or cross-bridge attachment ( Ridgway et al., 1983). 

The emerging picture depicts the cytoplasmic [Ca 2+] as the final 

link in excitation-contraction coupling which satisfies, in part, 

Criterion iv. The interesting development from studies as exemplified 

above is that a possible Ca2+ transient occurs which can maintain the 

same steady-state stress with different balances of phosphorylated 

cross-bridges and latch-bridges. Such proposed Ca2+ transients have 

indeed been detected ( Morgan and Morgan, 1982, 1984; Williams and Fay, 

1986) and were found to occur in time courses similar to the myosin 

phosphorylation transient ( Aksoy et al., 1983). Stated simply, high 

[Ca2+] produces cross-bridge phosphorylation and development of tension, 

intermediate [Ca2 ] leads to cross-bridge dephosphorylation and latch-

bridge steady-state stress, while low or resting [Ca2+] produces relaxa-

tion. This brings on the other branch of Criterion iv: cyclic nucleo-

tides and relaxation. 

Relaxation produced by many vasodilators is associated with an 

increase in cellular content of cyclic nucleotides, with cyclic AMP and 



48 

cyclic GMP being the most abundant ( Hardman, 1984). However, it is 

uncertain if this is a causal relationship and, if so, whether the 

mechanism(s) involve: ( a) enhanced Ca 2+ sequestration and/or ( b) 

decreased sensitivity of the regulatory component(s) for Ca2+. The 

latter possibility was supported by the findings that cyclic AMP-

dependent protein kinase can phosphorylate myosin light chain kinase in 

vitro, thus reducing its affinity for the Ca calmodulin complex 

(Adelstein et al., 1978, 1982; Bhalla et al., 1982). It was thus 

suggested that 3-adrenoreceptor mediated relaxation might be a direct 

result of myosin dephosphorylation. This hypothesis was supported by 

observations that cAMP, or the catalytic subunit of cAMP-dependent 

protein kinase, could inhibit contraction or relax skinned smooth muscle 

tissues actively contracting ( Kerrick and Hoar, 1981; RUegg et al., 

1981; Hoar et al., 1983). However, Miller et al. ( 1983) did not observe 

any changes in myosin light chain kinase activation in intact tracheal 

smooth muscle after relaxation induced by isoproterenol. They suggested 

that the high cellular concentration of calmodulin ensures that even 

phosphorylated MLCK ( at a site in the holoenzyme other than the active 

site) would still be activated upon stimulation. Furthermore, 

Gerthoffer et al. ( 1984) showed that forskolin produced relaxation with 

proportional increases in cyclic AMP content in intact carotid tissue 

under conditions when stress was maintained by latch-bridges and myosin 

phosphorylation was at basal values. The above observations, taken 

together, suggest that cyclic AMP is most likely acting via the Ca 2+ 

sequestration pathway. However, no direct experimental evidence is 

available as yet. On the other hand, Popescu et al. ( 1985) presented 
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evidence to show that cyclic GMP activates the sarcolemmal Ca 2+ extru-

sion ATPase of coronary smooth muscle cells inducing relaxation. 

Finally in rat aorta, inhibition of contraction may be also mediated by 

cyclic GMP through inhibition of phosphatidylinositol hydrolysis which 

presumably leads to inhibition of Ca24 release from internal stores 

(Rapoport, 1986). 

In summary, some of the major outstanding issues which remain 

unresolved are: 

(a) Is there more than one mode of Ca 2+ switch in the regulation of 

smooth muscle contraction? 

(b) Does the phosphorylation of myosin regulatory light chain alone 

mediate the entire contraction-relaxation cycle? 

(c) What is the nature of the putative latch-state and its associ-

ated Ca 2+ transient? 

(d) What roles, if any, do cyclic nucleotides play in the integra-

tion of contraction-relaxation? 



50 

III. RESEARCH OBJECTIVES 

Although myosin phosphorylation has been widely accepted as pre-

requisite to smooth muscle contraction, the mechanistic significance of 

this process in relation to excitation-contraction coupling remains 

unclear and perhaps controversial. Based on the lists of growing 

unresolved issues as outlined in the preceding section, this research 

project has been designed in an attempt to address the following two 

questions: 

(i) Is myosin phosphorylation alone adequate to initiate and maintain 

the muscle in the contracted state? If not, does a secondary 

regulatory mechanism exist constituting a dual control mechanism 

in smooth muscle? 

(ii) What is the nature of the proposed latch state? What is the 

relationship, if any, between caldesmon and the mechanistic 

component(s) involved in the latch state? 

An in vitro biochemical system reconstituted from purified contrac-

tile and regulatory proteins will be used as the basic approach to 

investigate the problem. These contractile and regulatory proteins are 

derived from chicken gizzard smooth muscle which will be used as a model 

for subsequent interpretations. 
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IV. MATERIALS AND METHODS 

I\J.A. Biological materials 

Fresh chicken gizzards used throughout this project were generous 

gifts of Pinecrest Foods Ltd., Calgary, Alberta. Bovine brains and 

various other bovine tissues were obtained from a local meat processing 

plant. Frozen bovine aortae, for the preparation of caldesmon, were 

purchased from Pel-Freeze Biologicals, Rogers, Arkansas. New Zealand 

white rabbits ( female) were used in the production of polyclonal anti-

bodies, and fresh muscles were also obtained from rabbits of the same 

breed for the purification of actin and tropomyosin. 

IV.B. Chemicals and reagents 

Ey-32PJATP ( 10-40 Ci/mmol) was purchased from Amersham Corp., 

Oakville, Ontario. Chymotrypsin A4 was purchased from Boehringer 

Mannheim, Dorval, Quebec; Staphylococcus aureus V8 protease from Pierce 

Chemical Co., Rockford, Illinois. Other specific reagents will be 

outlined in individual procedures. All other chemicals used throughout 

this project were of analytical grade or better and were supplied by 

Fisher Scientific Co., Edmonton, Alberta and Sigma Chemical Co., St. 

Louis, Missouri. 
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D.C. General procedures 

IV.C.l Protein determination by Coomassie Blue dye-binding assay 

The Coomassie Blue dye-binding assay ( Spector, 1978) was modified 

from the procedure of Bradford ( 1976). This spectrophotometric assay is 

four times more sensitive than the commonly-used method of Lowry et al. 

(1951). The method utilizes the existence of two different colour forms 

of the dye Coomassie Brilliant Blue G-250: red and blue ( Reisner et 

al., 1975). Upon binding of protein species to dye, it changes from the 

red to the blue form. The resulting protein-dye complex has a high 

extinction coefficient leading to tremendous spectrophotometric sensi-

tivity. 

Routinely, y-globulin standard ( from Sigma Chemical Co.) at a 

concentration of 0.3 mg/mL was used for calibration. This was found to 

be a more suitable protein standard than BSA based on comparisons of 

protein concentrations determined by amino acid analysis and the dye-

binding assay. Standard protein solution containing 10 to 100 Vg 

protein in a volume up to 0.1 mL was pipetted into small test tubes. 

Unknown protein samples, diluted appropriately to be within range for 

spectrophotometric measurements, were prepared similarly. The final 

volume of all tubes were then adjusted to 0.1 mL with distilled water. 

One mL of the dye-binding reagent ( from Pierce Chemical Co.) was added 

and thoroughly mixed. After incubation at room temperature for about 2 

min the absorbance of each sample at 595 nm was measured in a LKB 

Biochrom Ultrospec 4050 against a reagent blank prepared from 0.1 mL of 

distilled water and 1 mL of the dye-binding reagent. Calibration curves 

were constructed by plotting absorbance at 595 nm versus mg of 
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y-globulin ( for standard) or volume in mL of unknown sample. 

Concentration of unknown protein sample (mg/mL) was calculated according 

to the following formula: 

- slope of unknown protein curve x 0.3 x dilution factor 
[unknown] - slope of standard curve 

IV.C.2 Sodium dodecyl sulfate-polyacrylamide gradient slab-gel electro-

phoresis 

All electrophoresis reagents were purchased from BioRad Labora-

tories, Richmond, California. Electrophoresis was performed in 7.5-20% 

po]yácrylamide gradient slab gels ( 0.75 or 1.5 mm thick) with a 5% 

acrylamide stacking gel, in the presence of 0.1% SDS at 18 MA ( for 0.75 

mm gels) or 35 mA ( for 1.5 mm gels) constant current using the discon-

tinuous buffer system of Laemmli ( 1970). 

Gels were prepared from a stock solution of 30% by weight of 

acrylamide and 0.8% by weight of N,r'P-bis-methylene acrylamide. The 

final concentrations in the running gel were as follows: 0.375 M 

Tris-HC1 ( pH 8.8) and 0.1% SDS. The gels were polymerized chemically by 

the addition of TEMED ( 0.044% v/v) and ammonium persulfate ( 0.0165% 

w/v). Stacking gels contained 0.125 M Tris-HCl ( pH 6.8) and 0.1% SDS 

and were polymerized chemically in the same way as for the running gel. 

The electrode buffer ( pH 8.3) contained 0.025 M Trizma-Base, 0.192 M 

glycine and 0.1% SDS. Protein samples contained the final concentra-

tions: 0.05 P4 Tris-HCl ( pH 6.8), 1% SDS, 30% glycerol, 1% 2-mercapto-

ethanol and 0.01% bromophenol blue as tracking dye ( SOS-sample buffer). 

Protein samples were completely denatured by immersing in a boiling 

water bath for 2 min before applying to the stacking gel. 
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After electrophoresis was completed, gels were stained overnight in 

a solution containing 45% ( v/v) ethanol, 10% (v/v) acetic acid and 0.06% 

(w/v) Coomassie Brilliant Blue R-250. The gel was then destained in 10% 

(v/v) acetic acid until the background was completely clear. Gels 

obtained in this fashion were processed in four different ways: 

(1) photographed for record keeping 

(ii) molecular weight calibration of unknown protein sample ( see 

below) 

(iii) quantitation of relative protein content by scanning laser 

densitometry using LKB 2202 Ultroscan laser densitometer 

equipped with an HP 3390A integrator 

(iv) gels were dried in a Pharmacia GSD-4 slab gel drier ( attached 

to lyophilizer) and then subjected to autoradiography using 

Kodak X-0mat AR film placed in Kodak X-0mat AR cassettes 

fitted with intensifying screens for varying times of expo-

sure. 

Alternatively, electrophoresis was performed in 0.1% SDS, 10% 

polyacrylamide mini-slab gels ( 7x9 cm, 0.8 mm thick) with a 5% acryla-

mide stacking gel at 150 V. This process was carried out using a 

mini-slab gel electrophoresis unit purchased from Idea Scientific 

(Corvallis, Oregon) and was shown to be very efficient in rapid electro-

phoretic scanning of the protein content of fractions eluted from 

chromatographic columns. 

IV.C.3 Molecular weight determination 

Polyacrylamide gel electrophoresis of proteins, previously treated 

with SDS and reducing agents, was first introduced by Shapiro et al. 
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(1967) as a way of determining molecular weight. The plot of the log of 

molecular weight versus relative mobility yields a linear relationship. 

However, the extent of this linear relationship is limited for a given 

gel concentration: Mr=llOOO7OOOO for 10% gels; Mr=2SOOO2OOOOO for 

5% and Mr=2OOOOOlOOOOOO for < 3.3%. In addition, this relationship 

cannot be applied to glycoproteins. 

On the other hand, polyacrylamide gradient gels offer a much wider 

range for linearity. A near full range linear relationship can be 

obtained by plotting the log of molecular weight (marker proteins) 

versus the log of polyacrylamide concentration reached by each protein. 

The marker proteins routinely used were obtained from BioRad Labora-

tories ( Richmond, California) and their molecular weights ranged from 

14,200 to 205,000. 

IV.C.4 Amino acid composition analysis 

Triplicate samples of dialyzed protein ( in 10 mM NH4HCO3) were 

hydrolyzed in vacuo at 110°C in 6 M HC1 containing 0.1% (w/v) phenol and 

0.02% ( v/v) 2-mercaptoethanol for 24, 48 and 72 hr prior to composition 

analysis by ninhydrin detection using a Beckman model 6300 amino acid 

analyzer equipped with a Spectra-Physics SP4270 2- channel integrator. 

Tryptophan was determined after methane sulfonic acid hydrolysis by the 

procedure of Simpson et al. ( 1976) and was detected with o-phthalalde-

hyde using a Beckman model 121M amino acid analyzer equipped with a 

Spectra-Physics SP4100 integrator. Cysteine was determined after 

performic acid oxidation as described by Hirs ( 1967). 

IV.D. Routine analysis 

I\J.D.1 Quantitation of protein-bound [32P]phosphate 
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[32P]Phosphate incorporation into protein substrates was assayed by 

TCA precipitation (Walsh et al., 1983a). Reactions were terminated by 

the addition of reaction mixture to 0.5 mL of 25% TCA, 2% sodium pyro-

phosphate in a plastic funnel fitted with a fiberglass disc ( Isolab, 

Inc., Akron, Ohio). A small cotton plug was also added to prevent 

blockage of the filter by precipitated proteins. Excess, unreacted 

[y-32P]ATP was washed out using a Millipore sampling manifold (model 

1225) with 5% TCA and 1% sodium pyrophosphate. The funnels were stop-

pered, after which 0.5 mL of 25% TCA, 2% sodium pyrophosphate was added. 

Funnels were incubated in an 80°C water bath for 10 min to remove acid-

labile phosphate present in phospholipids and nucleic acids. The 

filters were then washed 4 times on the sampling manifold with 5% TCA, 

1% sodium pyrophosphate and placed in plastic scintillation vials. The 

protein-bound [32P]phosphate was quantitated by Cerenkov counting ( Ross, 

1976). 

Substrates of phosphorylation reactions were visualized by treating 

the reaction mixtures with an equal volume of SOS-sample buffer and 

subjecting to SDS/7.5-20%/PAGE as outlined above. The resultant 

Coomassie Blue-stained gels were dried and exposed to x-ray films as 

described above. 

IV.D.2 Quantitation of [32P]phosphate release 

The hydrolysis of [32P]phosphate catalyzed by actomyosin was 

assayed using the following procedure ( Ferenczi et al., 1978): aliquots 

of reaction mixtures were withdrawn and pipetted into plastic funnels 

containing 0.5 mL of 1 N perchloric acid, 0.32 M sodium phosphate, 

monobasic. The mixture was allowed to filter through the funnel into a 
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second funnel containing 1 mL of 2% activated charcoal ( Sigma #C4386, 

acid washed with HCl). The solution was vortexed and again allowed to 

filter through into a 13x50 mm glass test tube. Aliquots ( 1 mL) of the 

final filtrate were counted for released [32P]phosphate by Cerenkov 

counting. 

IV.D.3 Myosin light chain kinase assay 

This assay involves the quantitation of acid-stable phosphate 

incorporation into myosin regulatory light chains using Mg2 -[y-32P]ATP 

as the phosphate donor in the presence and absence of Ca 2+ and calmodu-

un. Either isolated regulatory light chains or intact smooth muscle 

myosin can be used as substrate. The reaction mixture contained 25 mM 

Tris-HCl ( pH 7.5), 6 mM MgCl 2, 60 mM KC1, 10 g/mL CaM, 0.5 mg/mL 

myosin, 10 g/mL MLCK in the presence of either 0.1 mM CaCl 2 or 1 mM 

EGTA. Reactions were initiated by the addition of [y-32P]ATP ( specific 

activ1ty2,000 cpm/nmol) to a final concentration of 1 mM. Reactions 

were terminated at different time points and protein-bound [32P]phos-

phate was quantitated as outlined in section I\J.D.1. 

IV.D.4 Actin-activated myosin Mg2 -ATPase assay 

The actin-activated myosin Mg2 -ATPase activity which occurs in a 

system reconstituted from the necessary contractile and regulatory 

proteins serves as a biochemical correlate of muscle contraction. The 

reaction mixture containing myosin ( 0.44 mg/mL) was incubated at 30°C in 

25 mM Tris-HCl ( pH 7.5), 6 mM MgCl 2, 60 mM KC1, 10 .tg/mL MLCK, 10 Ag/mL 

CaM, 50 .tg/mL tropomyosin and 0.25 mg/mL actin ( either skeletal or 

smooth muscle) in the presence of 0.1 mM CaCl 2 or 1 mM EGTA. Reactions 

were initiated by the addition of [y-32P]ATP ( specific activity2,000 
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cpm/nmol) to a final concentration of 1 mM. Aliquots of reaction 

mixtures were withdrawn at the indicated times for quantitation of 

[32P]phosphate released as described in section I\J.D.2. 

The physiological [Mg 24] is z 4 mM ( Somlyo and Somlyo, 1983). It 

has been observed that the phosphorylation and ATPase kinetics are 

constant over the range of 4-10 mM MgCl 2. These assays were therefore 

routinely carried out at 5 mM free Mg24. 

IV.D.5 Protein-protein interactions 

The interactions between caldesmon and F-actin as well as the 

influence of calmodulin and Ca2 on this interaction were performed as 

described by Sobue et al. ( 1981b). Combinations of proteins ( as indi-

cated in the individual figure legends) were incubated in 5 mM Tris-HCl 

(pH 7.5), 0.1 M KC1, 0.1 mM DTT, 2.5 mM MgCl 2, 1 mM ATP in the presence 

of either 0.1 mM CaCl 2 or 1 mM EGTJ\ at 30°C for 30 min in a total volume 

of 1.0 mL. The mixtures were then chilled on ice and centrifuged at 

200,000xg for 90 mm. The protein contents of the separated super-

natants and pellets were examined by SDS/7.5-20%/PAGE. Destained gels 

were subjected to scanning laser densitometry to quantitate distribution 

of proteins. 

In the series of experiments comparing the interactions between 

F-actin or calmodulin and phosphorylated or nonphosphorylated caldesmon, 

affinity-purified caldesmon preparations were subjected to bulk phos-

phorylation as follows. Stock caldesmon ( 0.7 tiM) was incubated in 20 mM 

Tris-HCl ( pH 7.5), 0.1 M NaCl, 5 mM MgCl 2, 0.1 mM DTT and 0.6 MM CaM in 

the presence of 0.1 mM CaCl 2. Reaction was initiated by the addition of 

ATP to a final concentration of 0.5 mM. The reaction mixture was 
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incubated at 30°C for 90 mm, after which the mixture was heated to 

85-90°C and maintained at that temperature for 2 mm. The sample was 

then cooled in an ice bath to room temperature and denatured proteins 

were removed by centrifugation. Control nonphosphorylated caldesmon 

sample was prepared in an identical manner but in the presence of 1 mM 

EGTA. The caldesmon concentrations of the resulting solutions were 

redetermined before being used in subsequent binding studies. 

IV.E. General purification procedures 

I\J.E.1 Calmodulin 

Calmodulin was purified from bovine brain by a modified procedure 

of Gopalakrishna and Anderson ( 1982) as described by Walsh et al. 

(1984). Fresh, clean bovine brain ( 500 g) was homogenized in 3 vol of 

20 mM Tris-HCl ( pH 7.5), 4 mM EDTA, 1 mM EGTA for 2x30 sec in a commer-

cial Waring blender. The homogenate was centrifuged at 10,000xg for 15 

mm. The supernatant was filtered through glass wool and centrifuged at 

100,000xg for 1 hr. The resultant supernatant was again filtered 

through glass wool and solid ammonium sulfate was added to 75% satura-

tion. After stirring for 30 mm, it was centrifuged at 30,000xg for 45 

mm. The supernatant was discarded while the pellet was resuspended in 

a minimum volume ( 100 mL) of 20 mM Tris-HCl ( pH 7.5), 1 mM EDTA, 1 mM 

EGTA and dialyzed overnight against 2x10 L of the same buffer. The next 

morning, the dialyzed sample was centrifuged at 14,000xg for 20 mm. To 

the supernatant, solid MgCl 2 and CaCl 2 was added to a final concentra-

tion of 2 mM each. The solution was applied to a column ( 1.6x40 cm) of 

phenyl-Sepharose CL-4B that had been previously equilibrated with 20 mM 

Tris-HCl ( pH 7.5) and 0.1 mM CaCl 2. After washing the column with this 
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buffer until A280 reached baseline, it was then washed with 20 mM 

Tris-HC1 ( pH 7.5), 0.1 mM Cad 2 and 1 NI NaCl. Finally, bound calmodulin 

was eluted with 20 mM Tris-HC1 ( pH 7.5) and 1 mM EGTA. Selected 

fractions were examined by SDS/7.5-20%/PAGE. 

The pooled calmodulin was further purified by heat treatment at 

80-85°C for 2 min in the presence of 2 mM CaCl 2. After cooling to room 

temperature, the suspension was centrifuged at 15,000xg for 30 mm. The 

supernatant which contained calmodulin was dialyzed overnight against 

2x10 L of 20 mM Tris-HCl ( pH 7.5), 1 mM EGTA, 1 mM OTT ( Buffer X) and 

applied onto a column ( 1x40 cm) of DEAE-Sephacel previously equilibrated 

with Buffer X. The column was washed with Buffer X until A280 reached 

baseline and bound proteins were eluted with a linear salt gradient 

generated from 200 mL each of Buffer X and Buffer X containing 0.4 NI 

NaCl. The flow rate was at 12 mL/hr and 4-mL fractions were collected. 

Calmodulin-containing fractions were pooled and dialyzed against 2x10 L 

of 10 mM NH4HCO3 and lyophilized. The lyophilized protein was dissolved 

in a minimal volume of water and the final concentration was determined 

using the extinction coefficient, 277 nm 1.9 ( Klee, 1977). The final 

product was stored in small aliquots (zl.5 mL) at - 20°C. 

IV.E.2 Actin 

Rabbit skeletal muscle acetone powder was first prepared by the 

method of Pardee and Spudich ( 1982). Freshly-excised rabbit dorsal 

lateral skeletal muscle and hind leg muscle were minced at 4°C in a 

prechilled meat grinder. The muscle mince was extracted for 10 min with 

1 L of ice-cold 0.1 N KCl, 0.15 NI potassium phosphate ( pH 6.5) and was 

filtered by squeezing through cheesecloth. The filtered muscle was 
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extracted for 10 min with 2 L of cold 0.05 M NaHCO3 and filtered. The 

muscle residue was then extracted for 10 min with 1 L of cold 1 mM EDTA 

and filtered. The resulting residue was extracted twice with 2 L of 

cold distilled water for 5 mm, filtering after each extraction. All 

extractions up to this stage were carried out at 4°C. The final extrac-

tions of the muscle were with 1 L acetone for 10 min at room tempera-

ture, repeating 4 times. The acetone-extracted residue was allowed to 

air dry. 

The actual actin preparation was performed according to the proce-

dure described by Zot and Potter ( 1981). Ten grams of acetone powder 

was first extracted with 15 vol of an extraction buffer ( 20 mM MOPS, pH 

7.5, 0.1 mM CaCl 2, 0.33 mM ATP, 0.1 mM DTT and 0.005% NaN3) for 30 mm 

at near 0°C. The extract was collected through cheesecloth without 

squeezing. This was followed by washing the bolus with an additional 15 

vol of ice-cold distilled water. The supernatant was clarified at 

48,000xg for 10 mm. Stock 3 M KCl was then added to the clarified 

supernatant to a final concentration of 0.6 M and the monomeric actin 

was allowed to polymerize at room temperature for 3 hr. F-actin was 

brought to pellet by centrifugation at 148,000xg for 90 mm. Care was 

taken to remove all traces of the supernatant by repeatedly rinsing the 

actin pellets with the final storage buffer ( 10 mM MOPS, pH 7.0, 40 mM 

KC1, 0.1 mM DTT and 0.02% NaN3) prior to homogenizing the pellets in the 

same buffer. Homogenized F- actin was stored in 1.5 mL aliquots at 

-80°C. Final protein concentration was determined using the extinction 

coefficient, s nm = 11.08. 
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Alternatively, F- actin was also prepared from fresh chicken gizzard 

smooth muscle as described in Ngai et al. ( 1986). This procedure was 

essentially identical to that of Pardee and Spudich ( 1982) except for 

the final storage buffer which contained 10 mM Tris HCl ( pH 7.5), 40 mM 

KCl, 0.1 mM DTT and 0.005% NaN3. 

IV.E.3 Myosin 

Chicken gizzard myosin was prepared by the method of Persechini and 

Hartshorne ( 1981). Minced frozen chicken gizzard smooth muscle was 

suspended in 6 vol of 10 mM Tris-HCl ( pH 7.5), 50 mM KC1, 2 mM EGTA, 15 

MM MgCl 2, 0.2 mM DTT and 3% Triton X-100 ( Buffer M) with the aid of a 

Polytron to yield a homogeneous suspension. The suspension was centri-

fuged at 1,500xg for 5 mm. Homogenization and centrifugation were 

repeated 4 times with Buffer M. The final pellet was homogenized in 

Buffer M without Triton X-100 and centrifuged as before. This step was 

repeated two more times. The pellet obtained was suspended in 2 vol of 

40 mM imidazole ( pH 7.1), 5 mM ATP ( solid added just before use), 4 mM 

EDTA, 2 mM EGTA, 0.5 mM DTT with the aid of a Polytron. The suspension 

was centrifuged at 14,000xg for 20 mm. The supernatant was then 

filtered through glass wool. Stock 1 M MgCl 2 was slowly added to the 

supernatant to a final concentration of 150 mM using a peristaltic pump. 

Stock 0.1 M ATP was then added to a final concentration of 2.5 mM in a 

similar manner. The solution was left to stand for 10 mm, after which 

it was centrifuged at 14,000xg for 10 mm. The supernatant, after 

filtering through glass wool, was centrifuged at 50,000xg overnight. 

The next morning, the supernatant was diluted using 10 vol of cold 

distilled water to precipitate the myosin. Myosin was collected by 
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centrifugation at 11,000xg for 15 mm. The myosin pellet was suspended 

in 250 mL of distilled water using a Potter homogenizer to form a 

homogeneous, opaque suspension. To this suspension, the following were 

added in order: EGTA ( 0.2 M) to final concentration of 1.5 mM; sodium 

phosphate buffer ( 0.2 M, pH 7.6) to 10 mM; MgCl 2 ( 1 M) to 0.2 M and ATP 

(0.1 M) to 5 mM. MgCl 2 and ATP were added slowly using a peristaltic 

pump. The solution was left to stand for 10 mm, after which it was 

centrifuged at 160,000xg for 3 hr. The supernatant was again diluted 

with 10 vol of cold distilled water to precipitate myosin. The final 

myosin pellet, collected at 11,000xg for 15 mm, was dissolved in a 

minimal volume ( 20-30 mL) of 10 mM Tris-HCl ( pH 7.5), 0.3 M KCl, 0.2 mM 

DTT and dialyzed against 2x2 L of the same buffer. Final clarification 

at 25,000xg for 40 min yielded pure myosin in the supernatant. Protein 

concentration (mg/mL) was determined by using the following formula: 

280nm310nm x 2.1 x dilution factor. The quality of myosin was 

monitored by measuring the stoichiometry of phosphate incorporation and 

by SDS/7 . 5-20%/PAGE. 

Traces of calmodulin and myosin light chain kinase were removed 

successfully by passing myosin through a phenyl-Sepharose CL-4B column 

in series with a calmodulin-Sepharose 4B column in the presence of 0.1 

mM CaCl 2 as described in Ngai and Walsh ( 1986). All myosin samples were 

stored under nitrogen atmosphere and their quality was maintained up to 

5 weeks at 4°C. 

IV.E.4 Tropomyosin 

Tropomyosin was prepared from chicken gizzard by extraction from 

acetone powder and was purified by standard procedures ( Bailey, 1948; 
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Cummins and Perry, 1973). To prepare the acetone powder, chicken 

gizzard smooth muscles were passed through a meat grinder. The minced 

muscle was washed 3 times with a solution containing 0.1 M KC1, 1 mM 

NaNC03 and 10 pM PMSF. The washed tissue was extracted with 2 vol of a 

solution containing 0.3 M KCl, 0.15 M potassium phosphate ( pH 6.5), 1 mM 

ATP, 10 pM PMSF and 0.5 mM DTT for 16 hr at 4°C. The extract was 

centrifuged at 10,000xg for 30 mm. The residue was washed ( 2 vol each) 

once with water, twice with 0.4% NaHCO3, 4 times with distilled water 

and 3 times with chilled acetone. The final residue was allowed to dry 

at room temperature. 

To prepare tropomyosin, acetone power was immersed in 7 vol of a 

buffer containing 10 mM Tris-HC1 ( pH 7.5) and 1 M KC1 and extracted 

using overhead stirring for 12 hr at room temperature. Afterwards, the 

mixture was centrifuged at 10,000xg for 10 mm. The supernatant was set 

aside while the residue was re-extracted with the same buffer for 2 hr 

and centrifuged. The combined extract was acidified to pH 4.6 and after 

1 hr the precipitate was collected by centrifugation. The precipitate 

was dispersed in 5 vol of distilled water, pH readjusted to 7.0 and the 

solution stirred slowly for 1 hr, after which time any material that 

remained insoluble was removed by centrifugation. The solution was then 

salted out between 40% and 70% ( NH 4)2SO4 saturation. The precipitate 

obtained from this fractionation step was dissolved in a minimal volume 

of 10 mM Tris-HCl (p1-I 7.5) and dialyzed exhaustively against the same 

buffer. The quality of tropomyosin was examined first by 

SDS/7.5-20%/PAGE before repeated cycles of isoelectric precipitation and 
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(NH 4)2SO4 fractionation were carried out to obtain pure tropomyosin. 

The final product was stored in small aliquots (z 1.5 mL) at -80°C. 

IV.F. Specific purification procedures 

IV.F.l Myosin light chain kinase and caldesmon 

Minced frozen chicken gizzard smooth muscle ( 100 g) was homogenized 

in 4 vol of 20 mM Tris-HC1 ( pH 7.5), 40 mM NaCl, 1 mM MgCl 2, 1 mM DTT, 1 

mM EGTA, 0.05% Triton X-100 ( Buffer A) in a Waring blender for 3x10 sec. 

The homogenate was centrifuged at 10,000xg for 15 mm. The pellet was 

resuspended in Buffer A without Triton X-100, homogenized and centri-

fuged as before. This wash step was repeated once. The resultant 

pellet was suspended in 4 vol of 40 mM Tris-HC1 ( pH 7.5), 60 mM NaCl, 25 

mM MgCl 2, 1 mM DTT, 1 mM EGTA ( Buffer B), homogenized and centrifuged at 

10,000xg for 30 min. The supernatant was filtered through glass wool 

and applied to a column ( 2.6x40 cm) of DEAE-Sephacel previously 

equilibrated with Buffer B. The column was washed with Buffer B until 

absorbance returned to baseline, then bound proteins were eluted using a 

linear salt gradient generated from 200 mL each of Buffer B and Buffer B 

containing 0.4 M NaCl. Selected fractions were examined by 

SDS/7.5-20%/PAGE, and were separated into two pools: A and B. 

Pool A ( containing caldesmon) was dialyzed extensively against 2x10 

L of 20 mM Tris-HCl ( pH 7.5), 0.1 M NaCl, 0.]. mM DTT, 1 mM EGTA 

(EGTA-buffer). Solid CaCl 2 was added to a final concentration of 0.1 mM 

and the solution was applied to 2columns ( 1x8 cm, arranged in parallel) 
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* 
of calmodulin-Sepharose 4B previously equilibrated with the above 

buffer but made 0.1 mM in CaCl 2 ( Ca-buffer). The column was washed with 

Ca-buffer and then with Ca-buffer containing 1 M NaCl to remove 

non-specifically bound proteins. Finally, calmodulin-binding proteins 

were eluted with EGTA-buffer. Caldesmon fractions were pooled according 

to SDS/7.5-20%/PAGE. During the latter part of the project, the wash 

step using 1 M NaCl containing Ca-buffer was omitted. The final product 

(affinity-purified CaD) was stored in small aliquots (z 1.5 mL) at 

-80°C. 

Pool B ( containing MLCK) was dialyzed extensively against 2x10 L of 

20 mM potassium phosphate ( pH 8.0), 1 mM EGTA, 1 mM EDTP, 1 mM OTT, 

0.02% NaN3 ( Buffer C) and applied to a column ( 1.6x20 cm) of Affi-Gel 

Blue ( from BioRad Laboratories) previously equilibrated with Buffer C. 

The column was washed with Buffer C until absorbance returned to base-

line. Bound proteins were then eluted with a linear gradient generated 

from 200 mL each of Buffer C and Buffer C containing 1.5 M NaCl. Myosin 

light chain kinase fractions were pooled according to SDS/7.5-20%/PAGE. 

Enzymatic activity was measured using smooth muscle myosin as substrate. 

The final product was stored in small aliquots (z 1.5 mL) at -80°C. 

IV.F.2 Alternative ways of purifying caldesmon 

In place of calmodulin-Sepharose 4B column chromatography, 

caldesmon was further purified as follows. The pooled fractions from 

* 
Column resin was prepared by coupling CaM to CNBr-activated 

Sepharose 4B ( Pharmacia) according to the manufacturer's guide. 
Typically, this procedure yields 0.8-1.0 mg CaM per mL packed resin. 
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the DEAE-Sephacel column were dialyzed extensively against 2x10 L of 

Buffer C and applied to a column of Affi-Gel Blue identical to that 

which was used for purifying MLCK. Bound proteins were eluted with a 

linear gradient generated from 200 mL each of Buffer C and Buffer C 

containing 2 M NaCl. Selected fractions were examined by 

SDS/7.5-20%/PAGE. Fractions containing caldesmon were pooled, dialyzed 

extensively against 2x10 L of 20 mM Tris-HC1 ( pH 7.5), 1 mM EGTA, 0.5 mM 

DTT, 0.1 M NaCl ( Buffer 0) and applied to a column ( 1x40 cm) of 

DEAE-Sephacel previously equilibrated with Buffer D. After washing the 

column with Buffer 0 to remove all unbound proteins, bound proteins were 

eluted with a linear gradient generated from 200 mL each of Buffer 0 and 

Buffer 0 containing 0.2 M NaCl. Again selected fractions were examined 

by SDS/7.5-20%/PAGE. The final product ( DE/kE-purified CaD) was stored 

in small aliquots (z 1.5 mL) at -80°C. Occasionally, affinity-purified 

caldesmon was further purified using this second DEAE-Sephacel column 

chromatographic step as well. 

Chicken gizzard caldesmon was also purified by a combination of the 

procedures of Bretscher ( 1984) and that which was described above. 

Minced gizzard smooth muscle ( 100 g) was suspended in 6 vol of 50 mM 

imidazole ( pH 6.9), 0.3 M KC1, 1 mM EGTA, 0.5 mM MgCl 2, 0.25 mM PMSF 

(extraction buffer) and homogenized in a Waring blender for 2x30 sec. 

The homogenate was heated in a boiling water bath to 85-90°C, maintained 

at this temperature for 2 mm, chilled on ice and then centrifuged at 

48,000xg for 30 mm. The solution was salted out between 30% and 50% 

(NH4)2SO4 saturation. The pellet was resuspended in a minimal volume of 

20 mM Tris-HC1 ( pH 7.5), 1 mM EGTA, 0.5 mM OTT ( Buffer E) with the aid 
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of a hand-operated Potter-Elvehjem homogenizer and dialyzed extensively 

against 2x10 L of Buffer E. The dialyzate was clarified first by 

centrifugation at 48,000xg for 15 min and applied to a column ( 2.6x40 

cm) of DEAE-Sephacel previously equilibrated with Buffer E. The column 

was washed with Buffer E until absorbance returned to baseline. Bound 

proteins were eluted with a linear gradient generated from 350 ml each 

of Buffer E and Buffer E containing 0.25 M NaCl. Selected fractions 

were examined by SDS/7.5-20%/PAGE. The pooled fractions were dialyzed 

extensively against 2x10 L of 20 mM Tris-HC1 ( pH 7.5), 1 mM EGTA, 0.5 mM 

DTT. The final product ( heat-treated CaD) was stored in small aliquots 

(z 1.5 mL) at -80°C. 

IV.F.3 Bovine aorta caldesmon 

The procedure used here was a modification of that used for gizzard 

caldesmon by heat treatment. Ammonium sulfate fractionation was not 

utilized since this step resulted in extensive proteolysis of aorta 

caldesmon. Frozen bovine aorta was trimmed of fat and the adventitial 

layer before being minced in a meat grinder. The minced muscle ( 100 g) 

was suspended in 6 vol of extraction buffer containing in addition 5 

mg/L soybean trypsin inhibitor. The suspension was homogenized for 4x30 

sec with the aid of a Polytron fitted with a PT2OST probe generator. 

The homogenate was heat treated as described above. Denatured proteins 

were subsequently removed by centrifugation at 30,000xg for 30 mm. The 

supernatant was dialyzed extensively against 2x10 L of 20 mM Tris-HC1, 

pH 7.5, 1 mM EGTA, 0.5 mM DTT, 0.25 mM PMSF ( Buffer F) and then applied 

to a column ( 2.6x40 cm) of DEAE-Sephacel previously equilibrated with 

Buffer F. After the column was washed thoroughly with Buffer F, bound 
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proteins were eluted with a linear gradient generated from 350 mL each 

of Buffer F and Buffer F containing 0.25 M NaCi. Selected fractions 

were examined by SDS/7.5-20%/PAGE and immunoblotting ( detailed descrip-

tion given below). Pooled caldesmon-containing fractions were dialyzed 

against two changes ( 10 L each) of EGTA-buffer. Solid CaCl 2 was added 

to the dialyzate to a final concentration of 1.5 mM before applying to a 

column ( lxlO cm) of calmodulin-Sepharose 4B previously equilibrated with 

Ca- buffer. The column was washed with Ca-buffer until absorbance 

returned to baseline and bound proteins were eluted with EGTA-buffer. 

Selected fractions were examined by SDS/7.5-20%/PAGE and immunoblotting. 

Caldesmon-containing fractions were pooled and stored in small aliquots 

(z 1.5 mL) at -80°C. 

IV.F.4 Caldesmon kinase and caldesmon phosphatase 

Caldesmon purified by a combination of DEI\E-Sephacel and cal-

modulin-Sepharose chromatographic steps was shown to exhibit caldesmon 

kinase activity. This protein kinase activity was subsequently 

separated into two peaks by an additional DEAE-Sephacel chromatographic 

step. The activity contained in each peak was found to be extremely 

labile. Therefore, caldesmon kinase was obtained together with 

caldesmon as originally purified. Caldesmon phosphatase activity was 

detected in a crude preparation of myosin light chain phosphatase whose 

purification will be described next. 

I\J.F.5 Myosin light chain phosphatase 

Myosin light chain phosphatase was purified from chicken gizzards 

by modifying the procedures of Werth et al. ( 1982) and Pato and 

Adelstein ( 1983a) as follows. Minced frozen gizzard smooth muscle ( 100 
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g) was homogenized in a Waring blender with 4 vol of 50 mM Tris-HCl ( pH 

7.5), 10 mM MgCl 2, 1 mM OTT, 75 mg/L PMSF, 10 mg/L soybean trypsin 

inhibitor, 1 mg/L leupeptin, 1 mg/L pepstatin and 0.1 mM DFP. The 

homogenate was centrifuged at 10,000xg for 30 mm. The supernatant was 

subjected to 30-60% ( NH 4)2SO4 fractionation. The resulting pellet was 

suspended in a minimal volume of 20 mM Tris-HCl ( pH 7.5), 1 mM EDTA, 1 

mM EGTA, 1 mM OTT ( Buffer G) and dialyzed extensively against 2x10 L of 

the same buffer. The dialyzate was then applied to a column ( 1.6x30 cm) 

of DEAE-Sephacel previously equilibrated with Buffer G. After washing 

the column with Buffer G until absorbance returned to baseline, bound 

proteins were eluted with a linear gradient generated from 250 mL each 

of Buffer G and Buffer G containing 0.6 M NaCl. Selected fractions were 

assayed for phosphoprotein phosphatase activity using 

stably-phosphorylated myosin as substrate. The resulting pool was 

stored in small aliquots (z 1.5 mL) at -80°C. The crude preparation of 

myosin light chain phosphatase was also shown to remove phosphate 

incorporated into caldesmon suggesting the presence of caldesmon 

phosphatase activity. 

IV.G. Immunological techniques 

IV.G.1 Polyclonal antibody production 

DEAE-purified caldesmon ( antigen) was dialyzed extensively against 

5 L of 50 mM Tris-HCl ( pH 7.5), 150 mM NaCl. A volume of dialyzed 

caldesmon containing 0.225 mg protein per animal was mixed thoroughly 

with an equal volume of Freund's complete adjuvant ( from Gibco, 

Burlington, Ontario). The mixture was injected subcutaneously at 

multiple sites into two rabbits. Two weeks later, another volume of 
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dialyzed caldesmon containing 0.2 mg protein per animal was mixed 

thoroughly with an equal volume of Freund's incomplete adjuvant and 

injected subcutaneously as before. A second booster injection ( 0.1 mg 

caldesmon per animal in Freund's incomplete adjuvant) was given two 

weeks later. A third booster injection ( 0.05 mg caldesmon per animal in 

Freund's incomplete adjuvant) was given two weeks later. Blood was 

taken via the ear vein from each animal every 3 days following the first 

booster injection and the antibody titer checked using the ELISA test 

(Voller et al., 1978; Yolken, 1978). 

The animals were bled completely on Day 71 following the first 

injection of antigen. The antibodies against caldesmon were purified as 

follows. An equal volume of saturated ( NH 4)2SO4 in 20 mM Tris-HCl ( pH 

8.0), 27 mM NaCl, 0.02% NaN3 ( Buffer I) was added to the collected, 

high-titer serum. The sample was centrifuged at 22,000xg for 20 mm. 

The pellet was redissolved in Buffer I and saturated ( NH 4)2SO4 was added 

to 40% saturation prior to centrifugation as before. The resulting 

pellet was once again dissolved in Buffer I and dialyzed overnight 

against two changes ( 10 L each) of Buffer I. The dialyzate was applied 

to a column ( 2.6x60 cm) of DEAE Affi-Gel Blue ( from BioRad Laboratories) 

previously equilibrated with Buffer I. The unbound protein fraction was 

collected and concentrated by vacuum dialysis against 10 mM Tris-HCl ( pH 

7.4), 155 mM NaCl ( Tris-saline buffer) and 0.02% NaN3. The final 

product was stored in small aliquots (x 1.5 mL) at -80°C. Concentration 

of immunoglobulin was determined using the extinction coefficient: 

F 280 nm = 14.3. Serum obtained from the animals before immunization was 

purified in an identical manner to produce nonimmune control antibodies. 
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IV.G.2 Immunoblotting procedure 

Nitrocellulose membranes ( from BioRad Laboratories) were incubated 

in distilled water for 30 min and then in transblot buffer ( 25 mM 

Trizma-Base, 192 mM glycine, pH 8.3, 20% methanol, 0.1% SOS) for 30 mm. 

Following electrophoresis, gels for transblotting were incubated in 100 

mL of transblot buffer with gentle agitation for 1 hr. Transblotting 

was carried out in BioRad Transblot system at 40 V ( constant voltage) 

and 4°C for about 16 hr. After transblotting, nitrocellulose membranes 

were first incubated in 40 mL of Tris-saline buffer containing 3% BSA at 

room temperature for 1 hr in a glass dish with occasional shaking. 

Excess BSA was then removed by washing the membranes with 3 changes ( 5 

min each) of 40 mL of Tris-saline buffer. The membranes were next 

incubated in 40 mL of Tris-saline buffer containing primary antibody 

(anti-caldesmon IgG, 50 pg/mL) at room temperature for 2 hr with 

constant gentle agitation. Excess antibody was removed by washing with 

5 changes ( 5 min each) of 40 mL of Tris-saline buffer. The membranes 

were then treated with 40 mL of Tris-saline buffer containing secondary 

antibody ( anti-rabbit IgG - horseradish peroxidase conjugate obtained 

from Sigma Chemical Co., diluted 1:1000) at room temperature for 2 hr. 

Excess antibody was removed by washing with 5 changes ( 5 min each) of 40 

mL of Tris-saline buffer. Visualization was achieved by soaking the 

membranes in a freshly-prepared solution formed by mixing 60 mg of 

4-chloro-1-naphthol in 20 mL of methanol with 100 mL of Tris-saline 

buffer containing 60 pL of 30% H202. 

IV.G.3 Preparation of tissue samples for caldesmon screening 
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Different tissues obtained either from the chicken or the cow were 

frozen immediately on dry ice. Samples ( 0.5-1.0 g) of each tissue were 

homogenized in 6 vol of 50 mM imidazole-HCl, pH 6.9, 0.3 M KCl, 1 mM 

EGTA, 0.5 mM MgCl 2, 0.25 mM PMSF with the aid of a Polytron equipped 

with a PT10ST probe generator. An aliquot of each homogenate ( 0.5 mL) 

was withdrawn, added to 0.5 mL of SDS-sample buffer and boiled for 2 mm 

prior to being subjected to SDS/7.5-20%/PAGE. The remainder of each 

homogenate was heated to 90°C for 2 mm, cooled on ice and centrifuged 

at 37,000xg for 15 min to remove denatured proteins. An aliquot of each 

heat-treated supernatant ( 0.5 mL) was added to 0.5 mL of SDS-sample 

buffer and boiled prior to electrophoresis. 

IV.G.4 Competitive ELISJ\ assay 

A competitive ELISA was used to test various antigens with the 

chicken gizzard caldesmon antibody using a modification of the method of 

Engva]l ( 1980). Chicken gizzard caldesmon ( 100 VL of a 0.5 mg/mL 

solution in Na2CO3 buffer, pH 9.6) was incubated in microtiter wells for 

16 hr at 4°C and washed 3 times with phosphate-buffered saline-Tween 

prior to use. Aliquots ( 200 i.iL) of the diluted anticaldesmon were added 

to equal volumes of 1- in-3 dilutions of the competing antigens and 

incubated for 1 hr at room temperature. Aliquots ( 100 iL) of the 

incubates were then transferred to the previously-coated wells and 

incubated for an additional 2 hr at room temperature. After three 

rinses with phosphate-buffered saline-Tween, 100 ML of a 1:1000 dilution 

of the second antibody ( goat anti-rabbit IgG conjugated with alkaline 

phosphatase from Sigma Chemical Co.) were added and incubated for 2 hr. 

After three rinses with phosphate-buffered saline-Tween, 200 ML of 
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phosphatase substrate ( 1 mg of p-nitrophenyl phosphatein diethanol-

2+ amine-Mg buffer, pH 9.6) were added and incubated for 30 nun. The 

reaction was terminated by the addition of 30 .tL of 4 N NaOH and the 

intensity of the color reaction read in an automatic Micro-ELISA reader 

at 405 nm. Appropriate controls for background were made by omitting 

either the antigen and/or the primary antibody-binding step. The 

highest reading obtained in the absence of competing antigen was taken 

as 0% inhibition. 
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V. RESULTS AND DISCUSSION 

V.A Purification and characterization of myosin light chain kinase and 

cal desmon 

V.A.1 Isolation and purification of the native form of myosin light 

chain kinase 

It has been widely accepted that the regulation of smooth muscle 

contraction is primarily controlled by the phosphorylation state of 

myosin. Therefore, it is important to reconfirm this well-established 

reaction, catalyzed by the calcium- and cal moduli n-dependent MLCK, at 

the onset of this project. In addition, Walsh et al. ( 1983b) have 

previously described the identification as well as the separation of two 

forms of MLCK in turkey gizzard. On further purification, one form was 

shown to be the well -characterized 130,000-dalton enzyme ( Adelstein and 

Klee, 1980; Walsh et al., 1983a). The other form, upon passage through 

an immobilized calmodulin-Sepharose affinity column, consisted of two 

polypeptide chains of Mrl36OOO and Mr=l4lOOO• Subsequently, it was 

demonstrated that the 136,000-dalton polypeptide is the native form of 

MLCK while the 130,000-dalton enzyme was derived from the higher mo-

lecular weight form by proteolysis during purification ( Adachi et al., 

1983). 

On the basis of these recent findings, the first task was to design 

a procedure ( as described in Materials and Methods) to isolate and 

purify the 136,000-dalton enzyme. It has been shown previously ( Adachi 
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et al., 1983) that the high [Mg 2 ] extract of gizzard myofibrils con-

tamed four major proteins. These are identified as filamin (Mr= 

240,000), actin (M r=42 ,000) and proteins of Mr=l4lOOO and 136,000, 

referred to as a and b respectively ( Fig. 4, lane 1 of gel inset). As 

shown in Fig. 4, the latter two polypeptides can be separated by ion-

exchange chromatography at 25 mM Mg2+. Under these conditions, protein 

a did not bind to DEAE-Sephacel whereas protein b was bound and then 

eluted at a higher salt concentration ( 0.225 M NaCl). Protein a was 

further purified by calmodulin-Sepharose affinity chromatography ( Fig. 

5, detailed discussion presented in section IV.A.3). 

Protein b was purified to electrophoretic homogeneity by Affi-Gel 

Blue affinity chromatography ( Fig. 6). The early fractions of the 

protein peak eluted by the NaCl-gradient showed evidence of some very 

minor proteolysis ( see gel inset) and hence they were not included in 

the fractions pooled for subsequent experiments. Protein contained in 

this pool was also shown to bind to calmodulin-Sepharose in a Ca2+_ 

dependent manner ( data not shown), further confirming that MLCK is a 

calmodulin-binding protein. However, this procedure was not used in the 

purification of MLCK instead of Affi-Gel Blue since calmodulin-Sepharose 

affinity chromatography routinely results in extensive proteolysis by 

endogenous Ca2+_dependent proteases. The procedure described here 

includes EGTA throughout, thereby avoiding such activation and corres-

ponding proteolysis. Furthermore, this procedure also eliminates the 

use of ammonium sulfate fractionation which was shown primarily to be 

responsible for the generation of the 130,000-dalton major fragment of 

MLCK ( Adachi et al., 1983). 
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Figure 4. DEAE-Sephacel ion-exchange chromatography of gizzard myo-

fibril extract. 

The Mg 2+ extract supernatant was obtained as described in Materials 

& Methods and chromatographed on DEAE-Sephacel ( flow rate = 20 mL/hr; 

fraction size = 4 mL). Upper panel: protein was monitored by A280 

( 0 ) and bound proteins were eluted with a NaCl gradient ( ). 

Lower panels: selected fractions were examined by SDS/7 . 5-20%/PAGE. 

Samples applied to gel slots are as follows ( left to right): column 

load at commencement of loading, column load upon completion of loading, 

fractions 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 125, 130, 135, 140, 

150, 160, 170, skeletal myofibrils (Mr markers), 174, 178, 182, 186, 

190, 194, 198, 202, 206, 210, 214, 218, 222, 226, 230, 234, 238, 242, 

246 and column load. Fractions were pooled on the basis of the gel 

pattern as indicated by the bars: pool A = protein a (Mr=l4lOOO) p°°1 

B = protein b ( Mr=l36OOO) 
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Figure 5. Calmodulin-Sepharose affinity chromatography of protein a. 

Pool A from DEAE-Sephacel was dialyzed and chromatographed on 

calmodulin-Sepharose as described in Materials & Methods ( flow rate = 10 

mL/hr; fraction size = 2 mL). Upper panel: protein was monitored by 

A280 ( 0 ). Column loading started at arrow 1 and washing with 

Ca-buffer at arrow 2. Ca- buffer containing 1 M NaCl was applied at 

arrow 3 and EGTA-buffer at arrow 4. Lower panel: selected fractions 

were examined by SDS/7.5-20%/PAGE. Sample fractions applied were ( left 

to right): pool A before dialysis; pool A after dialysis ( i.e. column 

load), fraction 5, 10, 14, 18, 22, 26, 30, 39, 40, 41, 42, 43, 44, 55, 

56, 57, 58 and 59. Fractions were pooled on the basis of the gel 

pattern as indicated by the bar in each panel. 
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Figure 6. Affi-Gel Blue affinity chromatography of protein b. 

Pool B from DEAE-Sephacel was dialyzed and chromatographed on a 

column of Affi-Gel Blue as described in Materials & Methods ( flow rate = 

30 mL/hr; fraction size = 4 mL). Upper panel: protein was monitored by 

A280 ( ) and bound proteins were eluted with a NaCl gradient 

( ). Lower panel: selected fractions were examined by SDS/7.5-20%/ 

PAGE. Sample fractions applied were ( left to right): column load, 

fraction 116, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 

130, 132, 134, 136, 138, 140 and 142. Fractions were pooled on the 

basis of the gel pattern as indicated by the bar in each panel. The 

breakthrough peak in the upper panel consisted mainly of actin as 

indicated in the column load ( lane 1) in the lower panel. 
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V.A.2 Characterization of the 136,000-dalton MLCK 

Protein b (Mr=l36OOO) purified as described in the preceding 

section exhibited MLCK activity comparable to that of the 130,000-dalton 

enzyme as well as the bovine stomach enzyme (Mr=lSSOOO) as shown in 

Table 1. On the other hand, protein a showed no MLCK activity. There-

fore, proteins a and b appear to be distinct calmodulin-binding pro-

teins. This was further confirmed by three independent methods. 

Firstly, purified proteins a and b were subjected to proteolysis using a 

limited amount of a-chymotrypsin. Examination of the digestion products 

on SOS-PAGE showed completely different peptide fragments ( Fig. 7). 

Protein b was degraded to two major peptides of approximately" 90,000 and 

23,000 daltons ( lane 5). Protein a, on the other hand, was almost com-

pletely digested with only very small amounts of several peptides being 

visible ( lane 6). Secondly, protein b cross-reacted with a monoclonal 

antibody to turkey gizzard 130,000-dalton MLCK while protein a did not 

(Fig. 8). Co-electrophoresis of proteins a and b followed by immuno-

blotting showed two distinct Coomassie-Blue stained protein bands; 

however, only the 136,000-dalton protein band ( protein b) cross-reacted 

positively with the antibody ( lane 4). Thirdly, protein b served as a 

substrate for the catalytic subunit of cyclic AMP-dependent protein 

kinase ( Fig. 9), a property previously shown for the 130,000-dalton 

enzyme ( Adelstein et a]., 1978). On the other hand, under identical 

conditions, protein a was not phosphorylated ( Fig. 9). It follows that 

protein b is indeed the native form of MLCK in chicken gizzard. This 

form of the enzyme was used in all subsequent experiments throughout 

this project. 
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Table 1. Specific activity of myosin light chain kinases and protein a. 

Protein 
Specific Activity 

(Mmol P/min/mg myosin) 

Gizzard MLCK (Mr=l3OQOU) 

Gizzard protein b ( Mrl36OOO) 

Gizzard protein a ( Mr=l4lOOO) 

Bovine stomach MLCK ( Mr=l55OOO) 

2.9 

3.3 

0.0 

2.8 

Specific activities were determined, using intact gizzard myosin as sub-

strate, from the linear phosphorylation time course experiments obtained 

at very low ratios of enzyme to substrate ( MLCK = 4 nM, myosin = 1.05 

MM). Protein a was assayed at concentrations up to 21 nM and found to 

be devoid of MLCK activity. 
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Figure 7. Chymotryptic digestion of proteins a and b. 

Purified protein a and protein b were digested with a-chymotrypsin 

as described in Materials & Methods. The products were compared by 

SDS/5-15%/PAGE. Key to lanes ( 20 .tg of protein applied per lane): 1. 

untreated protein b; 2. untreated protein a; 3. protein b control ( i.e. 

no a-chymotrypsin added); 4. protein a control; 5. protein b digest; 6. 

protein a digest; 7. Mr markers ( 205,000-, 116,000-, 97,400-, 66,000-, 

45,000- and 29,000-dalton). 
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Figure 8. Immunoblotting of proteins a and b. 

Immunoblotting experiments were carried out as described in 

Materials & Methods. Purified proteins a and b were first subjected to 

SDS/5-1O%/PAGE. After electrophoresis, one set of gels was stained with 

Coomassie Blue ( panel A) and a duplicate set was transblotted into 

nitrocellulose membranes and treated with purified monoclonal anti-MLCK 

and a fluorescent-labelled anti-mouse IgG to visualize bound antibody 

(panel B). Key to lanes: 1. Mr markers ( 205,000-, 116,000-, 97,400-, 

66,000-, 45,000- and 29,000-dalton); 2. protein b; 3. protein a; 4. 

protein a + protein b. A control immunoblot, treated identically except 

for the omission of primary anti-MLCK, revealed no fluorescent bands. 
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Figure 9. Phosphorylation of proteins a and b. 

Purified protein a and protein b were incubated with the catalytic 

subunit of cyclic AMP-dependent protein kinase ( C subunit) as follows: 

protein a and b were incubated at 25°C in final concentrations of 0.5 

and 0.15 mg/mL respectively in 20 mM Tris-HC1 ( pH 7.5), 1 mM EGTA, 1 mM 

DTT, 4 mM MgCl 2, 0.2 mM [y-32P]ATP with purified catalytic subunit of 

bovine cardiac type- II cyclic AMP-dependent protein kinase present at a 

ratio of 1:100 (w/w) to protein substrate. Samples of reaction mixtures 

were withdrawn at the indicated times for quantitation of protein-bound 

[32P]phosphate as described in Materials & Methods. Key to symbols: 

E3 = protein b + C subunit; 0 = protein a + C subunit; x = protein a or 
b with no C subunit, i.e. controls. 
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\!.A.3 Identification and purification of the 141,000-dalton protein a 

as caldesmon 

As discussed in section V.A.1, DEAE-Sephacel ion-exchange chroma-

tography was successfully used in the initial separation of the 136,000-

dalton MLCK from the 141,000-dalton polypeptide ( protein a). Further 

purification of protein a using calmodulin-Sepharose affinity chroma-

tography resulted in a preparation that was slightly proteolyzed ( see 

gel inset of Fig. 5). This is a common occurrence associated with the 

use of this purification step as discussed above. 

Protein a was eluted from the calmodulin-Sepharose affinity column 

by chelating Ca 2+ which indicates that it indeed interacts with calmodu-

lin in a Ca24-dependent manner. However, it was shown in the preceding 

section that it is distinct from MLCK. In order to further probe its 

identity, purified protein a was used in studies of its interaction with 

F- actin and calmodulin. Figure 10 shows the typical result of such 

binding studies. Lanes 5 and 6 indicate that, in the absence of Ca24, 

protein a interacts with F-actin but not with calmodulin, since all 

protein a is recovered in the pellet in lane 5. On the other hand, 

under identical conditions but in the presence of Ca24, some protein a 

is recovered in the supernatant ( lane 10) suggesting its interaction 

with calmodulin. Control experiments from which calmodulin was omitted 

indicated complete binding of protein a to F-actin, both in the presence 

(lane 11) and the absence ( lane 7) of Ca2t These results are fully 

consistent with the observations of Sobue et al. ( 1981a,b) who showed a 

Ca24-independent interaction between caldesmon and actin, and the 

competition between calmodulin and F- actin for binding to caldesmon only 
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Figure 10. Interaction between caldesmon and F- actin and the effect of 

calmodulin. 

The interaction between caldesmon and F-actin and the Ca2-I- depend-

ence, as well as the effect of calmodulin on this interaction, were 

investigated as described in Materials & Methods. Key to lanes: Mr 

markers ( lane 1 - 66,000-, 45,000-, 36,000-, 29,000-, 24,000-, 20,100-

and 14,200-dalton; lane 18 - 205,000-, 116,000-, 97,400-, 66,000-, 

45,000- and 29,000-dalton); calmodulin ( lanes 2 and 15); caldesmon 

(lanes 3 and 16); F-actin ( lanes 4 and 17); F- actin + caldesmon + 

calmodulin - Ca 2+ ( lane 5 - pellet; lane 6 - supernatant); F-actin + 

caldesmon + calmodulin + Ca 2+ (lane 9 - pellet; lane 10 - supernatant); 

F-actin + caldesmon + Ca2+ ( lane 11 - pellet; lane 12 - supernatant); 

F-actin + Ca 2+ ( lane 13 - pellet; lane 14 - supernatant). 

Similar experiments in which actin and calmodulin were incubated in 

the presence and absence of Ca2 showed no interaction between these two 

proteins. In all cases, the trace amount of actin recovered in the 

supernatant fractions represented a low level of G- actin existing in 

equilibrium with F- actin. 
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in the presence of Ca2t On the basis of these results as well as the 

similar subunit molecular weight, protein a was positively identified as 

caldesmon, a major calmodulin- and actin-binding protein originally 

purified from chicken gizzard by Sobue et al. ( 1981a,b). 

\I.A.4 Quantitation of caldesmon and myosin light chain kinase in 

chicken gizzard smooth muscle 

Figure 11(a) shows the electrophoretic pattern of frozen chicken 

gizzard total tissue homogenate. A number of prominent contractile 

proteins can be identified easily: filamin, myosin heavy chain, a-act-

in, actin and tropomyosin. Protein bands corresponding to caldesmon 

and myosin light chain kinase were identified by comparison with the 

electrophoretic mobilities of purified proteins and with the aid of 

antibodies in immunoblotting experiments. After electrophoresis, the 

amounts of CaD and MLCK were determined as percentages of total protein 

by densitometric scanning of gels similar to that shown in Fig. 11(a). 

The lower panel of Fig. 11 shows a typical tracing of such a scan. 

These percentages, together with the known amount of tissue applied, 

enabled the calculation of tissue concentrations by assuming intra-

cellular water to be 80% of tissue weight ( Method 1). Alternatively, 

tissue concentrations were determined on the basis of the known tissue 

concentration of actin ( 0.66 mM) by expressing CaD and MLCK as 

percenta'ges of actin after gel scanning ( Method 2). By using these two 

methods, concentrations of CaD and MLCK were determined to be 11.1 PM 

and 4.6 pM respectively (Table 2). 
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Figure 11. Quantitation of caldesmon and myosin light chain kinase in 

chicken gizzard. 

(a) Coomassie Blue-stained gel (SDS/L5-20%/PAGE) of total gizzard 

proteins; gel pattern represented 150 pg of protein electrophoresed. 

(b) DEAE-purified caldesmon ( 5 Mg; purified as described in section 

\J.A.6). ( c) Myosin light chain kinase ( 5 Mg). An actual densitometric 

scan of the stained gel is shown in the lower panel, with the top of the 

gel to the left. Positions of caldesmon ( CaD) and myosin light chain 

kinase ( MLCK) peaks are as indicated. 
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Table 2. Tissue concentrations of myosin light chain kinase and 

cal desmon. 

Concentration (.tM) 

Method 1 Method 2 Average 

Caldesmon 11.4 ± 0.6 10.7 ± 0.5 11.1 

Myosin light chain kinase 5.0 ± 0.4 4.2 ± 0.3 4.6 

Values represent the means ± S.E.M. for five determinations. 
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V.A.5 Initial characterization of caldesmon 

\J.A.5.l Amino acid composition of caldesmon and comparison with that of 

myosin light chain kinase 

The complete amino acid compositions of caldesmon and myosin light 

chain kinase are shown in Table 3. These data show that, although both 

proteins have similar subunit molecular weights and bind to calmodulin, 

they are indeed distinct proteins. Caldesnion has a very high content of 

glutamic acid ( 25.5% of total residues), a moderate content of aspartic 

acid ( 7.3%), and relatively-high contents of lysine ( 13.6%) and arginine 

(10.3%). On the other hand, caldesmon has very low contents of histi-

dine ( 0.4%), tyrosine ( 0.6%), cysteine ( 0.6%) and tryptophan ( 0.7%). 

The ratio of acidic to basic residues could account for the fact that 

caldesmon is moderately acidic, being eluted from an anion exchange 

column at a lower NaCl concentration ( 0.12 M) than is myosin light chain 

kinase ( 0.225 lvi). 

V.A.5.2 Caldesmon lacks myosin light chain phosphatase activity 

At this stage of the project, the possibility that caldesmon could 

be a myosin light chain phosphatase was considered. Such a phospho-

protein phosphatase would be inhibited by Ca 2+ and calmodulin and would 

provide a logical component in the regulation of myosin phosphorylation 

and thereby smooth muscle contraction. Accordingly, a rise in the 

sarcoplasmic [Ca2 ] after stimulation would activate myosin light chain 

kinase by binding of calmodulin to enable rapid phosphorylation of 

myosin. Simultaneously, myosin light chain phosphatase would become 

inactivated. Conversely, after sarcoplasmic [Ca 2+] returns to resting 

level, myosin light chain kinase would be inactivated while myosin light 

chain phosphatase would be activated, both by dissociation of 
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Table 3. Comparison of the amino acid compositions of myosin light 

chain kinase and caldesmon. 

Amino acid Myosin light chain kinase Caldesmon 

Lysine 120.6 166.6 

Histidine 15.1 4.7 

Arginine 47.7 125.8 

Aspartic acid 120.6 89.8 

Threoninea 76.2 50.5 

Serinea 109.8 57.6 

Glutamic acid 169.2 312.1 

Proline 65.2 37.0 

Glycine 82.4 51.0 

Alanine 105.9 134.6 

Cysteineb 28.2 6.6 

Valine 76.3 56.0 

Methionine 26.0 16.7 

Isoleucine 46.2 21.5 

Leucine 71.7 60.9 

Tyrosine 29.2 6.9 

Phenylalanine 34.8 14.5 

Tryptophanc 20.5 9.4 

The results are expressed as mol/mol and represent the means of tripli-

cate determinations at three times of hydrolysis: 24, 48 and 72 hr. 

a. Extrapolated to zero time hydrolysis. 

b. Determined as described by 1-lirs ( 1967). 

c. Determined as described by Simpson et al. ( 1976). 
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calmodulin. However, data presented in Fig. 12 show clearly that 

caldesmon, whether added before myosin phosphorylation or with EGTA 

after myosin phosphorylation has reached its plateau, exhibited no 

myosin light chain phosphatase activity. 

\J.A.5.3 Effect of caldesmon on myosin light chain kinase and cyclic 

nucleotide phosphodiesterase activities 

It was shown in preceding sections that caldesmon itself has no 

myosin light chain kinase activity and it does not serve as a substrate 

for either the catalytic subunit of cyclic AMP-dependent protein kinase 

or myosin light chain kinase ( Table 4). The possibility that caldesmon 

may inhibit other calmodulin-dependent enzymes was investigated. Myosin 

light chain kinase and cyclic nucleotide phosphodiesterase were two such 

enzymes chosen for this study. 

In the presence of low concentrations of myosin light chain kinase 

(3.8 nM) and calmodulin ( 12.1 nM), excess caldesmon ( 70.9 nM) has no 

effect on the phosphorylation of myosin ( Fig. 13a). This was true 

whether calmodulin, myosin light chain kinase and caldesmon were incuba-

ted in the absence of Ca 2+ and then myosin phosphorylation was initiated 

by the addition of Ca2 ; or caldesmon was preincubated at 25°C for 30 

min with Ca 2+ and calmodulin before addition of myosin light chain 

kinase and myosin. 

Similarly, caldesmon did not inhibit bovine brain cyclic nucleotide 

phosphodiesterase activity as shown in Fig. 13b. Caldesmon has no 

effect on either the calmodulin activation of cyclic nucleotide phospho-

diesterase or the calmodulin-independent, i.e. basal, activity of this 

enzyme. On the contrary, myosin light chain kinase inhibited the 
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Figure 12. Caldesmon lacks myosin light chain phosphatase activity. 

Smooth muscle myosin ( 0.5 mg/mL) was incubated at 30°C in 25 mM 

Tris-HCl ( pH 7.5), 4 mM MgCl 2, 0.1 mM CaCl 2, 60 mM KC1 with calmodulin 

(30 pg/mL) and myosin light chain kinase ( 10 g/mL) in the presence 

( V ) and absence ( 0 , , ) of cal desmon ( 50 tg/mL). Myosin 

phosphorylation was initiated by the addition of [Y-32P]ATP (z 4000 cpm 

/nmol; 0.75 mM final concentration). Samples of reaction mixtures were 

withdrawn at 2, 4, 6, 8, 10 and 12 min for quaniitation of protein-bound 

[32P]phosphate as described in Materials & Methods. At 15 mm ( indi-

cated by the arrow), EGTA ( 1 mM final concentration) was added to two 

reactions ( V , 0 ), EGTA ( 1 mM final concentration) plus caldesmon ( 50 

g/mL) to a third reaction ( D ), and no addition was made to the fourth 
reaction ( A  ). Additional samples were withdrawn at 20, 25, 30 and 35 

min for further quantitation of protein-bound [32P]phosphate. The gel 

inset shows the myosin preparation used in these experiments. 
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Table 4. Myosin light chain kinase does not phosphorylate caldesmon. 

[32P]phosphate incorporation ( mol/mol substrate)  

+Ca2 + CaM -Ca 2+ + CaM +Ca2 + CaM + MLCK -Ca 2+ + CaM + MLCK  

Substrate 10min 60min 10min 60min 10min 60min 10min 60mm 

myosin 0.15 0.15 0.03 0.18 1.40 1.26 0.05 0.15 

caldesmon 0.02 0.04 0.02 0.03 0.01 0.05 0.02 0.05 

Each substrate ( 0.5 mg/mL myosin; 0.25 mg/mL caldesmon) was incubated at 

30°C in 20 mM Tris-HC1 ( pH 7.5), 4 mM MgCl 2, 60 mM KCl, 0.1 mM CaCl 2 or 

1 mM EGTA with calmodulin ( 30 g/mL) either in the presence or the ab-

sence of myosin light chain kinase ( 10 g/mL). Reactions were initiated 

by the addition of [y-32P]ATP (z 5000 cpm/nmol; 0.75 mM final concentra-

tion). Samples were withdrawn at the indicated times for quantitation 

of protein-bound [32P]phosphate as described in Materials & Methods. 
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Figure 13. Effect of caldesmon on myosin light chain kinase and cyclic 

nucleotide phosphodiesterase activities. 

(a) Smooth muscle myosin ( 0.5 mg/mL) was incubated at 30°C in 25 mM 

Tris-HCl ( pH 7.5), 4 mM MgCl 2, 0.1 mM CaCl 2, 60 mM KC1 with calmodulin 

(0.2 pg/mL) and myosin light chain kinase ( 0.5 pg/mL), in the presence 

( • ) or absence ( 0 ) of caldesmon ( 10 pg/mL). Myosin phosphorylation 

was initiated by the addition of [y-32P]ATP (z 6000 cpm/nmol; 0.75 mM 

final concentration). Samples were withdrawn at the indicated times for 

quantitation of protein-bound [32P]phosphate as described in Materials & 

Methods. 

(b) Bovine brain cyclic nucleotide phosphodiesterase ( 0.32 unit) 

was incubated at 30°C in 40 mM Tris-HCl ( pH 7.5), 40 mM imidazole-HCl 

(pH 7.5), 3 mM magnesium acetate containing 0.11 mM CaCl 2 ( 0 , • ) or 
0.11 mM EGTA ( 0, I ), with calmodulin ( 0.49 pg/mL) and 5'-nucleoti-

dase ( 1.375 units) in the presence ( • , S ) or absence ( 0 , 0 ) of 

caldesmon ( 100 pg/mL). Reactions were initiated by the addition of 

cyclic AMP ( 1.2 mM final concentration). Samples of reaction mixtures 

were withdrawn at the indicated times for quantitation of cyclic AMP 

hydrolysis as previously described ( Wang et al., 1972). 

(c) Cyclic nucleotide phosphodiesterase ( 0.32 unit) was incubated 

at 30°C in 40 mM Tris-HC1 ( pH 7.5), 40 mM imidazole-HCl ( pH 7.5), 3 mM 

magnesium acetate, 0.11 mM CaCl 2 with 5'-nucleotidase ( 1.375 units) in 

the presence ( 0 , • ) and absence ( 0 ) of calmodulin ( 0.49 pg/mL) and 
in the presence ( I ) and absence ( 0 , 0 ) of myosin light chain 

kinase ( 25 pg/mL). Reactions were initiated by the addition of cyclic 

AMP ( 1.2 mM final concentration). Samples of reaction mixtures were 

withdrawn at the indicated times for the quantitation of cyclic AMP 

hydrolysis as previously described (Wang et al., 1972). 
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calmodulin activation of cyclic nucleotide phosphodiesterase, almost to 

the extent observed in the absence of calmodulin ( Fig. 13c). 

\I.A.5.4 Effect of caldesmon on myosin filament assembly-disassembly 

It is well established that smooth muscle as well as non-muscle 

myosin filaments can be disassembled in vitro by the addition of stoi-

chiometric amounts of ATP and induced to re-assemble by the Ca2+/ 

calmodulin-dependent phosphorylation of myosin regulatory light chains 

(Suzuki et al., 1978; Kendrick-Jones et al., 1983). The assembled 

filaments can be disassembled by dephosphorylation of the light chains 

catalyzed by myosin light chain phosphatase(s). These events are 

re-created using chicken gizzard myosin as shown in Fig. 14. Filament 

assembly-disassembly was monitored by recording the changes in turbidity 

(A340nm) of the reaction solution as described by Kendrick-Jones et al. 

(1983). 

Myosin filaments were initially disassembled by the addition of ATP 

and induced to re-assemble by the addition of Ca 2+ and calmodulin ( 12 

nM). This activated the myosin light chain kinase ( 39 nM) present in 

the incubation medium and consequently catalyzed the phosphorylation of 

myosin. Filament disassembly was then induced by the addition of EGTA 

to inactivate myosin light chain kinase, and a preparation of partially-

purified myosin light chain phosphatase which dephosphorylated myosin. 

Re-assembly was repeated by the addition of excess Ca 2+ t0 a final 

concentration of 0.1 mM free Ca 2+. This addition re-activated myosin 

light chain kinase and thereby re-phosphorylated myosin. The inclusion 

of excess caldesmon ( 355 nM) at the outset had no effect on the 

assembly-disassembly of myosin filaments. No effect of caldesmon was 
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Figure 14. Effect of caldesmon on myosin filament assembly-disassembly. 

Smooth muscle nonphosphorylated myosin ( 0.5 mg/mL) was incubated at 

22°C in 25 mM imidazole-HCl ( pH 7.0), 0.15 M NaCl, 10 mM MgCl 2, 0.2 mM 

EGTA, 0.25 mM DTT with myosin light chain kinase ( 5 jAg/mL) in the pres-

ence or absence of caldesmon ( 50 Ag/mL). The state of myosin filament 

assembly was determined by measuring turbidity changes at A340 as 

described by Kendrick-Jones et al. ( 1983). At 5 mm, myosin filaments 

were disassembled by addition of ATP ( final concentration: 2.5 mM). At 

10 mm, CaCl 2 was added ( final concentration: 0.1 mM excess free Ca 2+ ), 

and at 20 min, calmodulin was added ( final concentration: 0.2 ig/mL). 

At 45 mm, myosin light chain phosphatase ( partially purified as de-

scribed in Materials & Methods) was added ( 50 ig/mL). At 50 mm, EGTA 

was added ( final concentration: 1 mM excess over Ca 2+  Finally, at 70 

mm, Cad 2 was again added ( final concentration: 0.1 mM excess free 

Ca2). 
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observed either at limiting concentrations of calmodulin ( 12 nM) or in 

the presence of saturating concentrations of calmodulin. Therefore, 

consistent with a lack of effect on myosin phosphorylation, caldesmon 

also has no effect on myosin filament assembly-disassembly which is 

dependent on the phosphorylation state of myosin. 

\!.A.6 Further purification of caldesmon 

Caldesmon prepared by calmodulin-Sepharose affinity chromatography 

showed, on SDS-PAGE, the presence of a few other protein bands of 

mobilities faster than the 141,000-dalton major polypeptide ( see gel 

inset of Fig. 5). These lower molecular weight fragments could be 

proteolytic products of caldesmon generated during affinity chromatogra-

phy. Consequently, an alternative procedure was developed to purify 

caldesmon to electrophoretic homogeneity ( as shown in Fig. 11(c)). 

The initial steps of purification were the same as described before 

which consisted of extraction of washed myofibrils with a buffer con-

taining 25 mM Mg2 . This was followed by DEAE-Sephacel ion-exchange 

chromatography of the extract supernatant, separating caldesmon from 

myosin light chain kinase. Fractions containing caldesmon ( Pool A as 

indicated on the gel inset of Fig. 4) were then pooled and subjected to 

an Affi-Gel Blue affinity column as shown in Fig. 15. Caldesmon was 

eluted from this column at approximately 1.5 M NaCl. The resultant pool 

was subjected to a second ion-exchange chromatography where a shallow 

salt gradient was used for protein elution. As shown in Fig. 16, an 

electrophoretically-homogeneous preparation of caldesmon was obtained, 

eluting at approximately 0.12 M NaCl. Caldesmon purified by calmodulin-

Sepharose had also been subjected to an identical purification step. 
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Figure 15. Purification of caldesmon by Affi-Gel Blue affinity chroma-

tography. 

Pool A from DEAE-Sephacel column ( Fig. 4) was dialyzed and chroma-

tographed on a column of Affi-Gel Blue as described in Materials & 

Methods ( Flow rate = 30 mL/hr; fraction size = 4 mL). Protein elution 

was monitored by A280 ( ). Only elution of bound protein using a 

salt gradient ( 0-2 M NaCl) is shown in the upper panel. Selected 

fractions were analyzed by SDS/7.5-10%/PAGE as shown in lower panel. 

Key to lanes ( left to right): column load, column flow through, no salt 

wash, fraction 12, 15, 20, 23, 26, 29, 32, 35, 40, 45, 50, 52, 54, 56, 

58, 60, 62, 64, 66, 68, 70, 72, 74, 76, 78, 80, 82, 84, 86, 88, 90, 92, 

95, 100, 105, 110 and Mr markers ( in kDa). Fractions containing caldes-

mon were pooled on the basis of gel pattern as indicated by the bars. 
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Figure 16. Final step of purification of caldesmon by DEAE-Sephacel by 

ion-exchange chromatography. 

Caldesmon pool from either Affi-Gel Blue or calmodulin-Sepharose 

was dialyzed and chromatographed on a second DEAE-Sephacel -ion-exchange 

column as described in Materials & Methods ( Flow rate = 12 mL/hr; 

fraction size = 4 mL). Partial separation of caldesmon kinase activity 

was also achieved in this step ( discussed in V.C.1). Protein elution 

was monitored by A280 ( ), and caldesmon kinase activity in selected 
fractions ( 0 ) was assayed as described in Materials & Methods. 

Selected fractions were also analyzed by SDS/7.5-20%/PAGE ( gel inset). 

Key to lanes ( left to right): Mr markers ( 205,000-, 116,000-, 97,400-, 

66,000- and 45,000-dalton), fraction 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 

15, 30, 45, 50, 55, 60 and 65. Fractions containing pure caldesmon were 

pooled on the basis of the gel pattern corresponding to peak II. 
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Caldesmon of similar purity was obtained as well as the successful 

identification of caldesmon kinase activity by this method ( see further 

discussion in section V.C). 

This modified procedure results in a highly-purified caldesmon and 

avoids problems of proteolysis which are associated with calmodulin-

Sepharose affinity chromatography. The rationale for using Affi-Gel 

Blue affinity chromatography, which is relatively specific for proteins 

containing a dinucleotide fold or related binding site structure, was 

based on preliminary experimental results which suggested that caldesmon 

might be a protein kinase ( for detailed discussion, see section V.C). 

V.A.7 Summary 

Myosin light chain kinase and caldesmon, both major calmodulin-

binding proteins of chicken gizzard smooth muscle, were quantitatively 

extracted from washed gizzard myofibrils with a buffer containing 25 mM 

Mg2 . The tissue concentrations were determined to be 11.1 pM and 4.6 

pM for caldesmon and MLCK respectively. These two proteins were then 

separated from each other by ion-exchange chromatography under the same 

high [Mg 2 ] condition. Crude myosin light chain kinase was further 

purified to homogeneity by Affi-Gel Blue affinity chromatography. As 

for caldesmon, a second ion-exchange column at low ionic strength was 

required in addition to the Affi-Gel Blue affinity column before a pure 

preparation was obtained. In order to distinguish the different ways of 

purifying caldesmon for the purpose of later discussions, caldesmon 

obtained by the latter procedure is referred to as " DEAE-purified" 

caldesmon while that obtained via calmodulin-Sepharose affinity chroma-

tography is referred to as " affinity-purified" caldesmon. Caldesmon, 



115 

purified by either procedure, lacks myosin light chain kinase, phospha-

tase and cyclic nucleotide phosphodiesterase activities. It has no 

effect on myosin phosphorylation or myosin filament assembly-dis-

assembly. 

V.B. Biochemical studies of caldesmon 

\I.B.1 Correlation between myosin phosphorylation and actin-activated 

myosin Mg2 -ATPase activity and superprecipitation 

To elucidate the potential role of caldesmon in the regulation of 

smooth muscle contraction, a biochemical system reconstituted from 

purified contractile and regulatory proteins is used. These consist of 

myosin, actin, tropomyosin, myosin light chain kinase and calmodulin as 

shown in Fig. 17. The electrophoretic pattern of a mixture of these 

proteins is shown in Fig. 18 ( panel A). Both myosin light chain kinase 

and calmodulin may not be clearly visible in such stained gels since 

they are present at much lower concentrations than the remaining com-

ponents. When such a mixture is incubated in the presence of Ca 2+ and 

Mg2-[y-32P]ATP ( as described in the legend of Fig. 18), the regulatory 

light chains of myosin ( LC 20)are phosphorylated. This is evident by 

the presence of 32P- label visible in the presence, but not in the 

absence, of Ca 2+ as shown in the corresponding autoradiogram ( panel B). 

The stoichiometry of myosin phosphorylation is shown on the upper 

2+ 
panel of Fig. 19. In the presence of Ca , nearly 2 moles of phosphate 

is incorporated per mole of myosin. This is compared with the low 

phosphate incorporation ( less than 0.2 mol/mol) in the absence of Ca2 . 

The middle panel of Fig. 19 shows a typical actin-activated myosin 

Mg2 -ATPase activity profile. In the presence of Ca2 , the ATPase rate 
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Figure 17. Sodium dodecyl sulfate-polyacrylamide gel electrophoretogram 

of chicken gizzard smooth muscle contractile and regulatory 

proteins. 

Electrophoresis was carried out in SDS/7 .5-20%/PAGE as described in 

Materials & Methods. Key to lanes: A = actin (Mr 42 kDa); B = myosin 

(composed of heavy chains, Mr 205 kDa, and light chains, Mr 20 kDa and 

17 kDa); C = tropomyosin ( composed of &. and 13 subunits of apparent Mr 42 

kDa and 36 kDa, respectively); 0 = myosin light chain kinase (Mr 136 

kDa); E = calmodulin (Mr 16.7 kDa); F = caldesmon (Mr 141 kDa). 
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Figure 18. Electrophoresis and autoradiography of reconstituted smooth 

muscle actomyosin. 

The system was reconstituted from myosin ( 0.44 mg/mL), actin ( 0.25 

mg/mL), tropomyosin ( 50 g/mL), calmodulin ( 10 . g/mL) and myosin light 

chain kinase ( 10 g/mL). This mixture was incubated at 30°C in 25 mM 

Tris-HCl ( pH 7.5), 6 mM MgCl 2, 60 mM KC1, 0.1 mM CaCl 2 or 1 mM EGTA. 

The system was activated by the addition of [y-32PATP (x 2000 cpm/nmol; 

final concentration 1 mM). After 10 min of incubation, an equal volume 

of SOS-sample buffer was added to each sample and the samples were 

immersed in a boiling water bath for 2 min before being subjected to 

SDS/7.5-20%/PAGE and autoradiography as described in Materials & Meth-

ods. A = Coomassie Blue-stained gel; B = corresponding autoradiogram. 

Phosphorylation of myosin regulatory light chains under these conditions 

was evident by the detection of 32P- label in panel B. 
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Figure 19. The correlation between Ca2 -dependent phosphorylation of 

smooth muscle myosin, actin-activated myosin Mg2+_ATPase 

activity and superprecipitation. 

Actomyosin systems reconstituted from myosin ( 0.44 mg/mL), actin 

(0.25 mg/mL), tropomyosin ( 50 pg/mL), calmodulin ( 10 .tg/mL) and myosin 

light chain kinase ( 10 g/mL) were incubated at 30°C in 25 mM Tris-HCl 

(pH 7.5), 6 mM MgCl 2, 60 mM KC1, 0.1 mM Cad2 ( 0 ) or 1 mM EGTA ( D ). 

Reactions were initiated by the addition of Ey-32PJATP (z 2000 nmol/cpm; 
final concentration 1 mM). Sample aliquots were withdrawn at the 

indicated times for quantitation, as described in Materials & Methods, 

of ( A) [32P]phosphate incorporation into myosin and ( B) [32P]phosphate 

released by the actin-activated myosin Mg2 -ATPase. ( C) Superprecipi-

tation measurements were obtained by recording the changes in absorbance 

at 660 nm using an identical system of reconstituted proteins. Incuba-

tions were at 22°C in either the presence ( ) or the absence ( ) 

of Ca 2+ and reactions were initiated by the addition in this case of 

unlabelled, rather than labelled, ATP. 
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is high ( typically greater than 20 nmol P/min/mg myosin). In the 

absence of Ca2 , a low basal rate is observed. Similarly, the turbidity 

of the reconstituted system increases significantly in the presence, but 

not in the absence, of Ca 2+ as observed in the lower panel of Fig. 19. 

Both the actin-activated myosin Mg2 -ATPase activity and super-

precipitation are widely regarded as biochemical correlates of muscle 

contraction. These data confirm the correlation between myosin phos-

phorylation and the regulation of actin-myosin interaction, i.e. myosin 

phosphorylation is a prerequisite to initiate contraction. 

V.B.2 Effect of caldesmon on the biochemical correlates of contraction 

The possible effect of caldesmon on the actin-activated myosin 

Mg2 -ATPase activity and superprecipitation was investigated by employ-

ing the reconstituted system described in the preceding section. Figure 

20A shows that DEAE-purified caldesmon significantly inhibited the 

actin-activated myosin Mg2 -ATPase activity in the presence of Ca2 and 

tropomyosin. The ATPase rate was decreased from 58.2 nmol of phosphate 

released per min per mg of myosin in the absence of caldesmon to 16.0 

nmol of P/min/mg of myosin in the presence of 0.35 pM caldesmon. The 

low ATPase rate observed in the absence of Ca 2+ ( 11.0 nmolP/min/mg of 

myosin) was also inhibited by caldesmon ( to 4.3 nmol P/min/mg of 

myosin). On the other hand, 

phosphorylation of myosin in 

20B). A similar inhibitory 

DEAE-purified caldesmon did not affect the 

the same reconstituted ATPase system ( Fig. 

effect of DEAE-purified caldesmon on the 

actin-activated myosin Mg2+_ATPase was also observed in reconstitution 

experiments carried out in the absence of tropomyosin. In this case, 

the Ca2+_dependent ATPase rate observed was decreased from 18.7 to 11.0 
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Figure 20. Inhibition of the actin-activated myosin Mg2 -ATPase by 

DEAE-purified caldesmon. 

Myosin ( 0.44 mg/mL), actin ( 0.25 mg/mL), tropomyosin ( 50 g/mL), 

calmodulin ( 10 g/mL) and myosin light chain kinase ( 10 g/mL) were 

incubated at 30°C in 25 mM Tris-HC1 ( pH 7.5), 6 mM MgCl 2, 60 mM KC1, 0.1 

mM CaCl 2 ( 0 , 0  ) or 1 mM EGTA ( A , V ), in the presence ( D , V ) and 
absence ( 0 , A) of caldesmon ( 50 ig/mL). Reactions were initiated by 

the addition of [y-32P]ATP (z 2000 nmol/cpm; final concentration 1 mM). 

Aliquots of reaction mixtures were withdrawn at the indicated times for 

measurement of ATPase activity ( A) and quantitation of protein-bound 

[32P]phosphate ( B). 
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nmol P/min/mg of myosin by 0.35 i.M caldesmon. The effect of caldesmon 

on the ATPase rate in the absenceof Ca 2+ and tropomyosin was similar to 

that observed in the presence of tropomyosin, i.e. the rate was de-

creased from 8.0 to 5.0 nmol P/min/mg of myosin. The inhibitory 

effects of caldesmon on the actin-activated myosin Mg2 -ATPase activity 

have been repeated with 3 different preparations of DEAE-purified 

caldesmon and 4 different preparations of myosin. 

DEI\E-purified caldesmon was also found to inhibit superprecipita-

tion ( the increase in turbidity of the actoniyosin upon activation) in an 

identical reconstituted system ( Fig. 21). Addition of EGTA to the 

system once superprecipitation had occurred was without effect either in 

the presence or absence of caldesmon, indicating absence of any phospho-

protein phosphatase activity. No superprecipitation occurred when 1 mM 

EGTA was included at the beginning of the experiment. This is consist-

ent with the very low ATPase activities observed in the absence of Ca 2+ 

(Fig. 20/k). 

When affinity-purified caldesmon was used in similar experiments to 

those described above, no significant effect was observed on either the 

actin-activated myosin Mg2 -ATPase activity ( Fig. 22A) or superprecipi-

tation ( Fig. 23). However, the level of myosin phosphorylation, as 

shown in Fig. 22B, was observed to increase slightly in the presence of 

caldesmon. Further examination of the reconstituted actomyosin ATPase 

system used in these experiments by SDS-PAGE and autoradiography ( Fig. 

24) showed that in addition to 32P-phosphate incorporation into the 

regulatory light chains, 32P- label was also detected in the protein band 

corresponding to caldesmon. The slight difference in the levels of 
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Figure 21. Inhibition of superprecipitation of actomyosin by DEAE-

purified caldesmon. 

Myosin ( 0.44 mg/mL), actin ( 0.25 mg/mL), tropon'iyosin ( 50 Ag/mL), 

calmodulin ( 10 g/mL) and myosin light chain kinase ( 10 g/mL) were 

incubated at 22°C in 25 mM Tris-HCl ( pH 7.5), 6 mM MgCl 2, 60 mM KC1, 0.1 

mM CaCl 2 in a 1-cm cuvette in the presence ( D ) or the absence ( 0 ) of 
caldesmon ( 50 Ag/mL). Superprecipitation was initiated by the addition 

of unlabelled ATP ( final concentration 1 mM) at t = 0 min and monitored 

by measuring the increase in A660. At t = 10.5 mm, EGTA was added to 

each reaction mixture ( final concentration 1 mM) and absorbance measure-

ments were continued. 
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Figure 22. Lack of inhibition of the actin-activated myosin Mg2 -ATPase 

by affinity-purified caldesmon. 

Reaction conditions for ATPase ( A) and phosphorylation assays ( B) 

were exactly as described in the legend of Fig. 20 except for the 

substitution of affinity-purified caldesmon. Key to symbols: acto-

myosin in the presence ( 0 , 0 ) or the absence ( V ) of Ca2+ and in 

the presence ( U , V ) or the absence ( 0 , ) of caldesmon. 
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Figure 23. Lack of inhibition of superprecipitation of actomyosin by 

affinity-purified caldesmon. 

Reaction conditions were exactly as described in the legend of Fig. 

21 except for the substitution of affinity-purified caldesmon. Key to 

symbols: superprecipitation ( ) in the presence of Ca 2+ and 

caldesmon; ( ) in the presence of Ca 2+ and absence of caldesmon; 

(-•-•-) in the absence of Ca 2+ and/or caldesmon. 
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Figure 24. Electrophoresis and autoradiography of reconstituted acto-

myosin ATPase system in the presence of affinity-purified 

caldesmon. 

Reaction conditions were exactly as described in the legend of Fig. 

22 where affinity-purified caldesmon was used. At t = 10 mm, aliquots 

of reaction mixtures were removed and added to an equal volume of SDS-

sample buffer, immersed in a boiling water bath for 2 min before SDS/ 

7.5-20%/PAGE and autoradiography as described in Materials & Methods. A 

= Coomassie Blue-stained gel: HC (myosin heavy chain, Mr2OSOOO) CaD 

(caldesmon), A ( actin), Tm ( tropomyosin, 3 subunit), LC 20 (regulatory 

light chain, Mr=2OOOO) and LC 17 (essential light chain, Mrl7OOO) B 

= corresponding autoradiogram: 32P- label was detected in both CaD and 

LC 20' 
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Ca2 -dependent myosin phosphorylation observed in Fig. 22B in the 

presence and absence of caldesmon may, therefore, be attributed to 

phosphorylation of caldesmon. This indicates that significant phosphate 

incorporation into caldesmon can occur on the time scale of these 

reconstituted actomyosin ATPase/phosphorylation reactions. Furthermore, 

this observation led to the elucidation of a protein kinase activity 

which is responsible for caldesmon phosphorylation ( detailed discussion 

presented in section V.C.1). The non- inhibitory effects of affinity-

purified caldesmon on the actomyosin ATPase and superprecipitation were 

repeated using 4 different preparations of affinity-purified caldesmon 

and 5 different preparations of myosin. 

V.B.3 Alternative ways of purifying caldesmon 

During the course of purifying caldesmon by either one of the two 

procedures described so far, it has been consistently observed that this 

calmodulin-binding protein is extremely susceptible to proteolysis 

starting at the stage as early as tissue homogenization. This was later 

confirmed by immunoblotting experiments using antibodies to purified 

gizzard caldesmon ( see section V.E.1). While this work was in progress, 

Bretscher ( 1984) reported that smooth muscle caldesmon is heat stable, a 

property which can be exploited at an early stage in the purification to 

minimize proteolytic activites. By adopting this procedure with the 

inclusion of a heat-treatment step ( as described in Materials and 

Methods), an electrophoretically-homogeneous preparation of caldesmon 

was also obtained as shown in Fig. 25 ( lane 1). Such a preparation, 

whose purity is comparable to the DEAE-purified sample ( Fig. 25, lane 

2), was subsequently used as the primary source of protein for studies 
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Figure 25. Sodium dodecyl sulfate-polyacrylamide gel electrophoretogram 

of caldesmons. 

Three different preparations of caldesmon were electrophoresed in 

0.1% SDS/7.5-20% gradient slab gels as described in Materials & Methods. 

1, gizzard caldesmon purified by the heat-treatment procedure; 2, 

gizzard caldesmon purified by the Affi-Gel Blue and DEAE-Sephacel 

chromatographies; 3, bovine aorta caldesmon purified by the heat-

treatment procedure ( discussed in section V.F). 
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where the effect of caldesmon phosphorylation is not required. Such a 

preparation is referred to as " heat-treated" caldesmon. Lane 3 of Fig. 

25 shows the electrophoretic pattern of caldesmon purified from bovine 

aorta to be discussed later ( see section V.F). 

At this stage of the project, several modifications were adopted in 

some of the purification procedures. First, during the elution of 

caldesmon from the cal moduli n-Sepharose affinity column, the step where 

the column was washed with the 1 N NaCl-containing EGTA-buffer was omit-

ted. It was observed that a large proportion of caldesmon was eluted 

during this step, and lowering of the NaCl concentration to 0.2 N was 

without effect. Secondly, an improved method was developed for storage 

of myosin under nitrogen atmosphere to prevent natural oxidation of the 

myosin with time ( Ngai and Walsh, 1986). Thirdly, actin was also 

prepared from chicken gizzard smooth muscle instead of rabbit skeletal 

muscle ( Ngai et al., 1986). The latter development renders the bio-

chemical reconstitution system composed entirely of smooth muscle 

protein components. 

V.B.4 Summary 

Data presented in this section show two major findings. Highly-

purified caldesmon, either via a second DEAE-Sephacel ion-exchange 

column or by a heat-treatment method, significantly inhibits the actin-

activated myosin Mg2 -ATPase activity and superprecipitation without 

affecting myosin phosphorylation. On the other hand, affinity-purified 

caldesmon has no inhibitory effect on the same biochemical correlates. 

In contrast to findings by Sobue at al. ( 1982b), addition of a high 

molar excess of calmodulin did not reverse the inhibitory effect of 
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highly-purified caldesmon in this investigation. These observations 

suggest that affinity-purified caldesmon contains an additional factor 

capable of abolishing the inhibitory effect observed. The tentative 

protein kinase activity briefly described above is a strong candidate 

for such a factor. Evidence for the existence of a protein kinase will 

be presented in the next section. Some of the properties of this 

protein kinase will also be described. 

V.0 Caldesmon kinase and caldesmon phosphatase activities in chicken 

gizzard smooth muscle 

V.C.1 Identification of caldesmon kinase activity 

The identification of an endogenous protein kinase activity which 

catalyzed the phosphorylation of caldesmon originated from studies 

conducted in search of potential protein substrates in smooth muscle for 

the Ca 2+_and phospholipid-dependent protein kinase ( protein kinase C) 

purified from bovine brain (Walsh et al., 1984; Ozen and Walsh, un-

published observation). This led to preliminary experiments which 

showed that incubation of caldesmon, purified by calmodulin-Sepharose 

affinity chromatography, with Mg 2+ and [y-32P]ATP resulted in phosphate 

incorporation into caldesmon. This suggested that caldesmon might 

itself be a protein kinase which is consistent with its affinity for 

Affi-Gel Blue chromatographic matrix observed earlier. As shown in Fig. 

16, caldesmon, obtained either from calmodulin-Sepharose or Affi-Gel 

Blue affinity chromatography, was further separated by ion-exchange 

chromatography into two polypeptides of Mr=93OOO and 141,000. Both 

polypeptides contained caldesmon kinase activity. The 93,000-dalton 

polypeptide was subsequently shown to be a fragment of caldesmon by 
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Cleveland peptide mapping ( data not shown). These observations suggest 

that caldesmon itself may contain the kinase activity which catalyzes 

autophosphorylation ( see also Fig. 28). Maximal phosphate incorporation 

to the extent of z 2 mol of P/mol of CaD was observed ( Fig. 26A). On 

the contrary, DEAE-purified caldesmon showed an extremely low level of 

phosphorylation ( Fig. 26B). 

The data presented in Fig. 26 also raised the question of whether 

caldesmon is phosphorylated by a Ca 2+_and calmodulin-dependent protein 

kinase or the protein kinase requires the Ca2+_calmodulin-caldesmon 

complex as substrate rather than free caldesmon. When this experiment 

was repeated at a low calmodulin concentration ( 0.6 .iM) in the presence 

of 2.84 pM caldesmon, identical results were obtained. This suggests 

that the protein kinase requires Ca2 and calmodulin for activity. This 

was subsequently confirmed by detailed studies of the time course of 

phosphorylation under different conditions as described in the legend of 

Fig. 27. Indeed, Ca2+ and calmodulin are both absolute requirements for 

caldesmon phosphorylation to occur ( upper panel, Fig. 27). Auto-

radiography of a Coomassie Blue-stained gel ( lower panel, Fig. 27) 

showed that 32P-phosphate incorporation is specifically into 141,000-

dalton caldesmon and that this label can be detected only in the 

presence of both Ca 2+ and calmodulin. The contaminating protein kinase 

was consequently designated as caldesmon kinase. The stoichiometry of 

phosphate incorporation varies from 2-4 mol P/mol of 141,000-dalton 

caldesmon. Explanation of the variable P level will be presented in 

the Interpretations section. 
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Figure 26. Phosphoryation of caldesmon by a Ca 2+, calmodulin-dependent 

protein kinase. 

Caldesmon ( 0.4 mg/mL; 2.84 M) was incubated at 30°C in 20 mM Tris-

HC ( pH 7.5), 5 mM MgCl 2 and either 0.1 mM CaCl 2 ( 0 , ) or 1 mM EGTA 
( A , V ) in the presence ( 0, A ) or absence (0 , V ) of cal moduli n 

(0.1 mg/mL; 6.1 .tM). Reactions were initiated by the addition of 

[y-32P]ATP (z 10,000 cpm/nmol; final concentration 0.5 mM). Aliquots of 

reaction mixtures were withdrawn at the indicated times and quantitated 

for protein-bound [32P]phosphate as described in Materials & Methods. 

A, phosphorylation of affinity-purified caldesmon; B, phosphorylation of 

DEAE-purified caldesmon. 
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Figure 27. Calcium, calmodulin-dependence of caldesmon kinase. 

Affinity-purified caldesmon ( 79 g/mL) was incubated at 30°C in 20 

mM Tris-HC1 ( pH 7.5), 5 mM MgCl 2, 0.5 mM [ y-32P]ATP (z 17,000 cpm/nmol) 

with 0.1 mM CaCl 2 (0 , A )  or 1 mM EGTA ( D , V ) in the presence 

( 0 J 3 ) or absence ( , , V ) of calmodulin ( CaM; 10 g/mL). Aliquots 

of reaction mixtures were withdrawn at the indicated times for quantita-

tion of protein-bound [32P]phosphate as described in Materials & Meth-

ods. At the end of the incubation period, equal volumes of SDS-sample 

buffer were added to the remainder of each reaction mixture. Samples 

were immersed in a boiling water bath for 2 min before SDS/7.5-20%/PAGE 

and autoradiography as described in Materials & Methods. A. Coomassie 

Blue-stained gel; B. corresponding autoradiogram. The arrows indicate 

the position of the caldesmon band. 
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Re-examination of caldesmon purified by calmodulin-Sepharose 

affinity chromatography showed that caldesmon kinase activity co-eluted 

with the 141,000-dalton polypeptide ( Fig. 28). When column fractions 

corresponding to the EGTA-eluted protein peak were incubated with Ca2 , 

calmodulin and Mg2-[y-32P]ATP, phosphate incorporation was detected in 

the same fractions. This confirms the earlier suggestion that caldesmon 

itself contains the protein kinase responsible for autophosphorylation. 

All subsequent experiments requiring caldesmon phosphorylation were 

performed with the caldesmon-caldesmon kinase combination co-eluted from 

calmodulin-Sepharose affinity chromatography. Caldesmon kinase activity 

present in this combination was found to be very stable and could 

withstand freezing ( at -80°C) and thawing. The chemical and structural 

nature of caldesmon kinase was not investigated any further. 

\I.C.2 Identification of caldesmon phosphatase activity 

With regard to the effect of caldesmon phosphorylation on the 

reconstituted actomyosin system, it appears that phosphorylation aboli-

shes the inhibitory effect of the highly-purified caldesmon ( either 

DEAE-purified or purified by the heat-treatment method) on the actin-

activated myosin Mg2 -ATPase activity and superprecipitation. If 

caldesmon phosphorylation were to function as another regulatory control 

mechanism in vivo, caldesmon dephosphorylation should also occur to 

render the entire control mechanism reversible. 

To investigate this possibility, a partially-purified myosin light 

chain phosphatase was prepared from chicken gizzard smooth muscle as 

described in Materials and Methods. This preparation was then incorpor-

ated into experiments to determine if caldesmon phosphorylation is 



145 

Figure 28. Co-purification of caldesmon and caldesmon kinase by cal-

modul in-Sepharose affinity chromatography. 

A crude caldesmon pool obtained from the first DEAE-Sephacel ion-

exchange column was prepared for loading on two columns ( 1x15 cm each) 

of calmodulin-Sepharose as described in Materials & Methods ( flow rate = 

12 mL/hr/column; fraction size = 4 mL). Unbound proteins were thorough-

ly washed from the column with equilibration buffer before elution of 

specifically-bound proteins with EGTA-containing buffer ( applied at 

fraction 130). The eluted protein was monitored by A280 ( ) and 

caldesmon kinase activity ( ) of selected fractions was assayed 

under the following conditions: 20 mM Tris-HCl ( pH 7.5), 5 mM MgCl 2, 

0.1 mM CaCl 2 ( 0 ) or 1 mM EGTA ( U ), 10 .ig cal modul i n/mL, 50 i.tL of 

column fraction/mL, 0.5 mM [y-32PJATP (z 5000 cpm/nmol), incubation 

duration 60 min at 30°C. No kinase activity was detected in the absence 

of either Ca 2+ or calmodulin or both. The three peak activity fractions 

(137, 138 and 139 respectively) were examined by SDS/7.5-20%/PAGE 

(inset). The arrow indicates the caldesmon band. 
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reversible. Data obtained from typical experiments ( n=4) are shown in 

Fig. 29. Addition of the crude phosphatase preparation after caldesmon 

was stably phosphorylated reversed the process. The level of P.1 

incorporation observed after 40 min was due to phosphorylation of 

protein substrates inherent in the crude phosphatase preparation but not 

of caldesmon as detected by SDS-PAGE and autoradiography ( data not 

shown). The crude phosphatase preparation therefore completely 

dephosphorylated caldesmon. Whether caldesmon phosphatase activity is a 

distinct phosphoprotein phosphatase or whether its activity resides 

within one of the reported myosin light chain phosphatases was not 

investigated further. 

V.C.3 Effect of actin on caldesmon phosphorylation 

Results obtained from experiments similar to those illustrated in 

Fig. 22 raised the possibility that the presence of other contractile 

proteins, particularly actin, in the incubation mixture might influence 

the degree of caldesmon phosphorylation. This point was investigated by 

examining the time course of caldesmon phosphorylation in the presence 

and absence of actin ( Fig. 30). It is apparent from the data shown that 

actin does not exert any effect on the phosphorylation of caldesmon. In 

subsequent experiments ( data not shown), addition of tropomyosin and 

chicken gizzard thin-filament preparations were also without effect. 

Finally, caldesmon kinase clearly requires free Mg 2+ in addition to the 

substrate, Mg 2+ -ATP, for activity ( compare panel A,A to C,C of Fig. 

30). 
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Figure 29. Reversible phosphorylation of caldesmon. 

Affinity-purified caldesmon ( 79 g/mL) was incubated at 30°C in 20 

mM Tris-HC1 ( pH 7.5), 5 mM MgCl 2, 0.1 mM CaCl 2 and 0.5 mM [ y-32PJATP 

(z 17,000 cpm/nmol) with 10 pg calmodulin/mL. Aliquots of reaction 

mixtures were withdrawn at 5, 10, 15, 20, 25 and 30 min for quantitation 

of protein-bound [32P]phosphate as described in Materials & Methods. At 

35 mm, EGTA ( final concentration 1 mM) was added to one reaction ( 0 ), 
and EGTA ( final concentration 1 mM) plus a partially-purified myosin 

light chain phosphatase ( 50 g/mL) to a second reaction ( I ). Addi-

tional aliquots were withdrawn at 40, 45, 50, 55, 60, 75 and 90 min for 

further quantitation of protein-bound [32P]phosphate. 
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Figure 30. Effect of actin on caldesmon phosphorylation. 

Affinity-purified caldesmon ( 50 pg/mL) was incubated at 30°C in 20 

mM Tris-HC1 ( pH 7.5), 0.1 mM CaCl 2, either ( 0 , ) 5 mM MgCl 2 and 0.5 

MM [ 1-32P]ATP (z 10,000 cpm/nmol) or ( D ) 1 mM MgCl 2 and 1 mM 

[y 32P]ATP with F- actin ( 1 mg/mL) and calmodulin ( 0.1 mg/mL). Aliquots 

were withdrawn at indicated times for quantitation of protein-bound 

[32P]phosphate as described in Materials & Methods. At 120 mm, equal 

volumes of SDS-sample buffer were added to the remainder of each reac-

tion mixture. Samples were then immersed in a boiling water bath for 2 

mm, then subjected to SDS/7.5-20%/PAGE and autoradiography as described 

in Materials & Methods. Key to symbols: A = CaD + 5 mM MgCl 2; 0 = 

CaD + Actin + 5 mM MgCl 2 and 0 = CaD + Actin + 1 mM MgCl 2. Explana-

tion to gel inset: three pairs in which left lane represented Coomassie 

Blue-stained gel and right lane was corresponding autoradiogram: A,A' = 

CaD + Actin + 5 mM MgCl 2; B,B' = CaD + 5 mM MgCl 2; C,C' = CaD + Actin + 

1 mM MgCl2. 
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V.C.4 Summary 

Thus far, two different ways of preparing caldesmon from chicken 

gizzard smooth muscle have been developed. Each method yielded caldes-

mons that are structurally similar but functionally different in 

relation to their individual effects on the biochemical correlates of 

contraction. As it has been clearly demonstrated in this section, the 

difference can be traced to the presence of a caldesmon kinase activity 

which co-purified with the 141,000-dalton caldesmon during the calmodu-

lin-Sepharose affinity chromatographic step. Subsequently, a caldesmon 

phosphatase activity was also detected in chicken gizzard smooth muscle. 

These findings strongly suggest the existence of a functionally-viable 

enzymatic system for the reversible phosphorylation of caldesmon. 

Table 5 recapitulates, in a synopsis, the effects of stably-phos- 

2+ phorylated versus non-phosphorylated caldesmon on the actomyosin Mg - 

ATPase activity. These data were derived from experiments reconstituted 

from smooth muscle actin instead of its skeletal muscle counterpart, and 

with myosin which has been kept under nitrogen atmosphere. The use of 

these proteins in the reconstitution system led to the higher ATPase 

rate as shown. These observations have been repeated with at least 3 

different preparations of each protein component obtained via improved 

procedures. 

V.0 Caldesmon, F-actin and calmodulin interactions 

The interaction of caldesmon and F-actin raised the possibility 

that such a reaction may participate in the regulation of actin-myosin 

cross-bridge formations, i.e. contraction. Furthermore, from the 

discovery and identification of a caldesmon kinase activity in chicken 

gizzard smooth muscle as discussed in the preceding section, another 
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Table 5. The effect of caldesmon phosphorylation on inhibition of 

smooth muscle actin-activated myosin Mg2+_ATPase 

Conditions 

ATPase rate  Super-

nmol P1/min/mg myosin % control precipitation 

1. No preincubation  

+ Ca 2+ 

- Ca 2+ 

+ CaD/CaD kinase + Ca2 

+ heat-treated CaD + Ca2 

2. Preincubated  

+ Ca2 

+ CaD/CaD kinase + Ca 2+ 

+ heat-treated CaD + Ca2 

89.0 100.0 + 

2.3 2.6 

89.3 100.3 + 

57.6 64.7 

92.1 

83.2 

46.8 

103.5 

93.5 

52.6 

+ 

+ 

The effect of caldesmon containing endogenous caldesmon kinase activity 

on the actin-activated myosin Mg2 -ATPase was compared with that of 

heat-treated caldesmon either without preincubation or immediately fol-

lowing preincubation at 30°C for 60 min under the following conditions: 

20 mM Tris-HCl ( pH 7.5), 5 mM MgCl 2, 0.1 mM CaCl 2, 60 Ag/mL calmodulin, 

0.5 mM [y-32P]ATP (x 2000 cpm/nmol) in the absence or presence of 2.1 iM 

caldesmon ( CaD containing endogenous CaD kinase or heat-treated CaD). 

Note that the depletion of labelled ATP during this step is negligible. 

ATPase assay conditions were: 25 mM Tris-HC1 ( pH 7.5), 60 mM KC1, 10 mM 

MgCl 2, 0.1 mM CaCl 2 or 1 mM EGTA, 1.2 iM calmodulin, 73.5 nM MLCK, 0.74 

iM tropomyosin, 0.91 iM myosin, 5.95 i.M actin, 1 mM [y-32P] ATP (x 2000 

cpm/nmol) in the absence or presence of 0.71 iM caldesmon. ATPase rates 

were calculated by linear regression analysis of the time course assays 

obtained by withdrawing aliquots of reaction mixtures at t = 1, 2, 3, 4, 

5, 6, and 7 min for quantitation of 32P release. The occurrence of 

superprecipitation was determined by visual inspection. 
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important question to be addressed is the influence of caldesmon phos-

phorylation on actin-myosin interactions. This series of studies began 

with the preparation of stab ly-phosphorylated and nonphosphorylated 

caldesmon ( a preparation which is devoid of caldesmon kinase activity). 

The resultant preparations were then used in binding studies under 

different conditions as outlined below. 

V.0.1 Preparation of stably-phosphorylated and nonphosphorylated 

caldesmon 

Affinity-purified caldesmon ( containing endogenous caldesmon 

kinase) was used for these experiments. Before large-scale preparations 

of stably-phosphorylated caldesmon were carried out, a pilot experiment 

of time course and quantitation of phosphate incorporation into the 

caldesmon preparations was performed as described in the legend of Fig. 

31. Sample aliquots under different conditions were removed at the end 

of the time course for SDS-PAGE and autoradiography. Maximal phosphate 

incorporation was achieved after 60 mm. Results from autoradiography 

confirmed that phosphate incorporation was specifically into the 

141,000-dalton protein and only in the presence of both Ca 2+ and cal -

modulin ( data not shown). Subsequently, the same caldesmon preparations 

were subjected to large-scale phosphorylation using unlabelled ATP under 

the same conditions in the presence of 0.1 mM CaCl 2 or 1 mM EGTA as 

described in Materials and Methods. A 90-min incubation period was 

chosen to ensure maximal phosphate incorporation, after which samples 

were heat treated to 90°C for 2 min to terminate caldesmon kinase 

activity. 
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Figure 31. Quantitation of caldesnion phosphate incorporation prior to 

bulk phosphoryl ati on. 

A caldesmon/caldesmon kinase combination ( 0.10 mg/mL of 141K CaD) 

was incubated at 30°C in 20 mM Tris-HC1 ( pH 7.5), 5 mM MgCl 2, 0.5 mM 

[y-32PJATP (z 5000 cpm/nmol) with 0.1 mM CaCl 2 ( • , D ) or 1 mM EGTA 

o , ) in the presence ( • , 0 ) or the absence ( 0 , A ) of cal-

modulin ( 10 Vg/mL or 0.6 . M). Reaction volumes were 1.5 mL for Ca2 /CaM 

mix and 0.25 mL for the remaining reaction mixes. Samples ( 0.2 mL) were 

withdrawn at the indicated times for quantitation of protein-bound [32P] 

P1 as previously described ( Walsh et al., 1983a). To the remainder of 

each reaction mixture ( at t = 120), an equal volume of SOS-gel sample 

buffer was added and the resultant sample was immersed in a boiling 

water bath for 2 min before being subjected to SDS-PAGE. The stained 

and destained gel was dried and subjected to autoradiography. Subse-

quent bulk phosphorylation was carried out in an identical fashion as 

described in Materials & Methods. 
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V.D.2 Interaction of phosphorylated caldesmon and F-actin 

The interaction between caldesmon and F- actin has previously been 

shown to be Ca 2+_ independent ( Sobue et al., 1981a,b; section V.A.2 of 

this volume). This Ca 2+_ independent process appears to hold true 

regardless of whether caldesmon is in the phosphorylated or nonphos-

phorylated state as shown in Fig. 32. However, careful examination of 

the distribution of caldesmon between the supernatant and the pellet 

fractions ( Table 6) revealed that caldesmon is almost quantitatively 

recovered with actin when the amount of nonphosphorylated caldesmon 

added is between 0.8-1.0 mol/8.4 mol of actin in the presence of 1.4 mol 

of tropomyosin. In the absence of tropomyosin, the molar ratio is 

shifted to a lower value of 0.6. On this basis, the proportion of 1.0 

mol CaD to 8.4 mol actin and 1.4 mol Tm was chosen as standard condi-

tions to be used in all subsequent experiments. 

Using these levels of protein concentration for comparison, 

phosphorylated caldesmon (Fig. 32, panel A, lane 14) showed signifi-

cantly-reduced binding to F-actin compared with its nonphosphorylated 

counterpart ( Fig. 32, panel B, lane 14). The amount of caldesmon 

recovered with F-actin is 67.9% and 80.2% for phosphorylated and 

nonphosphorylated caldesmon respectively. This corresponded to maximal 

binding of 1 mol phosphorylated CaD/11.7 mol actin and 1 mol nonphos-

phorylated CaD/9.5 mol actin. This trend of reduced affinity of 

phosphorylated caldesmon for F-actin persisted over the range of 

caldesmon concentrations used in these experiments as shown in Fig. 33. 

In all cases, the presence of tropomyosin increased slightly the binding 

of both phosphorylated and nonphosphorylated caldesmon to F-actin than 

in the absence of tropomyosin. 
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Figure 32. Interactions of phosphorylated and nonphosphorylated cal-

desmon with F- actin in the absence of Ca2t 

The interactions were examined by the ultracentrifugation technique 

as described in Materials & Methods and protein compositions of super-

natants ( odd-numbered lanes) and pellets ( even-numbered lanes) were 

examined by SDS/7.5-20%/PAGE. A represents phosphorylated caldesmon + 

F- actin ( 8.4 M) + tropomyosin ( 1.4 PM); B represents nonphosphorylated 

caldesmon + F-actin ( 8.4 MM) + tropomyosin ( 1.4 MM). Amount of caldes-

mon added: lanes 1,2 = U MM; lanes 3,4 = 0.1 pM; lanes 5,6 = 0.2 pM; 

lanes 7,8 = 0.4 pM; lanes 9,10 = 0.6 pM; lanes 11,12 = 0.8 pM; lanes 

13,14 = 1.0 pM and lanes 15,16 1.2 pM. Concentrations of caldesmon 

added for both panels were identical. 
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Table 6. Binding of phosphorylated and nonphosphorylated caldesmons 

to F-actin in the presence and absence of tropomyosin ( Tm). 

Percent caldesmon bound to F-actin ( pellet fraction)  

Molar ratio of Phosphorylated Nonphosphorylated 

F-actin:CaD + Tm - Tm + Tm - Tm 

8.4:0.1 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

100.0 100.0 

88.6 85.7 

88.9 79.0 

81.7 74.3 

75.0 71.7 

67.9 65.0 

63.8 58.4 

100.0 

100.0 

96.0 

91.5 

86.0 

80.2 

71.6 

100.0 

100.0 

93.7 

85.2 

78.2 

75.3 

74.8 

Percentages were determined by scanning laser densitometry of Coomassie 

Blue-stained gels similar to those shown in Fig. 32. 
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Figure 33. Quantitation of caldesmon bound to F-actin in the absence of 

Ca2 . 

Interactions were performed in conditions identical to those de-

scribed in the legend of Fig. 32. Amounts of caldesmon bound at differ-

ent concentrations of caldesmon added were determined by scanning laser 

densitometry of pellet fractions of Coomassie Blue-stained gels. Key to 

symbols: phosphorylated caldesmon in the presence ( 0 ) or the absence 

• ) of tropomyosin; nonphosphorylated caldesmon in the presence ( A ) 

or the absence ( V ) of tropomyosin. 
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V.D.3 Effect of calmodulin on the interaction of phosphorylated caldes-

mon and F- actin 

Increasing concentrations of calmodulin in the presence of Ca 2+ 

were used in these studies to quantitate the amount of caldesmon re-

leased from its interaction with F-actin. Using the standard protein 

concentrations selected above, calmodulin clearly competes with F- actin 

for binding to both phosphorylated and nonphosphorylated caldesmon at 

all concentrations used, as shown in Fig. 34. In addition, calmodulin 

released phosphorylated caldesmon from its interaction with F- actin to a 

greater extent than nonphosphorylated caldesmon ( Table 7). The presence 

of tropomyosin, in this case, appears to enhance the release of phos-

phorylated caldesmon from F-actin. 

V.0.4 Effect of Ca 2+ on the interactions between phosphorylated caldes-

mon, F-actin and calmodulin 

It is apparent from data presented in the preceding sections that 

phosphorylated caldesmon has a significantly lower affinity for binding 

to F- actin. In this series of experiments, the effective free [Ca 2+] 

for maximal removal of caldesmon was determined. A Ca2+/EGTA buffering 

system was used to determine the absolute free [Ca 2+] in each reaction. 

In the absence of free Ca 2+ ( 0.1 mM EGTA), 72.8% phosphorylated caldes-

mon remained bound to F- actin as compared to 89.2% for nonphosphorylated 

caldesmon ( lanes 2 of panels A and B respectively, Fig. 35). As the 

free [Ca 2+] increased, proportionately more phosphorylated caldesmon was 

released from its complex with F- actin than its nonphosphorylated 

counterpart as shown in Fig. 36. Almost all of the phosphorylated 

caldesmon was released at a free [ Ca 2+] of approximately 2 MM ( pCa5.7), 
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Figure 34. Interactions of phosphorylated and nonphosphorylated cal-

desmon with F- actin in the presence of Ca 2+ and calmodulin. 

The interactions were examined by the ultracentrifugation technique 

as described in Materials & Methods and protein compositions of super-

natants ( odd-numbered lanes) and pellets ( even-numbered lanes) were 

examined by SDS/7.5-20%/PAGE. A represents phosphorylated caldesmon 

(1 M) + F-actin ( 8.4 M) + tropomyosin ( 1.4 pM) + 0.1 mM Cad 2; B 

represents nonphosphorylated caldesmon ( 1 pM) - F-actin ( 8.4 pM) + 

tropomyosin ( 1.4 pM) + 0.1 mM CaCl 2. Concentrations of calmodulin used 

were: lanes 1,2 = 1.46 pM for panel A, 1.73 pM for panel B; lanes 3,4 = 

4 pM; lanes 5,6 = 6 pM; lanes 7,8 = 8 pM; lanes 9,10 = 10 pM; lanes 

11,12 = 12 pM; lanes 13,14 = 15 pM and lanes 15,16 = 20 pM. 
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Table 7. Release of phosphorylated and nonphosphorylated caldesmons 

from F- actin by Ca2 /calmodulin. 

Percent caldesmon in supernatant 

Calmodulin, pM 

Phosphorylated Nonphosphorylated 

+Tm - Tm + Tm - Tm 

1.46 

1.73 

4.0 

6.0 

8.0 

10.0 

12.0 

15.0 

20.0 

19.7 30.1 

35.0 32.4 

44.5 46.9 

53.9 49.1 

57.1 55.0 

59.0 56.5 

65.9 60.2 

69.5 65.2 

28.1 

27.8 

35.4 

39.4 

43.0 

48.6 

51.6 

60.4 

30.3 

38.7 

40.0 

45.4 

48.5 

52.6 

57.7 

61.1 

Percentages were determined by scanning laser densitometry of Coomassie 

Blue-stained gels similar to those shown in Fig. 34. 
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Figure 35. Effect of Ca 2+ on the interactions of caldesmon and F-actin 

in the presence of calmodulin. 

The interactions were examined by the ultracentrifugation technique 

as described in Materials & Methods and protein compositions of super-

natants ( odd-numbered lanes) and pellets ( even-numbered lanes) were 

examined by SDS/7.5-20%/PAGE. A represents phosphorylated caldesmon 

(1 MM) + F- actin ( 8.4 MM) + calmodulin ( 20 MM) + tropomyosin ( 1.4 MM); B 

represents the same protein mixture except for the replacement of 

phosphorylated by nonphosphorylated caldesmon. Final total free Ca2 

concentrations were identical for samples in both panels A and B: lanes 

1,2 = 0.1 mM EGTA; lanes 3,4 = 0.01 MM Ca2 ; lanes 5,6 = 0.05 MM; lanes 

7,8 = 0.1 MM; lanes 9,10 = 0.2 MM; lanes 11,12 = 0.4 MM; lanes 13,14 = 

0.6 MM; lanes 15,16 = 0.8 MM; lanes 17,18 = 1.0 MM; lanes 19,20 = 2.0 

MM; lanes 21,22 = 4.0 MM; lanes 23,24 = 6.0 MM, lanes 25,26 = 8.0 MM; 

lanes 27,28 = 10.0 MM; lanes 29,30 = 15.0 MM and lanes 31,32 = 30.0 MM. 

Basic incubation buffer: 10 mM MOPS ( pH 7.1), 0.1 M NaCl, 0.1 mM DTT, 

0.1 mM EGTA, 2.5 mM MgCl 2 and 1 mM ATP. Stock CaCl 2 solution was then 

added to give the final free Ca2 concentrations indicated. 
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Figure 36. Effect of Ca 2+ on the release of caldesmon from F- actin in 

the presence of calmodulin. 

Data were derived from experiments identical to those described in 

the legend of Fig. 35. Percentages of caldesmon in the supernatants 

were determined by scanning laser densitometry of Coomassie Blue-stained 

gels similar to those shown in Fig. 35. Key to symbols: phosphorylated 

caldesmon ( 0 ); nonphosphorylated caldesmon (E3 ). 
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while nearly 40% of nonphosphorylated caldesmon remained bound to actin 

at this concentration. Half-maximal removal of caldesmon from its 

complex with F-actin, as determined from Fig. 36, occurred at approxi-

mately 0.11 pM and 0.16 pM for phosphorylated and nonphosphorylated 

species respectively. These data are representative of three experi-

ments using three different preparations of proteins. 

V.0.5 Summary 

The interaction between F-actin and caldesmon, either phosphory-

lated or nonphosphorylated, is independent of Ca2t This result is an 

extension of and is consistent with the earlier finding that caldesmon 

binds to F- actin regardless of the presence or absence of Ca 2+ ( Sobue et 

al., 1981b). Furthermore, under the experimental conditions employed 

here, tropomyosin appears to exert a slight effect on the interaction by 

reducing the affinity of phosphorylated caldesmon for F-actin. In the 

presence of added calmodulin, the affinities of phosphorylated caldesmon 

for F-actin were further reduced. At a free [Ca 2+] of 2 pM, the differ-

ence in affinities between phosphorylated and nonphosphorylated caldes-

mon for F-actin was observed to be greater than 40%. These observations 

strongly suggest that the differential binding of caldesmon to F-actin 

by phosphorylation could indeed play a significant physiological role, 

since the free Ca 2+ concentrations are within the proposed Ca 2+ transi-

ents occurring in vivo. 

V.E Immunological studies of caldesmon 

V.E.1 Production of polyclonal antibodies to chicken gizzard caldesmon 

Caldesmon purified from gizzard smooth muscle by Affi-Gel Blue 

affinity chromatography and DEAE-Sephacel ion-exchange chromatography as 
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described in section V.A.6 was used as antigen. The specificity of the 

antibodies subsequently produced was verified in immunoblotting ex-

periments using the following purified proteins: filamin, myosin, 

a-actinin, vinculin, caldesmon, myosin light chain kinase and tropo-

myosin ( all purified from chicken gizzard), rabbit skeletal actin and 

bovine brain calmodulin ( Fig. 37). Only caldesmon was visualized in the 

immunoblot as shown in panel B, Fig. 37. The stained band also showed 

the presence of small amounts of proteolytic fragments of caldesmon 

which were not visible in the corresponding Coomassie Blue-stained gel. 

This observation is fully consistent with an earlier finding that 

caldesmon is extremely susceptible to proteolysis during purification 

(see sections V.A.6 and \I.B.3). A control immunoblot treated in the 

same manner except for the omission of the primary anti-caldesmon showed 

no stained band. More recent immunoblotting experiments employing 

monoclonal antibodies against platelet caldesmon (Mr=8OOOO) exhibited 

identical staining patterns ( Scott-Woo and Walsh, unpublished observa-

tion), in support of the conclusion that the lowerMr immunoreactive 

bands noted above are proteolytic fragments of caldesmon. 

V.E.2 Distribution of caldesmon in different avian tissues 

The occurrence of caldesmon in different tissues of the chicken was 

investigated by two different methods using the following twelve tis-

sues: gizzard, skeletal muscle, heart, aorta, brain, duodenum, small 

intestine, liver, kidney, trachea, oesophagus and lung. 

First, total tissue homogenates prepared as described in Materials 

and Methods were subjected to SDS/7.5-20%/PAGE followed by immunoblot-

ting. Typical results are shown in Fig. 38. Panel A represents the 
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Figure 37. Specificity of antibodies to gizzard caldesmon. 

The following purified proteins ( 5 pg of each) were subjected to 

SDS/7.5-20%/PAGE. After electrophoresis, one set of gels was stained 

with Cooniassie Blue ( A); an identical set was transblotted onto a nitro-

cellulose membrane and treated with primary antibody ( anti -caldesmon) 

and secondary antibody ( anti-rabbit IgG-horseradish peroxidase conju-

gate) prior to visualization of the secondary antibody as described in 

Materials & Methods ( B). Key to lanes: 1 filamin; 2 = myosin; 3 = 

a-actinin; 4 = vinculin; 5 = caldesmon; 6 = myosin light chain kinase; 

7 = tropomyosin; 8 = actin; 9 = calmodulin. Numbers at the left of 

panel A indicate molecular weights ( in kilodaltons) of Mr marker 

proteins co-electrophoresed. 
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Figure 38. The distribution of caldesmon in total homogenates of 

diverse avian tissues. 

Total homogenates were prepared from chicken tissues fresh-frozen 

in dry ice as described in Materials & Methods. Samples ( 10 iL) of each 

homogenate were subjected to SDS-PAGE and either stained with Coomassie 

Blue ( A) or transblotted onto nitrocellulose membranes and treated with 

primary and secondary antibodies prior to visualization ( B). Key to 

lanes: 1 = purified chicken gizzard caldesmon ( 3 pg); 2 = purified 

chicken gizzard myosin light chain kinase ( 2.5 pg); total homogenates 

of: 3 = gizzard; 4 = skeletal muscle; 5 = heart; 6 = aorta; 7 = brain; 

8 = duodenum; 9 = small intestine; 10 = liver; 11 = kidney; 12 = 

trachea; 13 = oesophagus; 14 = lung; 15 = Mr markers ( a = 205,000; 

b = 116,000; c = 97,400; ci = 66,000; e 45,000; f = 29,000). The 

position of caldesmon bands ( CaD) is indicated. A control immunoblot 

treated identically, except for the omission of the primary antibody, 

remained completely clear. 
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Coomassie Blue-stained gel while Panel B represents the corresponding 

immunoblot. It is apparent from this figure that Call twelve tissues 

contained varying amounts of caldesmon of Mr=l4lUOO using purified 

caldesmon for comparison. Since the homogenates were prepared in an 

identical manner and assuming that the antibodies cross-reacted equally 

with caldesmon from each tissue, a semi-quantitative comparison of the 

relative amounts of caldesmon present in each tissue was made: gizzard 

> oesophagus > duodenum small intestine > lung > aorta > heart = 

skeletal muscle > kidney = trachea > brain > liver. It is also apparent 

that a number of lower Mr cross-reactive bands ( notably 94,000 and 

70,000 daltons) are found in each tissue homogenate. These bands may 

indeed represent proteolytic fragments of caldesmon generated during 

sample preparation, although the 70 kDa polypeptide probably represents 

the lower Mr class of caldesmon ( see section II.D.6). Efforts to 

minimize proteolysis by the inclusion of proteolytic inhibitors in the 

sample preparation buffers were without success. 

The second method of screening for caldesmon was identical with the 

first with an additional heat-treatment step which exploits the heat-

stable property of caldesmon ( Bretscher, 1984). After tissues were 

homogenized, they were heated to 90°C for 2 mm. The heat-treated 

samples were subjected to SOS-PAGE and immunoblotting as described 

above. Figure 39 shows that protein bands corresponding to 141,000-

dalton caldesmon were detected in all twelve tissues. Furthermore, the 

relative tissue contents were similar to those deduced from immunoblots 

of total homogenates without heat treatment. Proteolytic fragments were 

also detected in these heat-treated supernatants which suggests that 
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Figure 39. The distribution of caldesnion in heat-treated supernatants 

of diverse avian tissues. 

Total homogenates prepared from chicken tissues were heat treated 

as described in Materials & Methods. Samples ( 50 ML) of each heat-

treated supernatant were subjected to SDS-PAGE and either stained with 

Coomassie Blue ( A) or transblotted onto nitrocellulose membranes and 

treated with primary and secondary antibodies prior to visualization 

(B). Key to lanes: identical to those described in the legend of Fig. 

38, except that heat-treated supernatants rather than total homogenates 

were electrophoresed. A control immunoblot treated identically, except 

for the omission of the primary antibody, remained completely clear. 
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proteolysis may have begun immediately following tissue removal after 

sacrifice. 

Verification of protein transfer to nitrocellulose membranes is 

illustrated in Fig. 40. After transblotting, nitrocellulose membranes 

of total homogenates ( panel A) and heat-treated supernatants ( panel B) 

were stained using amido black. The staining patterns were comparable 

to the corresponding Coomassie Blue-stained gels as shown in Figs. 38 

and 39 respectively. 

V.E.3 Distribution of caldesmon in different bovine tissues 

The distribution of caldesmon in different bovine tissues was 

examined by SDS/7.5-20%/PAGE and immunoblotting, as described in the 

preceding section, of total homogenates ( Fig. 41) and heat-treated 

homogenate supernatants ( Fig. 42) using specific antibodies to chicken 

gizzard caldesmon. Eleven bovine tissues were examined: stomach, 

aorta, trachea, lung, oesophagus, heart, liver, kidney, intestine, 

skeletal muscle and brain. A cross-reactive protein of Mrl49OOO was 

detected in all tissue samples to varying degrees. The majority of 

tissues examined also- contained a cross-reactive protein of Mr8OOOO 

which may be a proteolytic fragment of caldesmon. This is consistent 

with the earlier observation that chicken gizzard caldesmon is highly 

susceptible to proteolysis. Alternatively, the 80,000-dalton protein 

may represent a different form of caldesmon as suggested by Bretscher 

and Lynch ( 1985) and Sobue et al. ( 1985d) discussed earlier. A semi-

quantitative comparison of the relative amounts of caldesmon present in 

each tissue was similarly made: stomach > aorta > trachea > lung > 
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Figure 40. Verification of transfer to nitrocellulose membranes of 

proteins in the total homogenates and heat-treated super-

natants. 

Gels identical to those of Figs. 38 & 39 were run and separated 

proteins were transblotted onto nitrocellulose membranes. The membranes 

were then stained for 1 min in 0.1% amido black, 45% methanol, 10% 

acetic acid and destained in 45% methanol, 10% acetic acid. A: total 

homogenates, samples as in Fig. 38; B: heat-treated supernatants, 

samples as in Fig. 39. 
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Figure 41. The distribution of caldesmon in total homogenates of 

diverse bovine tissues. 

Total homogenates were prepared from bovine tissues fresh-frozen in 

dry ice as described in Materials & Methods. Samples ( 10 IAL) of each 

homogenate were subjected to SDS-PAGE and either stained with Coomassie 

Blue ( A) or transblotted onto nitrocellulose membranes and treated with 

primary and secondary antibodies prior to visualization ( B). Key to 

lanes: 1 = purified chicken gizzard caldesmon (3 pg); total homogenates 

of: 2 = brain; 3 = skeletal muscle; 4 = trachea; 5 = oesophagus; 6 = 

aorta; 7 = heart; 8 = stomach; 9 = intestine; 10 = liver; 11 = kidney; 

12 = lung and 13 = Mr markers ( 205,000-, 116,000-, 97,400-, 66,000-, 

45,000- and 29,000-dalton). The positions of caldesmon ( CaD) and a 

cross-reactive polypeptide ( 80 kDa) are indicated. A control immunoblot 

treated identically, except for the omission of the primary antibody, 

remained completely clear. 
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Figure 42. The distribution of caldesmon in heat-treated supernatants 

of diverse bovine tissues. 

Total homogenates prepared from bovine tissues were heat treated as 

described in Materials & Methods. Samples ( 50 IAL) of each heat-treated 

supernatant were subjected to SDS-PAGE and either stained with Coomassie 

Blue ( A) or transb]otted onto nitrocellulose membranes and treated with 

primary and secondary antibodies prior to visualization ( B). Key to 

lanes: identical to lanes 2-13 as described in the legend of Fig. 41, 

except that heat-treated supernatants rather than total homogenates were 

electrophoresed. A control immunoblot treated identically, except for 

the omission of the primary antibody, remained completely clear. 
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oesophagus = heart = liver = kidney > intestine = skeletal muscle > 

brain. 

\J.E.4 Summary 

As shown by the series of experiments described in this section, 

caldesmon is found widely distributed among all the avian and bovine 

tissues examined. This observation also demonstrates that caldesmon is 

highly conserved among the different species. Smooth muscles, particu-

larly those of the gastrointestinal tract of the chicken, are rich in 

caldesmon while striated muscles and non-muscle cells apparently contain 

lower amounts. The molecular masses of caldesmon detected for all 

chicken tissues are identical ( 141,000 daltons) while those for the 

different bovine tissues are slightly higher ( 149,000 daltons). These 

are within the Mr range of caldesmon reported by others. In addition, 

in the bovine tissues, a separate 80,000-dalton band was also observed 

consistently which did not appear to be a proteolytic fragment of the 

higher molecular weight form. This form of caldesmon may belong to a 

class of caldesmon ranging from 70,000 to 80,000 daltons which appears 

to be a true isoform of caldesmon. Similar caldesmon has been detected 

in cultured cells ( Bretscher and Lynch, 1985; Owada et al., 1984) and 

has been isolated from bovine adrenal medulla ( Sobue et al., 1985d) and 

human platelets ( Dingus et al., 1986). Most recently, a 70,000-dalton 

protein was isolated from adrenal chromaffin cells which bound to 

chromaffin granule membranes in the absence of Ca2+, but not in the 

presence of higher (> i.iM) Ca 2+ concentrations ( Burgoyne et al., 1986). 

This protein was shown to be caldesmon by immunological techniques. 
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The above tissue screening studies, as well as the knowledge of 

species conservation, indicate the feasibility of using imniunoblotting 

techniques to monitor the purification of caldesmon from another tissue. 

This led to the successful isolation and purification of caldesmon from 

bovine aorta as described in the next section. To date, proteins which 

are also cross-reactive with anti-caldesmon have been detected in 

isolated toad gastric smooth muscle cells and rat cardiac myocytes which 

were generous gifts from Dr. F.S. Fay of the University of Massachusetts 

and Dr. D.L. Severson of the University of Calgary respectively. 

\J.F Vascular smooth muscle caldesmon 

\J.F.1 Purification of caldesmon from bovine aorta 

The, bovine tissue screening studies conducted in the preceding 

section indicated a significantly high content of caldesmon in bovine 

aorta. Consequently, a procedure was developed to purify caldesmon from 

this tissue, exploiting the heat-stable property of caldesmon 

(Bretscher, 1984) and its Ca2 -dependent interaction with calmodulin 

(Sobue et al., 1981a,b; Ngai et al., 1984). The procedure was adapted 

from the heat-treatment method used for the purification of chicken 

gizzard caldesmon except for the omission of the ammonium sulfate 

fractionation step. This step was found to result in extensive degrada-

tion of aorta caldesmon and hence it was not incorporated into the 

purification procedure. 

DEAE-Sephacel ion-exchange chromatography of the heat-treated 

homogenate supernatant is shown in Fig. 43. Sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and immunoblotting with anti- chicken 

gizzard caldesmon were used to identify caldesmon-containing fractions. 
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Figure 43. DEAE-Sephacel ion-exchange chromatography of heat-treated 

supernatant of bovine aorta. 

The heat-treated supernatant of aorta extract was dialyzed and 

chromatographed on a column of DEAE-Sephacel as described in Materials & 

Methods. Bound proteins were eluted with a linear 0-0.25 M NaCl 

gradient ( ) applied at the arrow ( upper panel). Protein elution 

was monitored by A280 ( , upper panel) and selected fractions ( 40 ML 

of each) were examined by SDS/7.5-20%/PAGE (A, lower panel) and immuno-

blotting ( B, lower panel) with anti-gizzard caldesmon. Key to lanes 

(left to right, A, lower panel): Mr protein markers ( 66,000-, 45,000-, 

36,000-, 29,000-, 24,000-, 20,100- and 14,200-dalton), fractions 210, 

230, 250, 260, 270, 280, 285, 290, 295, 300, 305, 310, 315, 320, 330, 

350, 370, purified chicken gizzard caldesmon and Mr protein markers 

(205,000-, 116,000-, 97,400-, 66,000-, 45,000- and 29,000-daltons). 

Fractions ( 343-353) containing caldesmon were pooled according to the 

gel pattern and immunoblot, as indicated by the bar in the upper panel 

and by the arrow in the lower panel. 



0.4 

0.3 

0 CO 
c.J 

0.2 

0.1 

240 280 320 360 200 

A 

e 
974 

66—' 

..J 011 
20.1— ra 
14.2—,  

I- -_ 

1 5 10 15 20 1 5 10 15 20 

Fraction number 

B 

400 

0.3 

0.2 

U 
01 ci 

z 

0 

-it 

I 



191 

Pooled fractions were then subjected to calmodulin-Sepharose affinity 

chromatography as shown in Fig. 44. Caldesmon eluted from this column 

was shown to be 93% pure ( lane 4, Fig. 45) by scanning laser densi-

tometry. Yields of caldesmon varied over a range of 12-15 mg per 100 g 

bovine aorta based on the results obtained from 5 preparations. 

\J.F.2 Characterization of aorta caldesmon 

The molecular mass of aorta caldesmon was determined by SDS-PAGE to 

be 149,000 daltons. This is slightly higher than the chicken gizzard 

protein whose molecular mass is 141,000 daltons. This slight difference 

in molecular mass was more clearly evident when bovine aorta and chicken 

gizzard caldesmons were co-electrophoresed in the same gel lane followed 

by immunoblotting ( Fig. 46). In order to obtain a more quantitative 

estimate of the specificity of the anti-chicken gizzard caldesmon to the 

aorta protein, competitive ELISA assays were carried out. Results from 

a typical assay are shown in Fig. 47. Half-maximal inhibition in the 

competitive ELISA occurred at the following molar ratios of competing 

antigen to chicken gizzard caldesmon: bovine aorta caldesmon, 174:1; 

chicken gizzard myosin, 7,586:1; chicken gizzard filamin, 4,169:1; 

chicken gizzard myosin light chain kinase, chicken gizzard vinculin and 

bovine cardiac C-protein, > 14,000:1. The antibody is therefore highly 

specific for caldesmon from chicken gizzard and bovine aorta. 

The complete amino acid composition of bovine aorta caldesmon is 

given in Table 8. The composition of the chicken gizzard protein is 

included for comparison. Both proteins contain a very high content of 

glutamic acid ( 22.3% of total residues in the bovine aorta protein and 

25.4% in chicken gizzard caldesmon); similar large amounts of lysine, 
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Figure 44. Calmodulin-Sepharose affinity chromatography of aorta 

caldesmon. 

The pooled fractions containing caldesmon from the ion-exchange 

column ( Fig. 43) were dialyzed and applied to a column of calmodulin-

Sepharose in the presence of Ca2+ as described in Materials & Methods. 

Following washing of the column to remove unbound proteins ( monitored by 

A280 in upper panel), specifically-bound proteins were eluted by 

application of an EGTA-containing buffer ( indicated by the arrow). 

Selected fractions ( 2.5 pL of each) were examined by SDS/10%/PAGE ( lower 

panel). Key to lanes: 1 = Mr protein markers; 2 = purified chicken 

gizzard caldesmon; 3-10 = fractions 10, 20, 39, 40, 41, 42, 45 and 50 

respectively; 11 = purified chicken gizzard caldesmon. Numbers at the 

left in the lower panel indicate molecular masses of the protein markers 

in kilodaltons. 
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Figure 45. Electrophoretic analysis of aorta caldesmon purification 

steps. 

Fractions obtained from different steps during purification were 

examined by SDS/7.5-20%/PAGE as described in Materials & Methods. Gel 

shown represents a Coomassie Blue-stained sample. Key to lanes: 1 = 

aorta homogenate supernatant; 2 = heat-treated supernatant; 3 DEAE-

Sephacel column pool; and 4 = calmodulin-Sepharose column pool. The 

position of aorta caldesmon band is indicated ( CaD). 
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Figure 46. Molecular weight determination and immunoblotting of puri-

fied aorta caldesmon. 

Aorta and gizzard caldesmons plus several other purified proteins 

and Mr marker proteins were subjected to SDS/7.5-20%/PAGE. A = Coomassie 

Blue-stained gel; B = identical gel subjected to immunoblotting. Key to 

gel lanes: 1 = bovine cardiac C-protein ( 5 pg); 2 = chicken gizzard 

vinculin ( 5 pg); 3 = chicken gizzard myosin light chain kinase ( 5 .tg); 

4 = Mr marker proteins; 5 = chicken gizzard caldesmon ( 5 pg); 6 = bovine 

aorta caldesmon ( 5 pg); 7 = chicken gizzard caldesmon ( 2.5 pg) + bovine 

aorta caldesmon ( 2.5 pg); 8 = Mr marker proteins; 9 = chicken gizzard 

filamin ( 5 pg); 10 = partially-purified rabbit skeletal muscle C-protein 

(5 Mg). Numbers at the left indicate molecular masses of the marker 

proteins in kilodaltons. 
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Figure 47. Comparison of cross-reactivities of various antigens with 

anti-chicken gizzard caldesmon by competitive ELISA assays. 

Various antigens were tested for cross-reactivity with anti-chicken 

gizzard caldesmon as described in Materials & Methods. Key to symbols: 

competing antigen = chicken gizzard caldesmon ( 0 ), bovine aorta 

caldesmon ( D ), chicken gizzard filamin ( A  ), chicken gizzard myosin 

( E ), chicken gizzard vinculin ( A ), bovine cardiac C-protein ( • ) 
and chicken gizzard myosin light chain kinase ( V ). 
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Table 8. Comparison of the amino acid compositions of bovine aorta 

and chicken gizzard caldesmons. 

Amino acid Bovine aorta Chicken gizzard 

Lysine 150 ( 11.1) 167 ( 13.6) 

1-listidine 25 ( 1.8) 5 ( 0.4) 

Arginine 98 ( 7.2) 126 ( 10.3) 

Aspartic acid 99 ( 7.3) 90 ( 7.3) 

Threoninea 76 ( 5.6) 51 ( 4.2) 

Serinea 90 ( 5.5) 58 ( 4.7) 

Glutamic acid 302 ( 22.3) 312 ( 25.4) 

Proline 55 ( 4.1) 37 ( 3.0) 

Glycine 103 ( 7.6) 51 ( 4.2) 

Alanine 112 ( 8.3) 135 ( 11.0) 

Cysteineb 11 ( 0.8) 7 ( 0.6) 

Valine 68 ( 5.0) 56 ( 4.6) 

Methionine 8 ( 0.6) 17 ( 1.4) 

Isoleucine 33 ( 2.4) 22 ( 1.8) 

Leucine 80 ( 5.9) 61 ( 5.0) 

Tyrosine 15 ( 1.1) 7 ( 0.6) 

Phenylalanine 29 ( 2.1) 15 ( 1.2) 

TryptophanC + 9 ( 0.7) 

The results are expressed as mol/mol and represent the means of tripli-

cate determinations at three times of hydrolysis: 24, 48 and 72 hr. 

a. Extrapolated to zero time hydrolysis. 

b. Determined as described by Hirs ( 1967). 

c. Determined as described by Simpson et al. ( 1976). 

+ Indicates tryptophan was detected but could not be quantitated 

accurately. 
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aspartic acid and several other residues are also observed. On the 

contrary, bovine aorta caldesmon has substantially larger amounts of 

histidine, glycine, tyrosine and phenylalanine. The following extinc-

tion coefficients were determined using protein concentrations deter-

mined by amino acid analysis: 4 nm = 19.5 for bovine aorta caldesmon 
and 5.0 for chicken gizzard caldesmon. The differences between the 

amino acid compositions of the two caldesmons suggest significant 

differences in amino acid sequence. This conclusion was substantiated 

by a comparison of the one-dimensional peptide maps of chicken gizzard 

and bovine aorta caldesmons generated by digestion using two proteases: 

a-chymotrypsin and S. aureus V8 protease. The digests of the two 

caldesmons were completely different ( Fig. 48) and very few common 

peptides could be found. It was also apparent that bovine aorta cal-

desmon is more resistant to digestion by these two proteases than is 

chicken gizzard caldesmon. 

V.F.3 Interaction of aorta caldesmon and F-actin 

Binding interactions between aorta caldesmon and F-actin were 

carried out using the ultracentrifugation technique as described before. 

Figure 49 demonstrates that bovine aorta caldesmon exhibits similar 

binding properties to those previously reported for chicken gizzard 

caldesmon ( Sobue et al., 1981a,b; section V.A.3). Bovine aorta caldes-

mon, bound to F-actin in the presence and absence of Ca2+, was recovered 

quantitatively in the pellet ( lanes 7 and 11). Addition of calmodulin 

in the absence of Ca2+ did not affect the F-actin-caldesmon interaction 

(lanes 4 and 5). On the other hand, addition of calmodulin in the 

presence of Ca2+ resulted in the recovery of most of the caldesmon in 
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Figure 48. Digestion of chicken gizzard and bovine aorta caldesmons by 

chymotrypsin and S. aureus V8 protease. 

Caldesmons from bovine aorta and chicken gizzard were digested with 

varying amounts of a-chymotrypsin ( A) or the S. aureus V8 protease ( B) 

as described in Materials & Methods. Key to gel lanes: A, gizzard 

caldesmon ( odd-numbered lanes) or aorta caldesmon ( even-numbered lanes) 

+ 0, 0.02, 0.04, 0.05, 0.075, 0.1, 0.2, 0.4 and 0.8 g/mL of a-chymo-

trypsin ( reading from left to right); B, gizzard caldesmon ( odd-numbered 

lanes) or aorta caldesmon ( even-numbered lanes) + 0, 0.04, 0.08, 0.1, 

0.15, 0.2, 0.4, 0.8 and 2.0 g/mL of the S. aureus V8 protease ( reading 

from left to right). Numbers at the left indicate molecular masses in 

kilodaltons of Mr marker proteins electrophoresed simultaneously. 
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Figure 49. Binding of bovine aorta caldesmon to F-actin and the effect 

of calmodulin. 

The interaction of caldesmon ( 1.3 M) and F-actin ( 11.9 .tM) was 

examined in the presence and absence of Ca 2+ and calmodulin ( 6.1 M) as 

described in Materials & Methods. Protein compositions of supernatants 

and pellets were examined by SDS/7.5-20%/PAGE. Key to lanes: bovine 

aorta caldesmon ( 1 & 14); calmodulin ( 2); F- actin ( 3); actin + caldesmon 

+ calmodulin + EGTA (4 - supernatant, 5 - pellet); actin + caldesmon + 

EGTA ( 6 - supernatant, 7 - pellet); actin + caldesmon + calmodulin + 
2+ 2+ Ca (8 - supernatant, 9 - pellet); actin + caldesmon + Ca ( 10 - 

supernatant, 11 - pellet); actin ( 12 - supernatant, 13 - pellet). 
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the supernatant ( lane 8) while little was detected with F-actin in the 

pellet ( lane 9). Scanning laser densitometry of the Coomassie Blue-

stained gels allowed quantitation of the distribution of various pro-

teins in the supernatant and pellet fractions ( Table 9). Under all 

conditions in the absence of Ca 2+ and/or calmodulin, greater than 90% of 

caldesmon was bound to F-actin. Addition of calmodulin in the presence 

of Ca 2+ resulted in greater than 60% of the caldesmon being recovered in 

the supernatant. From these data, the maximal binding stoichiometry of 

caldesmon to F-actin in the absence of Ca2+ is 1 caldesmon/9-10 actin 

monomers. 

The effect of increasing concentrations of calmodulin, in the 

presence of Ca2+, on the F-actin-caldesmon interaction was also carried 

out. The results are shown in Fig. 50. It is clear that calmodulin 

competed with F-actin for binding to caldesmon. Half-maximal removal of 

caldesmon from F-actin occurred at 5.3 lAM calmodulin. The data in Fig. 

50 also show that the presence of 2 lAM tropomyosin had no significant 

effect on either caldesmon binding to F- actin or its removal by Ca2 / 

calmodulin. 

V.F.4 Effect of aorta caldesmon on smooth muscle actin-activated myosin 

Mg 2+ -ATPase activity 

Highly-purified chicken gizzard caldesmon ( i.e. DEAE-purified or 

purified by heat treatment) was shown previously to inhibit smooth 

muscle actin-activated myosin Mg2 -ATPase activity ( section \I.B.2). The 

effect of aorta caldesmon on the smooth muscle reconstituted actomyosin 

system was also investigated. The data in Fig. 51 illustrate that 

bovine aorta caldesmon exerts a similar inhibitory effect in a 
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Table 9. The effect of calmodulin on the binding of aorta caldesmon 

to actin. 

Percent distribution 

Conditions Protein band Supernatant Pellet 

Actin + Ca 2+ Actin 9.0 91.0 

Actin + CaD - Ca 2+ Actin 3.0 97.0 

CaD 7.9 92.1 

Actin + CaD + Ca 2+ Actin 6.7 93.3 

CaD 8.3 91.7 

Actin + CaD + CaM Ca 2+ Actin 2.7 97.3 

CaD 8.2 91.8 

CaM 100.0 0 

Actin + CaD + CaM + Ca 2+ Actin 6.3 93.7 

CaD 61.4 38.6 

CaM 100.0 0 

Reaction condition: F-actin ( 11.9 PM), caldesmon ( CaD, 1.3 1AM), cal-

modulin ( CaM, 6.1 1AM) and presence or absence of tropomyosin ( 2 PM) were 

incubated in 5 mM Tris-l-iCl ( pH 7.5), 0.1 mM DTT, 0.1 M KC1, 1 mM MgCl 2 

and 1 mM ATP at 30°C for 30 min in 0.1 mM Ca 2+ or 1 mM EGTA. Ultra-

centrifugation and examination of protein distribution were as described 

in Materials & Methods. 
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Figure 50. The release of aorta caldesmon from F- actin by increasing 

concentrations of calmodulin and the effect of tropomyosin. 

The binding of caldesmon to F-actin was examined in the presence of 

Ca2+ and various concentrations of calmodulin as indicated in the 

legends of Fig. 49 and Table 9. Following electrophoresis of the 

separated supernatants and pellets, the amount of caldesmon in each 

fraction was quantitated by scanning laser densitometry of Coomassie 

Blue-stained gels. Key to symbols: 0 = absence of tropomyosin, 0 = 

presence of tropomyosin. 
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Figure 51. The effects of varying concentrations of bovine aorta 

caldesmon on smooth muscle actin-activated myosin 

ATPase activity in the presence and absence of tropomyosin. 

Myosin ( 0.91 PM), actin ( 5.95 PM), calmodulin ( 0.91 .tM) and myosin 

light chain kinase ( 73.5 nM) were incubated at 30°C in 25 mM Tris-I-IC1 

(pH 7.5), 10 mM MgCl 2, 0.1 N KCl, 0.1 mM CaCl 2 and varying concentra-

tions of caldesmon ( 0-1 M) in the presence ( 0 ) and absence ( D ) of 
tropomyosin ( 0.74 pM). Reactions were initiated by the addition of 

[Y32PJATP (z 3000 cpm/nmol; final concentration 1 mM). Aliquots of 

reaction mixtures were withdrawn at t = 1, 2, 3, 4, 5, 6, and 7 min for 

measurement of ATPase activity and quantitation of protein-bound 

[32P]phosphate as described in Materials & Methods. The ATPase 

reactions were linear over the time course of the assays which enabled 

calculation of the initial velocity at each caldesmon concentration. 

Results are expressed as percent maximal activity, i.e. percent initial 

velocity in the absence of caldesmon. 
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reconstituted system with increasing concentrations of caldesmon, and in 

the presence and absence of tropomyosin. The maximal ATPase activity in 

the presence of tropomyosin was 67.0 nmol of P1/min/mg of myosin and in 

the absence of tropomyosin was 50.2 nmol of P/min/mg of myosin. The 

ATPase activity in the absence of Ca 2+ ( presence of 1 mM EGTA) and 

caldesmon was 3.2 nmol of P1/min/mg of myosin in the presence of 

tropomyosin and 2.8 nmol of P1/min/mg of myosin in the absence of 

tropomyosin. Half maximal inhibition was observed at 0.49 tM of aorta 

caldesmon both in the presence and absence of tropomyosin. The molar 

ratio of caldesmon to actin is 1:12 under these conditions. 

Autoradiography of Coomassie Blue-stained gels of reaction mixtures 

quenched at the end of the ATPase time course assays revealed specific 

phosphorylation of the regulatory light chains of myosin at all 

concentrations of aorta caldesmon used. Quantitation of myosin 

phosphorylation revealed maximal phosphate incorporation ( 2.0 mol P/mol 

myosin) within 15 sec which remained stable throughout the course of the 

reactions. Therefore, it can be concluded that aorta caldesmon had no 

effect on the rate or stoichiometry of phosphate incorporation into 

myosin at all concentrations. 

To determine the Ca24/calmodulin dependence of the inhibition of 

actin-activated myosin Mg24-ATPase by aorta caldesmon, smooth muscle 

myosin was prephosphorylated in the presence of Ca24, calmodulin, myosin 

light chain kinase and Mg2-[y-32P]ATP. The effect of caldesmon on the 

actin-activated Mg 2+ -ATPase of prephosphorylated myosin was then ex-

amined in the presence and absence of Ca24. The data are summarized in 

Table 10 which show that inhibition of the ATPase activity by caldesmon 
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is independent of Ca2 . Average inhibitions of 66.8% in the presence of 

Ca 2+ and 72.8% in the absence of Ca 2+ were observed. Measurements of 

myosin phosphorylation before initiation of the ATPase reactions and 

upon completion of the ATPase time courses showed stoichiometric phos-

phorylation of myosin (z 2.0 mol P/mol myosin) during the phosphoryla-

tion stage. This phosphorylation was maintained throughout all ATPase 

measurements ( Table 10). 

V.F.5 Summary 

The successful isolation of caldesmon from bovine aorta confirmed 

earlier observations that this calmodulin- and actin-binding protein is 

widely distributed among various avian and bovine tissues. Furthermore, 

the functional properties of aorta caldesmon, similar to those exhibited 

by gizzard caldesmon, lend additional support to the hypothesis that 

caldesmon might be involved in the regulation of actin-myosin inter-

actions in smooth muscle. 
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Table 10. The effect of caldesmon on the actin-activated myosin 1v1g2 -

ATPase activity of prephosphorylated myosin in the presence 

and absence of Ca2+. 

ATPase rate 

Conditions (nmol P1/min/mg myosin)  

Expt 1 Expt 2 

Myosin phosphorylation 

(mol P/mol myosin)  

Before ATPase After ATPase  

Expt 1 Expt 2 Expt 1 Expt 2 

+Ca2 - CaD 

+Ca2 + CaD 

-Ca 2+ - CaD 

-Ca 2+ + CaD 

66.6 

26.8 

54.0 

19.4 

54.7 

14.9 

56.6 

10.4 

1.7 

1.9 

1.8 

1.8 

1.9 

1.7 

1.9 

1.9 

1.8 

1.9 

2.0 

1.8 

2.0 

2.2 

2.0 

1.8 

Reaction conditions: myosin ( 2.1 1AM) was prephosphorylated by incuba-

tion for 10 min at 30°C in 25 mM Tris-HCl ( pH 7.5), 80 mM KC1, 4 mM 

MgC1 2, 0.1 mM CaCl 2, 0.91 1AM calmodulin, 73.5 nM myosin light chain 

kinase and 1 mM [y-32P]ATP (z 2000 cpm/nmol). Aliquots of the pre-

phosphorylation reactions were withdrawn after 10 min to measure the 

level of myosin phosphorylation. Actin-activated myosin Mg 2+-ATPase 

activities using prephosphorylated myosin were then carried out immedi-

ately in 25 mM Tris-HC1 ( pH 7.5), 0.1 M KC1, 10 mM MgCl 2, 0.1 mM Ca 2+ or 

1 mM EGTA, 0.91 1AM calmodulin, 0.74 1AM tropomyosin, 73.5 nM myosin light 

chain kinase, 5.95 pM actin, 0.91 1AM myosin, 1 mM [y-32P]ATP (z 2000 

cpm/nmol) in the presence and absence of caldesmon ( 0.67 1AM). Reactions 

were initiated by the addition of actin. Initial velocities were cal-

culated from the linear ATPase time courses obtained by withdrawing 

aliquots of reaction mixtures at t = 1,2,3,4,5,6 and 7 min for measure-

ment of ATPase and quantitation of protein-bound [32P]phosphate as 

described in Materials & Methods. The results of two experiments using 

two different preparations of aorta caldesmon and gizzard myosin are 

shown. 
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VI. INTERPRETATIONS 

Since the original discovery that phosphorylation of smooth muscle 

myosin leads to enhancement of the actin-activated Mg2+_ATPase, this 

process has been considered to play a key role in the regulation of 

smooth muscle contraction. Thus, a substantial amount of data has been 

gathered in support of thick filament-linked regulation. However, more 

recent data ( as discussed earlier in the Review of Literature) also 

suggested that the myosin phosphorylation theory alone was inadequate to 

explain some of the physiological observations. This led to proposals 

of at least one other secondary Ca2+_dependent mechanism for modulating 

the contractile state of smooth muscle. 

All the data presented in this work are fully consistent with the 

original observation that myosin phosphorylation is a prerequisite for 

actin-activation of the myosin Mg2 -ATPase and superprecipitation. The 

isolation and characterization of caldesmon from chicken gizzard smooth 

muscle also fully supports the proposal of a secondary Ca2+_dependent 

regulatory control. The evidence is several-fold. 

(1) Caldesmon binds to actin independent of Ca2 and it is removed 

from actin in the presence of Ca2 by binding to calmodulin. 

This provides the first clue that caldesmon may be involved in 

modulating actin-myosin interaction in a manner that is regu-

2t 
lated by Ca 
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(2) Caldesmon has been found to be located on the thin filaments of 

(3) 

a variety of smooth muscles. 

A novel Ca 2+_ and cal moduli n-dependent caldesmon kinase has 

been identified which specifically phosphorylates caldesmon. A 

consequence of this reaction is a reduced affinity of caldesmon 

for actin so that its removal from actin by Ca2+/calmodulin is 

enhanced. Phosphorylated caldesmon can be dephosphorylated by 

a caldesmon phosphatase which is the required off-switch. 

(4) Caldesmon, present in the nonphosphorylated state, inhibits the 

actin-activated myosin Mg2 -ATPase and superprecipitation to a 

significant extent. The inhibitory effect can be abolished by 

the phosphorylation of caldesmon. These observations are 

consistent with the observed binding characteristics of caldes-

mon to actin in the presence of Ca2+ and calmodulin. 

The kinetics of caldesmon phosphorylation-dephosphorylation as well 

as the consequences of this reversible process on smooth muscle acto-

myosin reasonably satisfy Criteria i and ii of Krebs and Beavo ( 1979) 

which are necessary to establish the physiological significance of a 

protein phosphorylation. On the other hand, Criteria iii and iv will 

require further experimentation employing physiologically more intact 

systems. To date, there is only a single report describing the 

relaxation, by caldesmon, of precontracted skinned fibers of chicken 

gizzard smooth muscle ( Szpacenko et al., 1985). In their experiments, 

the stable level of myosin light chain phosphorylation during tension 

development clearly indicates that relaxation is not a result of myosin 

light chain dephosphorylation. The relaxing effect can be reversed by 



217 

the addition of high concentrations ( 5-fold molar excess) of exogenous 

calmodulin. This is similar to the reversal of actomyosin super-

precipitation observed by Sobue and his co-workers ( see section II.D.6). 

To help conceptualize the mode of regulation by caldesmon in smooth 

muscle contraction, the following hypothetical working model ( Fig. 52) 

is proposed. In the design of this model, the mechanism of direct 

Ca2 -binding to myosin is incorporated. This process is thought to 

occur concurrent with myosin phosphorylation as an additional mechanism 

of fine-tuning. Thus, the interplay of caldesmon and direct Ca2 -

binding to myosin may occur in a well-coordinated fashion leading to the 

formation of " latch-bridges" at intermediate Ca24 concentrations after 

the activation and initiation of contractions. 

At stage 1, the sarcoplasmic [Ca24] is at or below threshold ( 0.1 

pM), cross-bridges are detached and the muscle is relaxed. It should be 

noted here that there is no direct evidence for the existence of smooth 

muscle myosin cross-bridges. However, due to the similar structural 

features of the smooth muscle cell to its skeletal counterpart, the term 

"cross-bridge" has been used. 

Stage 2 begins with the stimulation of the muscle which leads to a 

transient increase in sarcoplasmic [Ca 2+]to peak levels at 3-5 pM. 

Recent experiments suggest that the activating [Ca 2+] can be as low as 

0.8 pM ( Williams and Fay, 1986). At this stage, four concurrent Ca 2+_ 

dependent processes are proposed: myosin phosphorylation, calmodulin 

binding to caldesmon, phosphorylation of caldesmon and direct binding of 

Ca 2+ to myosin heads. Of these four processes, myosin phosphorylation 

leads to development of tension, rapid cross-bridge cycling and a high 
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Figure 52. Hypothetical model for the physiological role of caldesmon 

in the regulation of smooth muscle contraction. 
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ATPase rate. The binding of calmodulin to caldesmon and the phosphory-

lation of caldesmon serve to remove caldesmon from the thin filament. 

This process allows rapid cross-bridge cycling which would presumably be 

hindered by the presence of caldesmon on the thin filament. 

The latch state proposed by Murphy is believed to occur when the 

sarcoplasmic [Ca 2+] falls to a level intermediate between activation and 

relaxation. This level of [Ca 2 ] is insufficient to maintain myosin 

phosphorylation but is sufficient to maintain at least one of the other 

Ca2+_dependent processes in an activated state. Thus at stage 3, it is 

proposed that myosin is dephosphorylated, calmodulin dissociates from 

caldesmon and caldesmon becomes dephosphorylated. The Ca 2+ concentra-

tion is sufficient, however, to maintain Ca 2+ bound to myosin heads. 

Caldesmon returns to the thin filament and the conformation of the 

Ca2 -bound myosin heads is such that they remain attached to the thin 

filament via caldesmon to form latch-bridges. This latch state is 

characterized by a low ATPase rate, slowly- or non-cycling cross-bridges 

and the maintenance of tension. 

At stage 4, as the sarcoplasmic free [Ca 2+] returns to the resting 

level, Ca 2+ dissociates from the myosin heads, resulting in conforma-

tional changes, detachment of the latch-bridges and relaxation of the 

muscle. 

Although the validity of the above model is subject to further 

verification, the experimental data derived from this study are strongly 

supportive of the mechanistic components of this model. The biochemical 

localization of caldesmon on smooth muscle thin filaments corroborates 

the location of caldesmon in vivo when the muscle is at rest. The 
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inhibition by highly-purified caldesmon on the actomyosin ATPase ( sec-

tion \I.B.2) is due to the association of caldesmon with F- actin. Under 

these experimental conditions, the low concentration of calmodulin ( 0.61 

M) within the reconstitution system is insufficient to release cal-

desmon ( 0.35 M) completely from its complex with F- actin. However, 

binding studies showed that at a molar ratio of 20:1 of CaM to CaD, 

x 60% of nonphosphorylated caldesmon was released. This is in concert 

with the prediction at stage 2 where the presence of caldesmon on thin 

filaments in vivo would be expected to hinder actin-myosin cross-bridge 

interactions. Fortunately, the serendipitous discovery of caldesmon 

phosphorylation by a novel Ca 2+ _ and calmodulin-dependent caldesmon 

kinase serves to provide the differential binding sensitivity operative 

in the model. Indeed, studies comparing the binding of phosphorylated 

and nonphosphorylated caldesmon to F-actin. in the presence of Ca 2+ 

(section \I.D.4) demonstrate that phosphorylated caldesmon has a reduced 

affinity for F-actin and an increased affinity for calmodulin. These 

observations are again strongly supportive of the proposed sequence of 

events occurring at stage 2. 

Upon further perusal of the above model, another important con-

sideration is the tissue concentration of calmodulin. Calmodulin 

content has been calculated to be 31 pM for chicken gizzard ( Grand and 

Perry, 1979) and 34 pM for taenia coli ( RUegg et al., 1984). These 

levels suggest that there is sufficient calmodulin present to saturate 

both caldesmon ( 11.1 1AM) and myosin light chain kinase ( 4.6 1AM). In 

contrast, Sobue et al. ( 1981a) estimated that caldesmon could account 

for 70% of the total cellular calmodulin-binding activity and that the 
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activation of their " flip-flop" mechanism required a large molar excess 

of calmodulin. These hypotheses have two major weaknesses. First, the 

calculated content of caldesmon ( 20 1AM) is erroneously high due to 

incomplete extraction (with 0.3 M KC1) of proteins other than caldesmon 

from the tissue. Second, the large amount of calmodulin required to 

remove caldesmon from the thin filaments is physiologically unavailable. 

Therefore, the phosphorylation of caldesmon provides an extremely 

attractive alternative for diminishing the requirements of calmodulin as 

confirmed by the binding studies. 

The phosphorylation of caldesmon is proposed to remove it from the 

thin filaments at stage 2. Therefore, the phosphorylation state of 

caldesmon is crucial in the mechanistic steps of this model. All cal-, 

desmon preparations in this study are unlikely to contain any endogenous 

P1 since all isolations were performed in the absence of Ca 2+ and ATP. 

Under these conditions, caldesmon kinase is expected to be inactive 

while caldesmon phosphatase is active. However, the endogenous P1 

contents of isolated caldesmons were not actually measured. The cal-

desmon kinase discovered in this study is another critical component of 

the proposed mechanism. This enzyme was found to be extremely labile. 

Isolated caldesmons which lack kinase activity are very poor substrates 

for caldesmon kinase. This could very well be due to structural al-

terations induced by heat-treatment. However, such highly-purified 

caldesmons, either from the chicken gizzard or the bovine aorta, are 

still capable of inhibiting the actomyosin AiPase. These observations 

suggest that the structure responsible for inhibition is preserved while 

the domain for P incorporation is likely to be altered. On the basis 
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of the above, the phosphorylation of caldesmon has been studied by 

assuming that isolated caldesmons are free of endogenous P. Approxi-

mately 2 mol P1/mol CaD can be incorporated by caldesmon kinase in most 

preparations, with rare incorporation of up to 4 mol P.. 

Stage 3 of the model proposes that latch-bridges are formed between 

Ca2+_bound myosin heads and actin via caldesmon. There is no direct 

evidence to suggest such a complex formation. However, recent experi-

ments of Lim and Walsh ( 1986) show that caldesmon can inhibit the 

Mg2 -ATPase activity of skeletal muscle myosin in the absence of actin. 

These findings indicate that the direct binding of caldesmon to myosin, 

as depicted at stage 3 of the model, is entirely feasible. Alterna-

tively, when caldesmon returns to thin filaments at this stage, it may 

induce a conformational change in actin which preserves the integrity of 

the attached cross-bridges. Nonetheless, the precise location of the 

proteins involved within the living system is both interesting and a 

challenge for future investigations. 

Recently, Marston ( 1986) suggested that isolated thin filaments can 

stimulate the Mg2 -ATPase of thiophosphorylated smooth muscle myosin in 

2+ the presence of Ca , without caldesmon phosphorylation. In agreement 

with his observations, we have found that isolated thin filaments lack 

caldesmon kinase activity. We have also concluded, on the basis of 

recent experiments not described herein, that Ca 2+ sensitivity observed 

in these experiments is not due to caldesmon, but rather a gelsolin-like 

actin-fragmenting protein present as a minor component in thin filament 

preparations ( Lim and Walsh, unpublished observation). The relative 

importance of caldesmon and this gelsolin-like protein in physiological 
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regulation of the contractile state of smooth muscle will clearly 

require much further investigation. 

In conclusion, the isolation and characterization of caldesmon as 

well as the discovery of caldesmon kinase and phosphatase activities 

constitute the first report of a potential molecular basis for the 

"latch state" in smooth muscle. 
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