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ABSTRACT 

An attempt to develop a short and reliable method 

of caldesmon purification led to the development of three 

procedures of caldesmon purification. The first method was 

seldom used because of its low yield and the lack of 

caldesmon endogenous kinase activity. However, it allowed 

us to purify MLCK (myosin light chain kinase). The second 

and third methods gave respectively, a caldesmon sample 

with and without kinase activity. We were able to localize 

the endogenous kinase in the 0-30% ammonium sulfate 

precipitated DEAE pellet but we were unsuccessful at 

purifying the kinase to homogeneity. We found that 

caldesmon can also be phosphorylated by rat brain Ca2+

calmodulin-dependent kinase II at sites identical to those 

of caldesmon endogenous kinase but different to those of 

kinase C. In addition, caldesmon and its endogenous kinase 

are two different proteins. Furthermore, our study of 

caldesmon inhibition of actomyosin ATPase activity showed 

that further research needs to be done to refute F-actin 

bundling process as a possible cause of caldesmon 

inhibition of actomyosin ATPase activity. In addition, our 

studies of caldesmon inhibition of HMM and 5-1 ATPase 

activity suggest that S-2 might be partially involved in 
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the inhibition mechanism. Finally, caldesmon did not 

affect the 65-105 transition of myosin conformation and 

since caldesmon cannot compete against higher affinity 

calmodulin-binding protein such as MLCK thus, the flip-flop 

theory is untenable. 
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I. INTRODUCTION 

It is established that an increase in the 

concentration of intracellular Ca2+ activates a number of 

cellular processes. A classical example is that of muscle 

contraction. contraction, or the development of isometric 

tension, utilizes ATP and thus the primary requirement for 

a ca2+-dependent regulatory process is to control the 

ATPase activity associated with a contractile process. The 

enzyme involved is myosin and the particular activity that 

is relevant is its actin-activated ATPase. The generation 

of force involves the interaction of thick (myosin

containing) and tt.lin (actin-containing) filaments and more 

specifically the head-portion of the myosin molecule, 

termed the cross bridge, with actin. Thus, if the cross 

bridge-actin contacts are controlled, the regulation of 

contractile activity would be achieved. In skeletal and 

cardiac muscle the actin-myosin interaction is controlled 

via the thin-filament proteins, troponin and tropomyosin. 

In the absence of Ca2+ the troponin complex is inhibitory 

and inhibition is relieved following excitation by the 

binding of Ca2+ to troponin C. This type of regulation is 

dominant in vertebrate striated muscles and is perhaps a 

specialization for rapid contraction. vertebrate smooth 
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muscle and non-muscle cells, however, posses a different 

regulatory mechanism. Troponin is not present in smooth 

muscle, and this clearly dictates that a distinct mechanism 

must operate. There is also an important fundamental 

difference between striated and smooth muscle myosins. 

striated muscle myosin plus actin in the absence of 

additional components will hydrolyze ATP at close to its 

optimal rate. Smooth muscle myosin, on the other hand, 

requires modification before appreciable actin-activated 

ATPase is observed. Thus regulation in striated muscle 

occurs by inhibiting an active state in the absence of Ca2+ 

and in smooth muscle by activating the dormant contractile 

apparatus in the presence of Ca2+. The latter mechanism 

appears to be more widespread and is found in many motile 

non-muscle cells. The mechanism of activation of smooth 

muscle myosin involves phosphorylation of serine 19 on each 

of the two 20,OOO-dalton light chains. Myosin light chain 

kinase (MLCK) requires calmodulin for activity and this 

dictates the ca2+-dependence of the system. 

Dephosphorylation of myosin is achieved by an additional 

regulatory protein, a myosin light chain phosphatase. In 

its simplest format, the phosphorylation mechanism allows 

only for an "on-off" swi:tch of the contractile apparatus, 

and this does not satisfy the varied contractile behavior 

shown physiologically. 
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Either our understanding of the phosphorylation 

mechanism is incomplete, or additional Ca2+-dependent 

processes are involved. The following study deals with the 

purification and some biochemical properties of caldesmon, 

a (ca2+-calmodulin)-binding protein which may be involved 

in a putative secondary ca2+-dependent regulatory mechanism 

of smooth muscle. 
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II. LITERATURE REVIEW 

HISTORY OF MUSCLE BIOCHEMISTRY 

There was little progress for more than 100 years 

after the first microscopic examination of muscle by 

Leeuwenhock in 1674. This can be explained by the fact 

that the major improvements which took place in the methods 

of biological material preparation and in the optical 

components of the available microscope occurred not during 

the eighteenth but in the nineteenth century. In 1840 

Bowman described the muscle as made up of fibers composed 

of fibrillae. He also described a series of dark and light 

bands along the length of these latter structures. He gave 

the name sarcolemma to the delicate structure less sheath 

surrounding the muscle fiber. The first description of the 

light region in the center of the dark band was made in the 

mid 1800s by Hensen. He was also the first to describe the 

dark line in the middle of the light band. This latter 

muscle cell component has been identified as the Z disc 

(1). 

While SUbstantial gains were made in skeletal 

muscle biochemistry during the nineteenth century, the 

emergence of new technologies--namely x-ray diffraction and 

contrast or interference or electron microscopy--during the 



twentieth century has led to the elucidation of the 

skeletal muscle structure and its contraction mechanism 

(1) • 
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One of the most important advances in the 

understanding of skeletal muscle contraction was made in 

1954 with the development of the sliding filament model 

(H.E. Huxley and Hanson; A.F. Huxley and Niedergerke). 

These two groups established independently that muscle 

shortening is attributed to a relative sliding of the 

myosin thick filaments and the actin thin filaments, with 

neither filament type itself changing length. Subsequent 

studies demonstrated that in the thick filament the myosin 

molecules are arranged such that the actin-binding sites of 

the molecule protrude out from the body of the filament and 

are able to bridge the thick to thin filament space. 

These portions of the myosin molecules form the cross

bridges and in the sliding filament theory it is generally 

assumed that the site of tension development is the cross

bridge-actin interaction. In relaxed muscle, cross-bridge

actin contacts are not formed and the two filament types 

can slide freely past each other. In this manner, 

contractile activity is regulated by control of the cross

bridge-actin interaction. However, the sliding filament 

model in skeletal muscle preceded by several years its 

acceptance in smooth muscle. The reason for this was that 

the existence of thick filaments in smooth muscle was not 
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established until many years after they were discovered in 

skeletal muscle (2, 3, 4). Apparently the smooth muscle 

thick filaments are more labile than their skeletal muscle 

counterparts and require more refined fixation techni~les 

(5). Since the 1970s several reports have documented the 

existence of thick filaments in several types of smooth 

muscle (5, 6), and, because of the existence of the two 

filament types, it has been assumed that the fundamental 

mechanisms of contraction in skeletal and smooth muscle are 

similar. 

The delay in the acceptance of the sliding 

filament model in smooth muscle was characteristic of the 

fact that knowledge in smooth muscle biochemistry had 

always lagged far behind that of skeletal muscle. There 

were several reasons why this type of muscle had always 

been less well understood than its skeletal counterpart. 

Initially, the relatively small size of smooth muscle cells 

and the multidimensional orientation of their cells made 

their dissection and their mechanical measurements 

difficult. In addition, smooth muscles lacked the obvious 

highly ordered, repetitive organization that had made 

skeletal muscle such a good subject for examination by 

electron microscopy and x-ray diffraction (7). Progress in 

the study of smooth muscle contractile apparatus was also 

hampered by the low yield of protein, its low ATPase 

activity, lack of purity, and unusual solubility 
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properties. Finally, the methods used in the study of the 

biochemical and physiological properties of skeletal 

muscles were applied indiscriminately to smooth muscle even 

though these two systems differ not only in their 

composition but also in their contraction mechanisms as 

will be seen later in this review. However, it is 

established that an increase in intracellular concentration 

of calcium initiates contraction in both skeletal and 

smooth muscle. The importance of calcium is thus 

unquestionable in both systems and the following section 

deals with the role of calcium in smooth muscle 

contraction. 

INTRACELLULAR CALCIUM AND SMOOTH MUSCLE CONTRACTION 

Calcium concentration during the 
contraction-relaxation cycle 

The resting calcium level (i.e., in relaxed smooth 

muscle) is thought to be about or less than 1 x 10-7 M (8, 

9). However, upon activation of smooth muscle cell by 

either electromechanical or pharmacomechanical means, the 

intracellular calcium levels rise from 1 to 4 x 10-6 M. 

The later values may need to be revised since they were 

based on assumed intracellular free magnesium concentration 

of 1 and 3, and 31p_NMR 'studies in uterine muscle estimate 

the free Mg2+ level to be between 0.1 and 0.3 mM (10). 

Several studies also suggest that the intracellular Ca2+ 



profiles vary with the type of stimulation (8, 11). For 

example, with the ferret gastric fundus muscle, ~ 

depolarization induces a relatively high and sustained 

elevation of ca2+, whereas cholinergic stimulation with 

carbachol causes a more transient spike of increased Ca2+ 

(8) • 

Sources of activating calcium and regulation 
of the intracellular calcium 

Intracellular sources 

The source of Ca2+ required for activation of the 
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contractile apparatus is a controversial topic; however, 

the two extreme points of view are that the Ca2+ is 

supplied by either extracellular or intracellular sources. 

There are two possible Ca2+ binding systems within the 

cell; the first one is made of the two most abundant Ca2+--

binding proteins in smooth muscle, namely calmodulin and 

myosin. The concentration of these two proteins is about 

40 ~M and calmodulin has higher ca2+ binding capacity (4 

ca2+/mol) than myosin (2 ca2+/mol). However, these two 

proteins cannot account for the increase in Ca2+ 

concentration measured by electron probe microanalysis in 

contracted muscle (12). If more ca2+--receptor proteins 

are involved, they have not been identified yet. 

The second possible source of intracellular 

calcium derives from an intracellular membrane system of 
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tubules--the sarcoplasmic reticulum (SR)--which is not 

accessibly to extracellular markers such as ferritin and is 

not in direct ionic communication with the extracellular 

space (5). Electron microscopy and electron probe 

analysis have located Ca2+ in mitochondria and SR and its 

concentration has been approximated to 9 mM (13). The 

calcium uptake into the SR of smooth muscle is ATP

dependent and involves a (ca2+ - Mg2+) ATPase process (14, 

15, 16, 17). In addition it has been shown that 

calmodulin can stimulate not only the Ca2+ incorporation in 

the SR but also its (ca2+ - Mg2+)--ATPase activity. 

The details of the mechanism(s) of Ca2+ release 

from SR are not established for either the smooth muscle or 

the skeletal muscle systems. However, a Ca2+-induced 

release mechanism has been proposed for smooth muscle. It 

has been suggested that norepinephrine causes contraction 

of mesenteric artery by releasing a small amount of calcium 

from a non-SR site that then induced Ca2+ release from 

smooth muscle SR (18). Thus, this mechanism is a calcium

induced calcium release from smooth muscle SR. The 

mobilization of Ca2+ from smooth muscle can also be caused 

by a voltage-dependent mechanism transmitted from the 

plasma membrane to the SR (19). Finally, ca2+ release from 

SR can also be achieved by some catabolic products of 

inositol membrane lipids. within the last few years it has 

become apparent that inositol 1, 4, 5-triphosphate (InsP3) 
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and diacylglycerol--two hydrolytic products of the 

membrane lipid phosphatidylinositol--can act as second 

messengers in the control of a variety of cellular 

processes (20). Somlyo et al. (21) have demonstrated that 

InsP3 can induce the development of tension and the release 

of Ca2+ from SR in saponin or digitonin-skinned vascular 

fibers. Diacylglycerol, the other product of 

phosphatidylinositol hydrolysis, is involved in the 

activation of protein kinase C. This later enzyme, through 

its effect on myosin light chain, might be involved in the 

contraction of smooth muscle (22). In addition to 

intracellular source, the activating calcium can also 

originate from extracellular sources. 

Extracellular sources 

To enter the smooth muscle cell, extracellular 

calcium must cross the plasma membrane. This process can 

be accomplished by the opening of voltage-dependent or 

receptor operated Ca2+ channels within the plasma membrane. 

In conclusion, the activating calcium can 

originate from either ext~a or intracellular sources or 

both and the excitation-contraction coupling can be via 

either electromechanical and (or) pharmacomechanical 

coupling. 
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REVIEW OF THE CONTRACTILE APPARATUS 

Definition and content of contractile apparatus 

The protein content of the cell that responds to 

the increase of Ca2+ and utilize the chemical energy of ATP 

to produce shortening and/or the development of tension are 

termed collectively the contractile apparatus (23). This 

includes the major contractile proteins--myosin, actin and 

tropomyosin--and also proteins that are involved in Ca2+

dependent regulation of contractile activity. 

Several studies have shown that smooth muscle 

contains less actomyosin than its skeletal counterpart (24, 

25). It is also well-known that this actomyosin can be 

extracted at low ionic strength while skeletal and cardiac 

muscle actomyosin require higher salt concentration for 

their extraction (26, 27). The reason for this difference 

in solubility is unknown; however, a factor that might be 

involved is the high content of actin that exist in smooth 

muscle. Smooth muscle can be divided in two groups with 

regard to the actin concentration: the arterial and non

arterial smooth muscle. The arterial smooth muscle with an 

actin concentration of 50 mg/g of tissues, usually develop 

more force than the non-arterial one. The actin 

concentration (28 mg/g) of the later group is almost half 

that of the arterial smooth muscle group but slightly 

higher than that of skeletal muscle (22 mg/g). 
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The concentration of myosin in skeletal muscle 

(180 ~M) is over three fold higher than that of smooth 

muscle (58 ~M). The concentration of tropomyosin in smooth 

muscle is higher than in skeletal muscle, as has been known 

for years. However, one should not consider only the 

concentration of tropomyosin but also that of actin, since 

it is established that tropomyosin binds to F-actin. The 

molar ratio of actin to tropomyosin for both skeletal and 

smooth muscle is between 6 and 7 to 1, reflecting the 

binding stoichiometry established initially with skeletal 

muscle thin filament and subsequently for the smooth muscle 

actin-tropomyosin interaction. 

Properties of contractile proteins 

Myosin, actin and tropomyosin constitute the bulk 

of the contractile apparatus and the following discussion 

will review their properties. Most of the material used in 

this section originate from Hartshorne review article (23). 

Myosin 

Purification and physical properties. In general, 

the techniques developed for the isolation of skeletal 

muscle myosin are not adequate for the purification of 

homogenous myosin from s,mooth muscle sources (23). As 

mentioned earlier, skeletal muscle myosin requires high 

ionic strength buffer solution for its extraction from 

tissues while smooth muscle myosin is extracted by 
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relatively low ionic strength solution. In addition, 

higher actin concentrations make it difficult to purify 

homogenous myosin from smooth muscle tissues. However, 

several methods have been developed, some adapted from the 

skeletal muscle procedures, and myosin has been isolated 

from a wide variety of muscles such as cow carotid artery, 

chicken gizzard, horse oesophagus, uterus and cow stomach 

to name a few sources (28). However, the shape and size of 

the myosin molecule from different muscles is uniform. 

Smooth myosin molecule has a molecular weight of 470,000 

daltons. It is composed of two large subunits (heavy 

chains) of approximately 200,000 daltons each and four 

smaller subunits (light chains), two of about 17,000 

daltons and two of approximately 20,000 daltons. The two 

large subunits interact to form an extensive region of a 

coiled-coil-helix which directs the molecule into a rod

like shape. At the N-terminal region of the molecule the 

coiled-coil structure is changed into a more globular 

conformation to form the two "heads" of the molecule. The 

head regions possess the ATP hydrolysis sites (active 

sites) and the actin-binding sites. Also associated with 

the head regions and in part with the neck regions of the 

molecules are the myosin light chains. These are attached 

noncovalently. Part of the a-helical portion of the myosin 

molecule forms the "tail" region, which interacts with 

other molecules to form the body of the thick filament. 
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The globular head regions protrude from the thick filaments 

and constitute the cross-bridges, the sites of ATP 

hydrolysis and tension development (23). 

Originally it was thought that the two heavy 

chains of smooth muscle myosin were identical. However, 

recent observation suggest (29) that in a number of 

different myosins a small apparent difference in Mr can be 

detected. This is based on mobility in SDS-acrylamide gel 

electrophoresis and using this method to assess difference 

in mass the two heavy chains differ by 4-5000 daltons. The 

approximate stoichiometry (again based on densitometry 

scans of the gels) is about 1:1 and it was suggested that 

smooth muscle myosin exists as an a,p dimer. It should be 

emphasized that the difference in Mr has not been 

confirmed by other techniques (sedimentation equilibrium 

for example) and most of the techniques used lack the 

appropriate sensitivity to discriminate these two isoforms. 

More recently, Eddinger and Murphy (30) have determined 

that the region of difference between the two smooth muscle 

myosin heavy chain isoforms lies in the LMM region of the 

molecule. 

Myosin proteolytic fragments. The partial 

digestion of skeletal myosin with trypsin or a-chymotrypsin 

results into two major fragments representing the tail and 

the head portions of the molecule. These are referred to 

as light meromyosin (LMM) and heavy meromyosin (HMM), 
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respectively. The site of cleavage divides the molecule 

into a fragment insoluble at low ionic strength, LMM and 

the soluble HMM. As expected from its solubility 

properties, LMM forms the bulk of the thick filament. 

Further digestion of HMM by a number of proteases such as 

papain and a-chymotrypsin, results in the removal of the 

two myosin heads, HMM subfragment-(S-l), from the a-helical 

rod portion, HMM subfragment-2 (S-2). These various 

fragments are useful not only because of their 

contributions to the structure of the myosin molecule, but 

also because the enzymically active fragments, HMM and S-l, 

are more suitable for use in various kinetic studies, as 

they are soluble at low ionic strength. The above pattern 

of proteolysis was demonstrated initially for skeletal 

muscle myosin, but is now evident that a similar pattern is 

obtained for smooth muscle myosin. However, it is worth 

mentioning that the 20,000-dalton light chain is sensitive 

to papain and trypsin digestion, and care must be taken to 

minimize its degradation. This particular problem may be 

overcome by use of Staphvlocococcus aureus protease, which 

generates HMM and S-l, in which the full complement of 

light chains is retained (31). HMM with intact 20,000 

dalton light chain can b.e regulated via light chain 

phosphorylation (23). 

S-l of skeletal muscle myosin has been further 

dissected by trypsin, and the general pattern that has 
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emerged is that the molecule is divided into three 

substructures (often called domains) connected by 

protease-sensitive hinges. Beginning with the N-terminus 

of the heavy chain, the approximate sizes of these three 

fragments are in sequence, 27,000, 50,000, and 20,000. The 

latter contains the c-terminus of S-l. The presence of 

these discrete fragments that are relatively resistant to 

proteolysis is useful in mapping the functional sites and 

groups of the myosin head. It is thought that smooth 

muscle myosin possesses a similar sUbstructure with regions 

of Mr 29,000 (N-terminal), 50,000 and 26,000 (C-terminal), 

although this has not been explored in the same detail as 

with skeletal muscle S-l (23). 

Smooth muscle myosin light chains. The two 

classes of light chains of smooth muscle myosin are of Mr 

17,000 and 20,000. Each myosin molecule contains two of 

each type of light chain and each myosin head contains one 

of each light chain. The sequence of each has been 

determined using gizzard myosin as the source. The 17,000 

light chain contains 150 amino acids (32), and the 20,000 

light chain contains 171 amino acids (33). The estimated 

molecular weight of the latter is 19,692. Both are thought 

to be blocked at the N-~erminus. The 17,000 light chain 

belongs to a general class of light chains referred to as 

"essential" light chains, and the 20,000 light chain 

belongs to the "regulatory" light chain class (34, 35). 
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The light chain composition is somewhat characteristic of 

the cell type from which the myosin is isolated. Smooth 

muscle and nonmuscle myosin contain two classes of light 

chains, with molecular weight of 17,000 and 20,000 daltons. 

Three classes of light chains are evident in white 

skeletal muscle and their molecular weight are 16,000, 

18,000 and 25,000 daltons (28). Each white skeletal myosin 

contains two of the 18,000 light chains, and two of either 

of the other two classes (36, 37). Myosins from slow (red) 

skeletal and cardiac muscle contain predominantly two 

classes of light chains, of Mr approximately 20,000 and 

27,000 (38). The 18,000 dalton skeletal light chain are 

also known as the DTNB light chain because they can be 

partially removed from myosin by treatment with the 

sulfhydryl reagent 5,5'-dithiobis-(2-nitrobenzoic acid) 

abbreviated as DTNB. The two other skeletal light chains 

can only be removed under more severe conditions (e.g., at 

high pH or with high concentrations of urea or guanidine 

hydrochloride) and are termed the alkali light chains (28). 

The 20,000-dalton smooth muscle light chain is of 

particular interest, since it is the site of 

phosphorylation by myosin light chain kinase (MLCK), and 

this is an important aspect of the regulatory mechanism. 

The phosphorylation site for MLCK is a serine residue (Ser-

19) near the N-terminus of the light chain (39). Under 

exceptional circumstances, the phosphorylation by MLCK of a 
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second site (Thr-18) can be observed in vitro using both 

intact myosin and isolated light chains (40, 41). Another 

point of interest is that for regulatory light chains from 

different sources there is a high degree of homology in the 

N-terminal sequences. This region of the molecule contains 

a cation-binding site (39) involving the amino sequence 

from 41 to 52. Thus both the cation site and the 

phosphorylation site are contained within the same portion 

of the molecule. 

In general, light chains of all classes are 

asymmetric molecules with an estimated length of 

approximately 10 nm (42). The exact location of the light 

chains, with respect to their relative position and their 

position on the myosin molecule, is not known, but an 

approximate location has been determined. Fab fragments of 

polyclonal antibodies to the essential and regulatory light 

chains of scallop myosin were localized in the head-neck 

(or, head-rod) junction of the molecule, as determined by 

rotary shadowing and electron microscopy (43). Similar 

results were obtained with Fab fragments of monoclonal 

antibodies to LC2 (regulatory light chain) of chicken 

skeletal muscle myosin (44). These results suggest that at 

least part of the light 9hains are located in the junction 

between the rod portion of the molecule and the myosin 

head. However it is known that under some conditions S-l 

(the myosin head) containing both light chains can be 
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prepared, and therefore additional interaction(s) between 

the light chain and the head region must be postulated. 

using more chemical approaches, it was suggested that the 

essential and regulatory light chains of scallop myosin are 

in close proximity, i.e., interact with each other (45) and 

overlap for more than half their lengths (46). 

Subsequently it was suggested that in the transition from 

relaxed muscle to rigor the N-terminal portion of the 

regulatory light chain moved relative to the essential 

light chain and that the N-terminus of the regulatory light 

chain is directed toward the S-2: or neck, region of myosin 

(47). The c-terminal end of the light chain presumably is 

bound within the myosin head. More recent results indicate 

that the N-terminal regions of the regulatory light chains 

of scallop myosin approach within 9 A, whereas the c

terminal portions are not as close (48). For smooth muscle 

myosin it is assumed that a similar arrangement exists. 

Binding of both the 17,000-dalton (essential) and 20,000-

dalton (regulatory) light chains of gizzard myosin to the 

c-terminal tryptic fragment of S-l has been demonstrated 

(49). surprisingly no binding sites on S-2 were detected 

(49). The interaction of the light chain with the c

terminal tryptic fragment of the myosin head is consistent 

with the model proposed for striated muscle myosin (50), 

although in this model the direction of the N-terminus of 

the light chain is reversed. 
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since the S-1/S-2 region is thought to be 

important in the regulation of contractile activity it 

seems reasonable to locate the phosphorylation site at this 

junction. This would be achieved if the c-terminal part of 

the regulatory light chain was bound within the myosin head 

and the N-terminal portion extended out of the myosin head 

along with the head-neck junction. The length of this 

proposed extension is not known. S-2 for most of its 

length is a coiled-coil a-helix, i.e., two a-helical 

polypeptide chains stabilized by interactions between 

chains to form the coiled-coil. The two chains must 

separate from each other to form the more globular head 

regions. The length of the single polypeptide chain from 

the point where it leaves the coiled-coil structure to its 

inclusion as part of the head is not known. Connecting the 

S-l and S-2 regions is a section of about 20 residues that 

is lost during preparative procedures. This can be thought 

of as a stalk or swivel region for the myosin head. It 

could be responsible for the extra length of the myosin 

heads seen on electron microscopy, but it is unlikely that 

the single polypeptide chain could have the appropriate 

mass to be clearly visible by this technique. It is 

possible that the extension of the light chains down this 

swivel region could add the required mass (23). 

Perhaps it is unreasonable to think in terms of 

"rigid" structures, and a more dynamic "extensible" model 



would be more appropriate, where parts of the S-2 region 

could be pulled in or out as the situation requires. 

However, the point motivating these speculations is the 

location of each pair of light chains. 
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Conformation of smooth muscle myosin. Up until a 

few years ago it was accepted that the shape of the myosin 

molecule from a variety of tissues was the same and 

consisted on an asymmetric rod-like portion of 

approximately 155 nm and the double-headed structure at one 

end. However, it was found that smooth muscle myosin and 

myosin from several nonmuscle sources could form a folded 

structure that dramatically altered hydrodynamic 

properties. This folded structure is not formed with 

skeletal or cardiac muscle myosin, although sharp bends 

(elbows) in the tail regions of striated muscle myosin have 

been observed (51). The actual folding of the smooth 

muscle myosin molecule probably involves a number of 

conformational changes, one or more of which appear to be 

important in dictating the enzymatic properties of myosin. 

The discovery of this remarkable transition 

originated in Dr. S. Watanabe's laboratory in Tokyo. Here 

it was shown (52) that filaments of dephosphorylated 

gizzard myosin in 0.15 M, KCI were dissembled on the 

addition of ATP and on ultracentrifugation formed a major 

component of lOS. At higher ionic strengths the filaments 

also disassembled but formed a component of 6S. It was 
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suggested (52) that the transition from 6 to lOS reflected 

the formation of myosin dimers. Subsequently, however, it 

was shown that dimers were not formed and that the increase 

in sedimentation coefficient resulted from a large 

decrease in the radius of gyration of monomeric myosin 

(53). The dramatic change in hydrodynamic properties and 

the effective folding of the molecule were subsequently 

visualized by electron microscopy in several laboratories: 

for gizzard myosin (54, 55, 56), for vascular muscle myosin 

(57), and for nonmuscle thymus myosin (54). It was shown 

that the lOS conformer possessed an intramolecular loop in 

which the tail portion of the molecule bent in two regions 

and formed an apparent interaction in the head-neck region 

of the molecule. The 6S conformer is the extended, more 

asymmetric, form of myosin and is the conformation 

expressed most frequently in striated muscle myosin. 

onishi and Wakabayashi (55) have developed a model 

showing the regions involved in the formation of the 

intramolecular loop in smooth muscle. There are two 

regions in the myosin rod that are thought to be flexible 

or hinge regions. The first one is 52 nm away from the 

head-neck area while the second one is 118 nm away. 

Several factors determine the myosin conformation as a 6 or 

lOS conformer. In general, high ionic strength and 

phosphorylation favor the formation of the 6S myosin, and 

the reverse favors the formation of lOS myosin. In 
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addition, Mg2+ concentration and the presence or absence of 

ATP also influence the 6S-10S equilibrium (23). 

Several properties of the 10 and 6S myosins are 

different. First, the two conformers have different 

enzymatic properties. Second, the ability of myosin to 

form filament is dependent of its conformation. In 0.15 M 

NaCl and the presence of ATP, dephosphorylated myosin 

exists as a folded lOS monomer. Upon phosphorylation, this 

myosin becomes an unfolded 65 conformer which can aggregate 

into filaments (54). The final difference between 6 and 

lOS myosins resides in their susceptibility to proteolytic 

enzymes. Onishi and Watanabe (58) found that lOS myosin is 

more resistant to papain digestion than 6S myosin. Ikebe 

and Hartshorne (59) have confirmed these results and 

suggested that one of the regions of the molecule that is 

influenced by the 10 to 6S transition is the head-neck 

junction. This is reflected by the reduced ability of 

papain to release S-l fragments from lOS myosin compared to 

6S myosin. In contrast, a-chymotrypsin which cleaves 

smooth muscle myosin predominantly at the HMM-LMM junction, 

is not affected by myosin conformation. In addition, 

Staphylococcus aureus protease can release both S-l and HMM 

from smooth muscle myos~n, but it is only the cleavage at 

the S-l to S-2 junction that is altered by changes in the 

conformation of myosin (31). It is tempting to speculate 

that the region at the S-l to S-2 junction that is 



influenced by the conformation of myosin might also be 

close to the phosphorylation site on the 20,000-dalton 

light chain. 
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ATPase activity. Myosin from all tissues contains 

two sites for the hydrolysis of ATP, one active site 

associated with each head of the myosin molecule. Three

types of ATPase activities have been identified in smooth 

muscle myosin and they are strikingly different from those 

of skeletal myosin. These ATPase activities are: first, 

the Ca2+-ATPase activity, where Ca2+ and ATP are 

approximately equimolar and thus Ca2+-ATP is the 

substrate. Second, the K+-EDTA 

(ethylenediaminetetraacetate) ATPase activity, where 

divalent cations are removed with EDTA and ~ acts as the 

counterion to ATP. Finally, the Mg2+-ATP is the substrate. 

The latter is the only activity of physiologic relevance. 

However, the other activities are useful to characterize 

the myosin, and they also indicate differences between 

skeletal and smooth muscle myosin. The ~-EDTA ATPase 

activity of smooth muscle myosin is about 30% of the fast 

skeletal muscle myosin value, but otherwise its properties 

are similar. Indeed, actin decreases the ~-EDTA ATPase 

activity in both skeletal and smooth muscle HMM; 

consequently, the ~-EDTA ATPase activity has been used as 

an indicator of actin contamination of myosin (28). 

oxidation or modification of the sulfhydryl groups of both 
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skeletal and smooth muscle myosin also reduces the ~- EDTA 

ATPase activity (28). 

While the properties of the ~-EDTA ATPase activity 

are similar between skeletal and smooth muscle myosin, 

several studies have shown that the properties of the Ca2+

ATPase activity differ between skeletal and smooth muscle 

myosin. The first difference comes from the activation of 

ca2+-ATPase activity at increasing ionic strength, with a 

maximum at 0.3 M KCl. This behavior is not characteristic 

of skeletal muscle myosin, even though it does appear to be 

common with smooth muscle and nonmuscle myosins (23). 

Another difference observed with the Ca2+-ATPase activity 

is illustrated in the modification of cysteine residues in 

skeletal or smooth muscle myosins. It has been known for 

many years that the reaction of the sulfhydryl groups of 

skeletal myosin produces a characteristic response in the 

Ca2+-ATPase activity when measured at high ionic strength. 

During the early phase of the reaction, the activity is 

highly increased, and this activation is then followed by a 

progressive inhibition. The activation is due to the 

modification of specific sulfhydryl groups, termed 51' and 

the sulfhydryl involved in the inhibitory phase are called 

52. This pattern is not, found with smooth muscle myosin, 

because the reaction of the 51 groups does not activate the 

Ca2+-ATPase activity (28). 
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Finally, Mg2+-ATPase is the third ATPase activity 

associated with myosin. It is also the only one with 

physiologic relevance. The Mg2+-ATPase activity of smooth 

muscle, in the absence of other proteins, is similar to 

that of skeletal muscle myosin, on the order of 2 nmol Pi 

liberated per min per mg myosin. The most significant 

difference, however, is found in the effect of actin. The 

Mg2+-ATPase activity of striated muscle myosin is activated 

more than lOO-fold on the addition of actin. with smooth 

muscle myosin the activation by actin is less (61, 62, 63), 

and if the myosin and actin are pure, the activation is 

negligible. In contrast, the Mg2+-ATPase activity of 

actomyosin extracted as a complex from the muscle, i.e., in 

an impure form, is often much higher. Originally this 

discrepancy was thought to be due to the denaturation of 

myosin during the isolation procedures, but it is now 

accepted that the activation of smooth muscle myosin by 

actin requires the phosphorylation of the 20,OOO-dalton 

myosin light chains, and MLCK and calmodulin are frequently 

isolated with the actomyosin complex. Other proteins can 

also influence actomyosin ATPase activity. For example, 

under some conditions tropomyosin will increase the actin

activated ATPase of smoo,th muscle myosin. 

One of the more recent developments with respect 

to myosin ATPase is the hypothesis that the conformation of 

myosin determines enzymatic activity. Onishi et al. (64) 
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showed that ca2+-, Mg2+_, and ~-EDTA activities of gizzard 

myosin varied with ionic strength, and it was subsequently 

realized that this KCl dependence reflected the 10 to 6S 

transition of myosin (65). In more recent studies, Ikebe 

and Hartshorne (59, 65), using viscosity measurements as an 

index of myosin conformation, have studied the KCl 

dependence of the shape transition (6-105) and compared it 

with the ATPase activities. These studies show that at 

high ionic strength (KCl>0.3 M) dephosphorylated myosin 

exists in the high viscosity asymmetric 6S conformation. 

This latter conformer possesses a high Mg2+-ATPase 

activity. As the KCl concentration is reduced, folded 

myosin (lOS) is formed, and this is reflected by a 

decreased in viscosity and Mg2+-ATPase activity. At KCl 

concentrations lower than 0.2 M the dephosphorylated myosin 

exists predominantly in the lOS form. In conclusion, the 

change of ATPase activity and the transition shape show the 

same KCl dependence. For phosphorylated myosin, the 

formation of 6S is more resistant to the effects of 

reducing ionic strength and does not begin to form the 

folded lOS configuration until below 0.2 M KCl. However, 

as with dephosphorylated myosin, the formation of the 

folded molecule with phosphorylated myosin is closely 

correlated with a reduction of Mg2+-ATPase activity. By 

repeating these experiments with regard to Ca2+- and ~

EDTA ATPase activity it was found that the 6S and 105 
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conformations are associated with different activities. 

For Ca2+-ATPase the 6S activity is high and is reduced for 

the lOS state, and the reverse situation was obtained with 

the ~-EDTA ATPase. The above studies show that some 

component of the shape change is important in determining 

enzymatic activity and perhaps an alteration in the head

neck region of myosin directs enzymatic activity (23). 

Mg2+-ATPase activity is physiologically important 

because it can be used to determine the Ca2+ sensitivity of 

actomyosin. It is common in muscle biochemistry to use 

actomyosin as a model for the contractile apparatus. 

However, the preparation of ca2+ sensitive actomyosin had 

proven to be elusive until 1970 when Sparrow et al. (66) 

described a Ca2+-sensitive actomyosin isolated from 

arterial muscle. The assay that is used to estimate Ca2+ 

sensitivity is usually to measure the Mg2+-ATPase activity 

in the presence of Ca2+ and in the presence of Ca2+

chelating agent, commonly ethylene glycol bis (p-amino 

ethyl ether)-N, N, N', N'-tetraacetic acid (EGTA), to 

achieve a low «10-7 M) Ca2+ concentration. Under the 

latter condition the Mg2+-ATPase activity of Ca2+-sensitive 

actomyosin is reduced, and the extent of the inhibition is 

a measure of the Ca2+ se,nsitivity (23). 



42 

Actin 

Of the three major proteins of the contractile 

apparatus, actin from a wide variety of sources shows the 

least variation. The molecular weight of G-actin, 42,000, 

as derived from the amino acid sequence of skeletal muscle 

actin (67, 68), is constant, as is the ability of G-actin 

to polymerize to F-actin, which is assembled into a 

double-stranded helical array. F-actin forms the basis of 

all thin filaments. Other common features of actin include 

the ability of F-actin to activate the Mg2+-ATPase activity 

of skeletal muscle myosin; the binding of one molecule of 

nucleotide--often ATP in F-actin or ATP in G-actin (69)-

per G-actin molecule; and the ability of F-actin to bind 

tropomyosin. These constant features (see review ref. 28) 

are found in act ins isolated from both muscle and nonmuscle 

sources. However, it has been shown by isoelectric 

focusing that slight differences are apparent, and three 

classes have been distinguished based on isoelectric 

points. These are referred to as a, p and f (70, 71). 

The most acidic form is a followed by p and f. The 

difference in isoelectric points is due to a few variations 

in the N-terminal sequence of the molecule (72, 73), and 

the rest of the sequence, is similar. Wi thin these three 

classes there are at least six distinct, but closely 

related, actin isoforms. These include a-actin for 

skeletal and cardiac muscle, a-actin for smooth muscle 
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(a-SM), r-actin for smooth muscle (r-SM), and two forms of 

cytoplasmic actin, p and r (74). In general, the 

properties of these actins are similar, although a 

difference in the binding of the Mg 2+-ATP to p- and 

r-actins has been reported (75), and it was suggested (76) 

that Ca2+ affects a- and r-actins differently during 

isolation procedures. The majority of investigators are of 

the opinion that skeletal and smooth muscle act ins can be 

used interchangeably, i.e., in hybrid systems with either 

myosin type. An exception to this generalization is the 

work of Ebashi and colleagues (77, 7S), who report a 

specific requirement for smooth muscle actin in their 

studies on the regulatory mechanism in smooth muscle. 

within most smooth muscles, and probably within 

most tissues, one finds a mixture of actin isoforms. For 

turkey gizzard a composition of 75% r-SM and 25% 

p-nonmuscle actin was found (79), and the actin from pig 

and rat uterus exhibited a-, p-, and r-forms (SO). Fifteen 

different smooth muscles were analyzed for their actin 

compositions (Sl); it was found that a-SM and r-actins 

displayed an inverse relationship in a given smooth muscle, 

and that, in general, the a- and r-distributions were 

tissue specific, indepen,dent of species. For example, in 

esophagus of several species, the r-actin content was 

relatively high, and a similar situation was found for 
" ..... 
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a-actin in carotid arteries. It was also suggested that 

the higher content of a-SM actin was associated with 

muscles having a higher degree of tonic activity. In all 

muscles the p-cytoplasmic actin isoform was present, and it 

was proposed (81) that this form of actin might be 

associated with those cellular functions not involved 

directly with the more specialized contractile apparatus. 

Tropomyosin 

Following the discovery by Bailey in 1948, 

tropomyosin from rabbit skeletal muscle has been the most 

extensively studied. However, with respect to gross 

physical properties, tropomyosins from all muscle sources 

are similar (28). The molecule is asymmetric or rod-like, 

with dimensions of approximately 42 x 2 nm. Tropomyosin 

binds to the thin filament as an end-to-end polymer, and 

each one of its two strands is associated with each of the 

two actin polymers. The stoichiometry of the tropomyosin 

binding to actin is approximately one tropomyosin per 

seven actins. Skeletal tropomyosin is composed of two 

subunits (a and p) arranged in register in a coiled-coil 

configuration, and the secondary structure is almost 

entirely a-helical. contrary to earlier opinions, a and p 

tropomyosin subunits are not identical, and to a certain 

degree their relative amount is characteristic of the 

muscle type. It is suggested that in muscles where both 
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subunits exist, only the Qa- and ap-dimers are formed (82, 

83, 84), i.e., the PP-dimer is not found. Even though the 

skeletal tropomyosin subunits differ in their 

electrophoretic mobility and amino acid composition, to 

date there is no clear indication of any marked functional 

differences between the two isoforms. In addition, both Q

and p-subunits contain the same number of amino acids, 

284, and thus have a similar molecular weight of 

approximately 33,000 (85, 86). Tropomyosin, in association 

with the troponin complex plays a central role in the Ca2+

dependent regulation of striated muscle contraction. 

Tropomyosin has been isolated from several smooth 

muscles but only gizzard tropomyosin has been subject to 

intense studies. Tropomyosin from gizzard shows two 

components, or subunits of approximately equal proportions 

on SDS electrophoresis (62, 87, 88). Different names have 

been given to these subunits, from their relative 

migration on SDS gels. Sanders and Smillie (89) have 

referred to the fast and slow components as P- and 

T-subunits respectively, while Helfman et ale (90) have 

called them a and p. This latter group used the 

nomenclature designed for skeletal tropomyosin where a- and 

p-subunits correspond to, the fast and slow forms of 

tropomyosin respectively. The gizzard faster tropomyosin 

has a mobility similar to that of skeletal muscle 
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p-tropomyosin, although it is not immunochemically 

equivalent. The non identity of the subunits has recently 

been confirmed and the sequences of both the faster (p) and 

slower (T) components of gizzard tropomyosin have been 

determined (ref. 91 for p and ref. 92 for T). Both 

subunits have the same number of amino acid residues, thus 

the same molecular weight. The function of tropomyosin in 

smooth muscle is unknown. Proteins equivalent to skeletal 

muscle troponin are non existent in smooth muscle, and thus 

its function is not identical to the function of 

tropomyosin in skeletal muscle where it is part of the 

thin-filament-based control system. 

REGULATION OF SMOOTH MUSCLE CONTRACTILE APPARATUS 

Phosphorylation Theory 

This theory of regulation in smooth muscle is the 

most widely accepted. The idea originated with the 

observation by Adelstein and coworkers (93, 94) that 

phosphorylation of platelet myosin increased its actin

activated ATPase activity. For smooth muscle it was first 

reported by Sobieszek (95) and Bremel et al. (87), who 

found that chicken gizzard myosin and actomyosin were 

phosphorylated on the M~ 20,000 light chains of myosin, and 

that this event occurred at a similar concentration of ca2+ 

as that necessary for the activation of ATPase activity. 

The following review summarizes the phosphorylation 
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theory. Upon activation of smooth muscle cell by either 

electromechanical or pharmacomechanical means, the 

intracellular calcium levels rise from about or less than 

0.1 ~M to about or less than 1 ~M. This results in the 

formation the Ca2+-calmodulin (CaM) complex which reacts 

with the apoenzyme of the myosin light-chain kinase (MLCK) 

to form the ternary Ca2+-CaM-MLCK complex which is the 

active fo'rm of the enzyme. This complex catalyzes the 

phosphorylation of the Mr 20,000 myosin light chain and 

this allows the activation by actin of the Mg2+-ATPAse 

activity of myosin. The phosphorylation reaction acts 

simply as an "on-off" switch of the contractile process and 

the activation reaction can be correlated to an increased 

rate of cross-bridge cycling. As long as the Ca2+ 

concentration remains above the activation threshold 

(around 1 ~M), the myosin remains in the active form and 

the continued hydrolysis of ATP will ensue. When the Ca2+ 

level is reduced (around 0.1 ~M), the MLCK is inactivated 

through a dissociation of CaM, and the phosphate groups on 

the myosin light chains are removed by a myosin light-chain 

phosphatase (MLCP). Myosin is thereby returned to a 

dormant state and relaxation follows. 

Evidence in support of the phosphorylation theory 

has been widely documented (23) and can be divided in four 

categories: 1) in vitro studies, 2) calmodulin antagonist 
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(ATPrs), and 4) ca2+-independent forms of MLCK studies. 
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In vitro studies, where phosphorylation is 

compared to some measure of contractile activity, have lead 

to the conclusion that a positive relationship exists 

between the two events (96). Studies with various types of 

smooth muscle fibers have demonstrated that in general, an 

increase in tension is accompanied by an increase in myosin 

phosphorylation. In addition, it has been shown that 

phosphorylation of myosin increases actomyosin ATPase 

activity. Furthermore, since an increase in ATPase 

activity is paralleled by an increase in the speed of 

muscle shortening, it is strongly suggested that myosin 

phosphorylation init~ates muscle contraction (23). 

Calmodulin antagonists have been useful in 

confirming the role of calmodulin in the phosphorylation 

process. Several calmodulin antagonists have been applied 

to a variety of smooth muscle preparations, and although 

some of the interpretations are controversial, the 

consensus is that the action of antagonists reflects their 

binding to calmodulin and the resulting inhibition of 

calmodulin-dependent processes (i.e., MLCK). 

ATPrs has been ~ery useful in smooth muscle 

biochemistry. ATPrs experiments with either actomyosin 

ATPase or smooth muscle fiber preparations have generated a 

ca2+-independent and active and unregulated state (97). 
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The initial conclusion from ATPrs experiments was that once 

myosin is phosphorylated it is active regardless of the 

presence or absence of Ca2+, and there was no indication of 

an alternative ca2+-dependent regulatory process. This 

original conclusion may need to be revised with the 

emergence of caldesmon as a potential smooth muscle 

regulatory protein. 

Experiments with the ca2+-independent.form of MLCK 

give similar conclusion to the ATPrs experiments. Ca2+

independent forms of MLCK are characterized by their 

ability to phosphorylate the Mr 20,000 myosin light-chain 

in a Ca2+-and calmodulin independent manner, thus, 

allowing for the independent evaluation of the roles of 

Ca2+ and phosphorylation. When applied to an actomyosin 

preparation in the absence of ca2+, the ATPase activity was 

increased (98), and when applied to skinned fibers, again 

in the absence of ca2+, tension development resulted (99). 

In conclusion the above evidence adequately prove 

that the phosphorylation mechanism plays a key role in 

smooth muscle contraction. However, it is likely that 

other regulatory systems are involved since only a new and 

different system can explain such phenomenon as the latch

state or the nonlinear r~lationship between 

phosphorylation and actomyosin ATPase activity observed by 

Persechini and Hartshorne (100). 
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Leiotonin theory 

Most of the work on the leiotonin theory have been 

accomplished by Ebashi's group (101). Leiotonin is made of 

two components of molecular weights 80,000 and 18,000 and 

termed respectively leiotonin A and leiotonin C. The 

latter component is an acid protein similar to, but not 

identical to calmodulin. For example, it does not activate 

phosphodiesterase, a ca2+-calmodulin-dependent enzyme. The 

phosphorylation and leiotonin theories are similar in that 

each causes an activation of actomyosin activity in the 

presence of ca2+, but they differ in many other respects. 

The major distinction is that the activation of ATPase 

activity by leiotonin is thought to be achieved without an 

accompanying phosphorylation of myosin (102). In addition, 

while the phosphorylation theory is myosin-linked, the 

leiotonin system is located on thin filament. The 

mechanism of action of leiotonin is not known and its 

existence might even be doubtful since only the Ebashi's 

group has been successful in purifying this protein. 

other thin filament-linked theories 

Recent physiological studies have suggested that, 

while myosin phosphorylation-dephosphorylation is the 

primary regulatory process in smooth muscle, other control 

mechanisms may exist which modulate the contractile state 

of the muscle. Murphy and coworkers (4) have shown that 
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during ~ stimulation of intact hog carotid artery, the 

myosin phosphorylation level rises initially and then falls 

close to resting values, but the load-bearing capacity 

increases and remains high and does not follow the 

phosphorylation transient. In addition, it has been 

confirmed that a continuous stimulation of a muscle 

preparation results in decreased levels of myosin 

phosphorylation while the levels of isometric force remain 

constant (103). On the basis of these results it has been 

suggested that dephosphorylation of myosin can generate an 

attached, noncycling cross bridge (termed a latch-bridge) 

that is responsible for force maintenance. Thus, a second 

ca2+-dependent mechanism (in addition to myosin 

phosphorylation) may exist that controls the formation of 

the attached dephosphorylated cross bridges. 

Several authors have recently published some 

information regarding the nature of this second Ca2+

dependent control mechanism of smooth muscle. However, the 

two main lines of thought which have emerged are from the 

work of Marston's group on the one hand and Sobue's group 

on the other hand. Both groups agree that myosin 

phosphorylation is essential and further, they propose that 

caldesmon is an importan~ regulatory protein. However, 

disharmony appears in their respective explanation of the 

mechanism by which caldesmon affects smooth muscle 

contraction. 
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Sobue and coworkers (104, 105) have developed a 

mechanism by which caldesmon regulates the actin-myosin 

interaction in a Ca2+- and calmodulin-dependent flip-flop 

manner (flip-flop mechanism). They have suggested this 

mechanism acts as an "on-off" switch for the gizzard 

smooth muscle actin-myosin interaction (104). The flip

flop mechanism can be summarized as following. In the 

presence of a physiologically high level of Ca2+ (>1 ~M) 

caldesmon associates with calmodulin in a ca2+-dependent 

manner and the F-actin-tropomyosin complex which has been 

freed from caldesmon can bind to myosin, thus, activating 

the actomyosin ATPase activity and contraction occurs. If 

the cytoplasmic level of calcium falls to the resting level 

(0.1 ~M), the Ca2+-calmodulin-caldesmon complex, whose 

formation is ca2+-dependent, dissociates and caldesmon 

binds to the F-actin-tropomyosin complex and inhibits 

actomyosin activation. Consequently, actomyosin ATPase 

activity decreases and is followed by relaxation of the 

smooth muscle. Sobue et al. (104, 105) have thus 

speculated that the mode of action of caldesmon is very 

similar to that of troponin I in striated muscle. 

The idea that caldesmon constitutes an "on-off" 

switch by reversible bin~ing to actin, the so-called flip

flop mechanism, is unlikely to be valid, at least as 

represented in its simplest form. with this mechanism, the 

smooth muscle contractile apparatus would be inactive in 
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the absence of calcium, and it is known from experiments 

done on skinned fibers with ATPrs and with the Ca2+

independent kinase that contraction in the absence of Ca2+ 

can be obtained provided myosin is phosphorylated (23). In 

addition, the flip-flop mechanism requires the dissociation 

of the F-actin-tropomyosin-caldesmon complex in the 

presence of Ca2+-calmodulin. However, several groups have 

shown that this dissociation is never fully complete and 

for a 50% dissociation of caldesmon from the F-actin

tropomyosin-caldesmon complex, at least 2 to 4 molar excess 

calmodulin are required (106, 107, 108). However, one has 

to wonder if sufficient calmodulin is available for the 

dissociation of the latter ternary complex. Ruegg and 

coworkers (109) have reported that only about 3 to 4 ~M of 

the 34 ~M calmodulin found in Taenia coli smooth muscle 

fibers, are available for cellular processes. In addition, 

most of this free calmodulin combines with the 4 ~M MLCK at 

a 1:1 molar ratio (110). Consequently, it seems logical to 

conclude that the 10 ~M caldesmon (23) found in gizzard 

might not be complexed with calmodulin, thus, making the 

flip-flop mechanism an unacceptable theory. 

The second thin filament-linked regulation of 

smooth muscle contraction has been proposed by the 

Marston's group (106). In this model, the key regulatory 

property of caldesmon is also its inhibition of actomyosin 

ATPase. However, in contrast to the flip-flop mechanism, 
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inhibition occurs only when caldesmon binds to the high 

affinity sites on actin-tropomyosin at a stoichiometry of 1 

caldesmon per 28 actin monomers. In addition, this 

inhibition is relieved in the presence of Ca2+ by the 

binding of calmodulin to the caldesmon within the inhibited 

F-actin.tropomyosin-caldesmon complex. This binding allows 

a partial dissociation of calmodulin.caldesmon from 

actin. tropomyosin and this results in the formation of a 

quaternary active complex of actin. tropomyosin

caldesmon.calmodulin (ca2+). This model skillfully 

circumvents the problem associated with the Ca2+-calmodulin 

release of caldesmon inhibition of actomyosin ATPase 

activity by allowing a speculative partial dissociation of 

calmodulin.caldesmon from F-actin.tropomyosin upon addition 

of calmodulin. However, the Marston's group has not shown 

how the above active quaternary complex can bind myosin and 

activate the actomyosin ATPase activity. 

From the above discussion it becomes obvious that 

caldesmon might play a role in the regulation of smooth 

muscle contraction. Therefore, the following section of 

this review deals with caldesmon in more detail. 

CALDESMON THEORY 

History 

The purification and characterization of troponin 

by Ebashi and co-workers in 1968 marked an important 
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turning point in our understanding of the control mechanism 

of skeletal muscle contraction (111). These authors laid 

down the foundation of the thin-filament-linked control of 

skeletal muscle contraction as proposed later by Murray and 

Weber in 1974 (112). This theory where tropomyosin and 

troponin constitute the regulatory proteins can be 

summariz~d as follows. In the absence of Ca2+ the strands 

of tropomyosin which run along either side of the actin 

double helix are moved into a position which physically 

blocks the interaction of actin with the myosin head. 

When Ca2+ is bound by troponin C some conformational change 

is induced within the troponin subunits. This alters the 

interaction between the thin filament proteins with the 

result that tropomyosin is allowed to move away from the 

blocking position and the myosin cross-bridge can now 

interact with actin. This popular theory is based 

predominantly on x-ray diffraction data and reconstruction 

of electron micrographs. It does not have enthusiastic 

support from biochemical studies, where for example it was 

found that the binding of HMM (or S-l) to regulated actin 

is the same in the presence and absence of Ca2+. From the 

biochemists' point of view, a theory that better fits the 

facts is that troponin and tropomyosin modify the structure 

of actin in a ca2+-dependent manner. 

After the purification and characterization of 

troponin in skeletal and cardiac muscles, smooth muscle 
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tissue was analyzed for troponin-like proteins. Even 

though several groups reported success (113, 114), these 

methods of purification of troponin-like protein could 

generally not be duplicated by other scientists. Thus, in 

the early 1970s, Driska and Hartshorne decided to develop 

an alternative method of troponin purification from chicken 

gizzard. Even though they were unsuccessful in their 

attempt to purify troponin, they nevertheless reported the 

presence of a 130,000 protein from chicken gizzard thin 

filaments. This protein was responsible for the 

inhibition of the Mg2+-ATPase activity of skeletal 

desensitized actomyosin (62). They also suggested that 

smooth muscle contraction might be regulated by a thin

filament-based mechanism through the 130,000 protein. 

However, in 1974, Bremel (115) discovered that the 

regulation of smooth muscle contraction was different from 

that of skeletal muscle since it was a myosin-linked 

process. From then on, research in the regulation of 

smooth muscle contraction shifted from an actin- to a 

myosin-linked process and the 130,000 protein reported by 

Driska and Hartshorne (62) was forgotten. About a decade 

later, in 1981, Kakiuchi and his collaborators purified a 

150,000 protein from chicken gizzard; they called it 

caldesmon because of its ability to bind calmodulin in the 

presence of Ca2+ (116). The "cal" of caldesmon originated 

from calmodulin while "desmon" came from the Greek word 
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"desmos" which means "binding." Kakuichi's caldesmon and 

Oriska and Hartshorne's 130,000 protein seemed to be the 

same protein since they have some common properties: 1) 

they are both located on the thin filament, 2) their 

molecular weights as determined by SOS gel are very close, 

and finally, 3) they both inhibit the actomyosin ATPase 

activity of chicken gizzard (62, 117). Consequently, it 

can be concluded that the first study on caldesmon was 

conducted in the early 1970s by Oriska and Hartshorne (62). 

Purification 

Several methods of caldesmon purification have 

been published since 1981 when Kakuichi and his 

collaborators put out the first one (116). In this review, 

five methods will be reviewed in details since all the 

other procedures have originated from them. These are: a) 

Kakuichi's method, b) Ngai's methods, c) Bretscher's 

method, d) Sellers' method, and e) Marston's method. A 

summary of these methods is presented in Table 1. 

Kakuichi's method 

The following procedures are carried out at 4°C. 

Fresh chicken gizzard muscle (100 g) is minced and then 

homogenized in a Waring plender with 3 volumes of 0.3 M 

KCI / 2 mM ATP / 0.5 mM MgCl2 / 0.5 mM dithiothreitol / 50 

roM imidazole.HCI pH 6.9 / 0.25 mM phenylmethylsulfonyl 

fluoride containing soybean trypsin inhibitor at a final 
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(batch) 

I 
Sepharose 4B 

PhO,PhOC.ilUlO" 

e) 
Marston's 

Method 

Gizzard or 
aorta 

I 

Thin Filament 

I 
0.8 M KCI 

47,800g 
90 min 

pH 2.9-
3.0 

pH7 

P40-50 

Table 1. Flow Chart of Calrlesmon Purification Methnds 

U1 
CD 



59 

concentration of 0.01 mg/ml (buffer I). Care is taken to 

adjust the pH to 6.9 with drops of 1 N HCI. The homogenate 

is centrifuged at 31,200 g for 30 min and the resultant 

supernatant is filtered through Whatman paper no. 541. To 

the solution, solid ammonium sulfate is added to 30% 

saturation. After centrifugation at 31,000 g for 30 min, 

the supernatant is collected and 50% ammonium sulfate is 

added. The mixture is centrifuge as above. 

The resultant clear supernatant is subjected to 

gel filtration on a Sepharose 4B column (5 x 90 cm) that 

has been equilibrated with buffer I plus 0.1 mM EGTA and 

100 roM KCI. The column is eluted with the same medium. 

Fraction containing calmodulin-binding activity are 

combined and then diluted 1:5 with buffer I plus 0.1 mM 

EGTA so that the concentration of KCI is decreased to 

20 roM. The diluted solution is applied to a column (1.8 x 

7.5 cm) of DEAE-cellulose equilibrated with buffer I 

containing 0.1 mM EGTA and 20 mM KCI. The column is eluted 

with a linear gradient produced by 270 ml each of buffer I 

containing 0.1 mM EGTA and 20 mM KCI and buffer I 

containing 0.1 mM EGTA and 150 mM KCI. Fractions 

containing calmodulin-binding activity are combined and 

CaCl2 is added to a fin&l concentration of 0.2 mM. The 

solution is then subjected to affinity chromatography on a 

calmodulin-Sepharose 4B column that has been equilibrated 

with buffer I containing 0.2 mM CaCl2 and 100 mM KCI. The 
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column first is eluted with the same medium; then, the 

CaCl2 in the medium is replaced by 1 roM EGTA. Fractions 

containing calmodulin-binding activity are collected and 

concentrated to about 3 ml by using Amicon PM-10 membrane. 

The concentrated solution is applied to a column (2.5 x 86 

cm) of Sepharose 4B that has been equilibrated with buffer 

I plus 0.1 mM EGTA and 100 roM KCI. The column is eluted 

with the same medium and peak fractions of calmodulin

binding activity are collected (116). 

Early in our research on caldesmon, we used the 

above method. However, the end-product was usually highly 

degraded due to the fact that it took us at least a month 

to run the four chromatographic columns required in this 

procedure. Fortunately, Ngai and his collaborators 

published another method of caldesmon purification. 

Ngai's method 

Ngai et al. have reported the purification of both 

myosin light chain kinase and caldesmon by a single 

procedure (118). Only the purification of the latter 

protein is dealt with in the following review. About 100 g 

of ground chicken gizzard are homogenized with 400 ml of a 

solution 20 roM Tris.HCI pH 7.5 / 40 roM-NaCI / 1 roM MgCl2 / 

1 roM dithiothreitol / 1 roM EGTA / 0.02% Triton X-100 

(buffer A) in a Waring blender. The homogenate is 

centrifuged at 17,000 g for 15 min. The pellet is 
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rehomogenized and recentrifuged twice as above, however, 

the buffer used does not have Triton X-100. Then, the 

resultant pellet is extracted in 4 volumes of 40 mM 

Tris.HCI pH 7.5 / 60 mM NaCI / 25 mM MgCl2 / 1 mM 

dithiothreitol/ 1 mM EGTA (buffer B). After filtration 

through glass wool, the supernatant is loaded on a column 

(2.6 x 40 cm) of DEAE-Sephacel previously equilibrated with 

the extraction buffer. The column is then washed with the 

same buffer and elution is done with 200 ml each of buffer 

B and buffer B made of 0.4 M NaCI. The caldesmon fractions 

are located in the flow through and they are identified by 

examination on 7.5-20% SDS gel. 

The caldesmon pool from DEAE-Sephacel is then 

dialyzed in buffer C (20 mM Tris.HCI pH 7.5 / 0.1 M NaCI / 

0.1 mM dithiothreitol / 0.2 mM CaCI2) and loaded on a 

calmodulin-sepharose affinity column equilibrated with the 

same buffer. After washing the column with buffer C 

containing 1 M NaCI, caldesmon is eluted with 20 mM 

Tris.HCI pH 7.5 / 0.1 M NaCI / 0.1 mM dithiothreitol / 1 mM 

EGTA. Caldesmon is then pooled after its identification on 

7.5-20% SDS gel. After dialysis in buffer D (20 mM K2HP04 

pH 8.0 / 1 mM EGTA / 1 mM EDTA / 0.1 mM DTT / 0.02% NaN3) 

the pooled sample is lo~ded on a 1.5 x 20 cm Affi-Gel Blue 

(Bio-Rad) column. The column is washed with buffer D until 

A280 returns to baseline. Then, it is eluted with 200 ml 

each of buffer D and buffer D made 1.5 M in NaCI. 



62 

In our studies on caldesmon, Ngai's method was 

used unsuccessfully because the protein in question could 

not be eluted from the Affi-Gel Blue column. In addition, 

we had some substantial degradation of caldesmon after the 

calmodulin-affinity column. The above method was modified 

later on with the substitution of the calmodulin-affinity 

column by an Affi-gel Blue chromatographic column on the 

one hand, and the introduction of a final (and second) 

DEAE-Sephacel column on the other hand (119). The most 

important point with this new procedure comes from the fact 

that caldesmon obtained has an inherent ability to be 

phosphorylated (119, 120). 

Bretscher's method 

This procedure is a modification of Kakuichi's 

method (116). The following is a summary of Bretscher's 

method, detailed information can be found in reference 107: 

1) the extraction is done as in reference 116 but without 

ATP, followed by a 5 min boiling step at 90 o e, 2) 30-50% 

ammonium sulfate fractionation followed by gel filtration 

on Sephacryl S-400, and 3) ion exchange chromatography on 

Whatman DE-52. 

The above method gives a caldesmon of high purity 

and we have found that if the ammonium sulfate 

precipitation is done carefully in such a way that 

tropomyosin is not precipitated, the gel filtration step 
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can be omitted. In this situation, only the ion exchange 

chromatography with DE-53 is required. This modified 

method can be run in 2 days and the yield 105 mg 

ca1desmon/100 g chicken gizzard, is always better than 

those from other ca1desmon purification methods. The only 

drawback associated with this method is the loss of 

ca1desmon kinase activity due to the boiling of the extract 

at 90°C for 5 min. 

Sellers' method 

This protocol is a modification of Ngai's method 

(118) and the entire procedure can be found in reference 

(121). This method can be summarized as follows: 1) the 

MgC12 extraction is done directly without washing the 

myofibri1s with Triton X-100 as in reference 118, 2) batch 

purification on a DEAE-Sephace1 resin, 3) gel filtration 

chromatography on a Sepharose 4B column, and 4) ion 

exchange chromatography on a phosphoce11u10se column. The 

above method has proven to have some drawbacks such as 

being too long (at least 3 weeks) and also the final 

ca1desmon product is always contaminated with low molecular 

weight proteins. However, these problems become 

insignificant when one realizes that the ca1desmon obtained 

has some autokinase activity. We have also modified this 

method in such a way that the whole procedure has been 

shortened to about one week (see Materials and Methods). 
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Marston's method 

This procedure differs from all the previously 

described since it involves the purification of caldesmon 

from a preparation of a calcium-sensitive thin filament 

sample. The first portion of this method deals with the 

preparation of thin filaments (120). Liquid nitrogen-' 

frozen sheep aorta are minced into small «1 cm2 ) pieces 

and homogenized for 1.5 min with a Polytron homogenizer in 

5 volumes of 50 roM KCl / 4 roM MgCl2 / 10 roM imidazole.HCI 

pH 7.0 / 1 roM NaN3 / 0.5% Triton X-100 / 2 ~g/ml leupeptin 

and chymostatin / 5 roM OTT. The slurry is sedimented for 5 

min at 1500 g and the pellet is rehomogenized in 5 volumes 

of the same buffer and sedimented as above. The 

contractile proteins are extracted by homogenizing the 

pellet in 1.5 volumes of the following homogenizing buffer: 

80 roM KCI / 20 roM 2-[N-morpholino] ethane sulfonic acid 

(MES) pH 6.1 / 5 roM EGTA / 5 mM MgCl2 / 2 mM NaN3 / 10 mM 

ATP / 2 ~g/ml leupeptin and chymostatin / 5 roM DTT. After 

standing for an hour at 4 D C, the extract is sedimented at 

15,000 g for 15 min and the supernatant is diluted 2.5 

times with the extraction buffer. The pH is adjusted to 

7.0 and ethylene glycol is added to a final concentration 

of 20%. Thin filaments ,are then sedimented by 

centrifugation for 3 hr at 140,000 g. 

The second portion of Marston's method, deals with 

the isolation of caldesmon from the above prepared thin 
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filaments (123). The thin filament pellets are 

homogenized in 35 ml of cold 0.8 M KCI, 2 ng pepstatin/ml + 

inhibition solution (2 mM dithiothreitol / 2 ~g/ml 

chymostatin / 2 ~g/ml leupeptin). The actin is sedimented 

at 47,800 g for 90 min leaving the tropomyosin, caldesmon, 

and myosin in the supernatant. The supernatant is made 10 

mM citric acid-NaOH (pH 5.5) from 1 M stock and the pH 

adjusted to 2.9-3.0 with 1 N HCI. At this pH, the 

tropomyosin precipitates together with any remaining actin 

and myosin while most of the caldesmon remains in solution. 

After centrifugation (47,800 g for 10 min) the pH of the 

supernatant is adjusted to 7.0 and is dialyzed overnight 

against 60 mM KCI / 5 mM MgCl2 / 10 mM NaN3 / 10 mM 

Tris.Mes pH 7.0 + inhibitor solution. Caldesmon is 

further purified and concentrated by ammonium sulfate 

fractionation (40-50%). It is typically obtained in a 

yield of 7-12 mg/g thin filament protein and with a purity 

of 70-80% as judged by SDS gel electrophoresis. 

Physical properties of caldesmon 

Most of the known physical characteristics of 

caldesmon were obtained from A. Bretscher's group (107, 

108) and V. Small's laboratory (124). 

Caldesmon elutes as a symmetrical peak on 

Sephacryl S-400 and its Stokes radius has been determined 

to be 91 A (107, 108, 123, 125). Sedimentation velocity 
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studies of caldesmon also show a single symmetrical peak 

with a sedimentation coefficient of 2.54S. This value is 

in line with an earlier estimate of 2.7S obtained in the 

preparative centrifuge (sucrose density gradient) by 

comparison with standard proteins of known sedimentation 

coefficients (107). Thus, the above properties of 

caldesmon indicate that it is a highly asymmetric 

molecule. This latter characteristic has been verified by 

electron microscopy and low angle rotary shadowing studies 

(124). 

There has been some disagreement with regard to 

chicken gizzard caldesmon molecular weight and subunit 

composition. Sobue et al. (105, 116, 125) have described 

chicken gizzard caldesmon as an heterodimer made of 145,000 

and 150,000 dalton SUbunits. This stoichiometry and these 

masses are obtained from electrophoresis on SDS-PAGE. 

Bretscher and Lynch et al. (107, 108) described chicken 

gizzard caldesmon as being made of two polypeptide chains 

of 135,000 and 140,000 daltons. Recently, Stafford and 

Graceffa have reconciled the discrepancies in molecular 

weight and subunit composition of chicken gizzard 

caldesmon. using sedimentation equilibrium, a procedure 

which is not affected by the shape of the protein, they 

described caldesmon as being monomeric in solution with a 

molecular weight of 97,000 daltons (126). 
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Negatively stained preparations and low angle 

rotary shadow studies of caldesmon show an elongated and 

flexible molecule of 3 nm width. Reduced caldesmon has an 

average contour length of 146 ± 40 nm. This length is in 

close agreement with the shadowing data of Furst et al. 

(124). However, this latter group also found shorter 

molecules (70 nm) and concluded that a contour length of 

140 nm probably represented a dimer, but it is possible 

that the shorter (70 nm) caldesmon molecules may also 

result from the hydrolysis of 140 nm molecules. Circular 

dichroism spectra of caldesmon indicates that its secondary 

structure is about 10% a-helix, 20% p-pleated sheet and 

70% random coil. This secondary structure is very close to 

that of filamin, another highly flexible smooth muscle 

protein (108). 

Biochemical properties of caldesmon 

The study and understanding of the biochemical 

properties of caldesmon should be of the utmost importance 

if this latter protein is to assume a role in the control 

of smooth muscle contraction. The first subsection in the 

study of the biochemical properties of caldesmon will deal 

with its amino acid composition. In addition, for 

convenience, this sUbsection will also include some 

information about the localization of caldesmon. 
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Caldesmon localization and amino acid analysis 

Immunoblotting studies have localized caldesmon in 

muscle and non-muscle tissues. Sobue et al. have found 

caldesmon in chicken and rat tissues such as brain, lung, 

liver, kidney, pituitary gland, and adrenal medulla. 

However, chicken gizzard, bovine aorta and uterus, remain 

the most abundant sources of smooth muscle caldesmon (127, 

128). Caldesmons of molecular weight lower than 150,000 

daltons on SDS gel have been purified from non-muscle 

tissues such as platelet, cultured cells and bovine adrenal 

medulla (129, 130, 131). These caldesmon species, with 

molecular weights ranging from 77,000 to 83,000 daltons on 

SDS gel, have some of the characteristics of the 150,000 

dalton protein. They are known to binding calmodulin in a 

ca2+-dependent manner and their association to actin is 

prevented by calmodulin in the presence of calcium. These 

proteins also have the ability to bundle F-actin. In 

addition, their antibodies cross-react with chicken gizzard 

caldesmon or vice-versa. Immunofluorescence studies have 

localized non-muscle caldesmon on stress fibers of cultured 

cells, along actin filaments at a periodicity (36 ± 4 nm) 

identical to that of tropomyosin. These proteins are also 

found in membrane ruffle,s (132). However, so far an amino 

acid analysis of non-muscle caldesmon has yet to be done. 

In smooth muscle, the published reports on 

caldesmon amino acid analysis have shown some differences 
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with regard to muscle sources. Clark and coworkers have 

reported larger amount of histidine, glycine, tyrosine and 

phenylalanine in bovine aorta than in chicken gizzard 

caldesmon (133). This difference between the two types of 

caldesmons in terms of their amino acid composition also 

indicates a difference in their primary structure. A 

comparison of the one dimensional peptide maps of chicken 

gizzard and bovine aorta caldesmon shows digested proteins 

with very few common peptides. Clark's study on chicken 

gizzard caldesmon amino acid analysis is also different 

from that of Lynch et ale (108). These latter authors have 

reported a lower amount of cysteine residues (2) than Clark 

et ale (6). Their results have recently been confirmed by 

Mornet et al., who have also identified 2.4 thiol residues 

per mole of caldesmon (134). 

The second sUbsection of the biochemical 

properties of caldesmon deals with its interaction with 

calmodulin, actin and myosin. 

Caldesmon interaction with calmodulin, actin, tropomyosin, 
myosin and myosin sub fragments 

The first report on caldesmon binding to 

calmodulin was published by Sobue and coworkers in 1981 

(116). Several authors have confirmed these earlier 

findings using either smooth muscle or non-muscle 

caldesmons (117, 123, 127, 131, 133). The binding of 

calmodulin to caldesmon is possible only in the presence of 
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Ca2+ (at least 10-6 M). The calmodulin-caldesmon complex 

is stable at 200 mM NaCl at pH 7, but is disrupted at 300 

mM NaCl (107). A crude estimation of the stoichiometry of 

binding of calmodulin to caldesmon suggests a 1:1 molar 

ratio. In this study, the binary complex of calmodulin

caldesmon was subjected to get filtration on sephadex G150 

and the SDS PAGE of eluted fractions were scanned by 

densitometry (107). More refined techniques have been used 

to study the interaction of calmodulin with caldesmon. El

Saleh and Walsh (135) used the Ca2+-calmodulin-induced 

fluorescence enhancement of intrinsic tryptophan 

fluorescence in caldesmon and determined an association 

constant of 2.01 x 108 M-1. This latter value is much 

higher than the Ka determined by Smith et ale (106). They 

have a Ka of 3.7 x 106 M-1. smith's Ka value is probably 

the most credible one since our studies with 1,5-IAEDANS 

labelled-caldesmon gave a ~ value (50 ~M) which is in 

agreement with smith's Ka. 

The interaction of caldesmon with Ca2+-calmodulin 

complex affects the association of actin with caldesmon. 

It has been known for years that caldesmon binds not only 

to calmodulin but also to actin (105, 106, 107, 108, 116, 

117, 123, 136). The formation of the actin-caldesmon 

complex is ca2+-independent, although, it is affected by 

ionic strength. At KCl>200 mM, this binding is 

significantly reduced. stoichiometric studies of this 
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binding have identified two independent classes of binding 

sites which have been called "weak" and "tight." At the 

weak binding site the caldesmon/G-actin molar ratio is 1 to 

4-8 and the association constant Ka = 1-3 x 105 M-1. The 

values at the tight binding site are 1 to 20-30 for the 

caldesmon/G-actin molar ratio and 2-40 x 106 M-1 for the 

association constant (106). Tropomyosin does not affect 

actin binding to caldesmon. szpacenko and Dabrowska (137) 

have identified the actin binding portion of caldesmon. 

They have used a-chymotrypsin digestion to partition 

caldesmon into three major polypeptides of 110, 80 and 40 

kilodaltons. Their studies show that only the last 

polypeptide can bind actin. In addition, this fragment 

exhibits some of the other properties of the native 

protein, that is, inhibition of actomyosin ATPase and 

binding of calmodulin in a ca2+-dependent manner (137). 

Additional degradation of this 40 kilodalton functional 

peptide leads to an 18 kilodalton fragment which possesses 

the same properties as its originator polypeptide. 

Sobue et al. (116) have initially reported that the 

binding of caldesmon to F-actin is inhibited by calmodulin 

in a Ca2+-dependent manner. Sobue's "flip-flop" binding 

theory can be summarized as following: at less than 1 M 

free Ca2+ concentration, caldesmon binds to actin 

filaments, whereas at a higher concentration of Ca2+ 
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(>1 ~M), calmodulin activated by Ca2+ forms a complex with 

caldesmon and this complex is freed from actin filaments 

(105). While several reports have confirmed some of these 

findings, it is important to mention that 50% reduction of 

F-actin binding to caldesmon always requires at least a 2-4 

fold molar excess of calmodulin (107, 138). 

Caldesmon is not only an actin-binding protein but 

also an F-actin bundling polypeptide (107, 108). However, 

the mechanism by which caldesmon induces the formation of 

actin bundles is still controversial. Sobue et al. (125)-

in opposition to Bretscher (107)--believes that single 

caldesmon units are not responsible for F-actin gelation. 

They feel that caldesmon aggregates obtained by 

concentration or freeze-thawing are responsible for F-actin 

bundle formation. Recent studies by Bretscher's group are 

consistent with Sobue's viewpoint since they have shown 

that only sulfhydryl-oxidized-caldesmon aggregates can 

induce the formation of actin bundles. In addition, F

actin gelation can be prevented by reoxidation of disulfide 

bonds between adjacent caldesmons by 1 mM DTT or by other 

reducing agents (added in excess). Bretscher and coworkers 

have also stated that the caldesmon-oxidized aggregates can 

induce the formation of pross-links in F-actin 

polypeptides. Finally, another caldesmon property is its 

ability to induce G-actin polymerization in a Ca2+

calmodulin-dependent manner (139). 
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Caldesmon complexes with actin and several studies 

have shown that the presence of tropomyosin increases the 

affinity between the earlier two proteins (104, 106, 107). 

Graceffa (140) has recently demonstrated the direct 

interaction of tropomyosin with caldesmon as visualized by 

a sUbstantial increase in tropomyosin viscosity in the 

presence of caldesmon. In addition, smith et al. (106) 

have been successful in binding tropomyosin to a caldesmon

affinity column and it seems that a maximum of 2 moles of 

caldesmon associate with 1 mole of tropomyosin (140). 

Since tropomyosin does not interfere with caldesmon 

binding to F-actin, and reciprocally, caldesmon does not 

affect the binding of tropomyosin to actin, it has been 

suggested that these two proteins bind to different sites 

on F-actin (107). Caldesmon is also involved in the 

binding of filamin to F-actin. Nomura et al. (141) have 

recently demonstrated that caldesmon increases the 

dissociation constant of the complex of F-actin with 

filamin. In addition, this decrease in the binding 

affinity of filamin for F-actin by caldesmon occurs without 

affecting the maximum filamin binding to F-actin (141). 

These later authors have also suggested that the binding 

site of caldesmon on th~ actin filament differs from that 

of filamin and since the affinity of caldesmon for F-actin 

is higher than that of filamin, caldesmon will 

preferentially bind to F-actin. 
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The above presentation suggests tropomyosin 

involvement in the biochemical activity of caldesmon. This 

involvement is even more evident in the study of the 

effects of caldesmon on the interaction of actin and 

myosin. The effect of caldesmon on actomyosin interaction 

were first established by Sobue and his collaborators 

(117). They found that caldesmon inhibited actin 

interaction with myosin as determined by superprecipitation 

measurement characterized by a turbidity assay at 660 nm. 

They also found that tropomyosin did not directly affect 

this inhibition, but was required for the full activation 

of actomyosin. Using the actin-activated myosin Mg2+

ATPase activity as a measure of actin and myosin 

interaction, Ngai and Walsh have confirmed the inhibitory 

property of caldesmon on actomyosin interaction (120). 

They have also found that inhibition occurs in the absence 

of tropomyosin, although at a lower extent than in its 

presence (41% vs. 72% in the absence and presence of 

tropomyosin, respectively). These results have been 

confirmed by Chalovich (142) who has determined that 

although tropomyosin is not essential for the inhibitory 

activity of caldesmon, it does enhance the inhibitory 

activity at low caldesman concentrations. Several groups 

have since reported this inhibition of actin-activated 

myosin ATPase activity in both smooth and skeletal muscles 

(104, 119, 121, 123, 143, 144, 145). This inhibition has 
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also been reported to be alleviated by the addition of Ca2+ 

and calmodulin; however, only caldesmon phosphorylation by 

a calcium-calmodulin-dependent caldesmon endogenous kinase 

can completely overcome it. No other investigators besides 

Ngai and Walsh have been successful in correlating a loss 

of inhibition (of actomyosin ATPase) with caldesmon 

phosphorylation. The mechanism of this inhibition is the 

subject of active research. However, it has been proven 

that it originates neither from caldesmon phosphatase 

activity nor from its effect on myosin light chain kinase. 

Sobue et al. and smith and Marston have reported a direct 

correlation between caldesmon binding to F-actin

tropomyosin complex and inhibition of actomyosin ATPase 

activity (104, 123). Therefore, the contemporary view and 

the plausible cause of caldesmon inhibition of actomyosin 

Mg2+-ATPase activity is related to F-actin or the F-actin

tropomyosin complex. 

Caldesmon affects not only the native myosin 

molecule but also the properties of its proteolytic 

fragment. Lash et al. have recently published a study of 

the effects of caldesmon on smooth muscle acto-HMM ATPase 

activity (121). They found caldesmon to be a potent 

inhibitor of acto-HMM AT,Pase activity with optimal 

inhibition achieved at a caldesmon/actin molar ratio 

comprised between 1:10 and 1:7. They determined that 

tropomyosin is not essential for the maximum inhibition of 
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the acto-HMM ATPase activity by caldesmon. While Ca2+

calmodulin antagonizes this inhibition this latter complex 

is unable to relieve it completely. In addition, caldesmon 

enhances the binding of both phosphorylated and 

unphosphorylated HMM to actin with a maximum binding 

identical to the optimal inhibition of acto-HMM ATPase by 

caldesmon, that is, a caldesmonlactin molar ratio ranging 

from 1:10 to 1:7. Finally, Lash and coworkers have also 

identified a Ca2+- and calmodulin-dependent phosphorylation 

of caldesmon (2 mol Plmol caldesmon). However, the 

phosphorylated protein does not affect the inhibition of 

smooth muscle acto-HMM ATPase activity. 

To explain the effect of caldesmon on smooth 

muscle acto-HMM properties, that is, the concurrent 

inhibition of ATPase activity and the increase in the 

binding of actin to phosphorylated and unphosphorylated 

HMM, Lash et al. have speculated that caldesmon might slow 

the release of ADP during ATP hydrolysis in smooth muscle. 

Thus, they raise the possibility that an actin-based 

protein complex can reversibly modulate cross-bridge 

affinity in smooth muscle irrespective of the state of 

myosin light chain phosphorylation. In contrast to the 

above authors, Chalovich et al. using skeletal S-l have 

concluded that the inhibition of acto-S-1 ATPase activity 

shows the following properties: 1) It is associated 

primarily, and possibly completely, with a decrease in the 
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affinity of 8-1-ATP and other 8-1 species to actin. 2) 

Cross-linking of actin filaments is not necessary for 

inhibition of ATP hydrolysis. 3) Tropomyosin facilitates 

the activity of caldesmon by enhancing the binding of 

caldesmon to actin but it is not essential. However, in 

his most recent paper, Chalovich (142) agrees with Lash et 

al. (121) concerning the concurrent increase in smooth 

muscle HMM binding to actin and the smooth muscle acto HMM 

ATPase inhibition by caldesmon. Identical conclusions were 

drawn when skeletal HMM was used. However, and in contrast 

to smooth muscle HMM, Chalovich found that skeletal HMM 

binding to actin continues to increase (beyond 220%) upon 

addition of caldesmon, even when the ATPase inhibition has 

reached a maximum level. This is unlike the binding of 

smooth muscle HMM, which appears to saturate at about the 

same caldesmon concentration required for inhibition of ATP 

hydrolysis. Chalovich then concluded that in contrast to 

smooth muscle HMM, the increase of skeletal HMM binding to 

actin cannot be explained by a decrease in the rate of ADP 

release caused by caldesmon. It seems that at the present 

time more research needs to be done on the above subject. 

In a paper recently published by Ikebe and 

Reardon, a different explanation of the inhibition of 

actomyosin ATPase activity is proposed (146). These 

authors have demonstrated that caldesmon has the ability 

to bind myosin at the 8-2 region. In addition, turbidity 
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measurement of actomyosin solutions at 440 nm have 

demonstrated a parallel increase with increasing amounts of 

caldesmon. Thus, caldesmon can induce cross-linking of 

actin and myosin. Ikebe and Reardon thus speculate that if 

caldesmon binds to actin and 5-2 at opposite ends of the 

molecule, perhaps actin cannot interact with myosin 5-1 

properly and a reduction of ATPase activity results. In 

addition, they have also speculated on the possible 

involvement of caldesmon in the "latch state." Their 

theory is that at higher intracellular ca2+ 

concentrations, caldesmon form a complex with ca2+

calmodulin so that its ability to cross-link actin and 

myosin filaments is nullified. As the intracellular Ca2+ 

concentration decreases, caldesmon which is free from Ca2+

calmodulin can then cross-link actin filaments and myosin 

filaments to give the "latch state." 

Caldesmon phosphorylation 

The phosphorylation studies of caldesmon by a 

Ca2+-calmodulin endogenous kinase have mainly been 

accomplished by Walsh and his coworkers (118, 119, 120, 

148). The caldesmon kinase copurifies with caldesmon an 

DEAE-5ephacel chromatography and phosphorylates caldesmon 

to a stoichiometry of 2 to 4 moles pi per mole of 

caldesmon. The removal of the above phosphate groups has 

been achieved by a partially purified chicken gizzard 
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myosin light chain phosphatase. It should be added that 

the phosphorylation of caldesmon is a ca2+-calmodulin

dependent process; however, caldesmon cannot be 

phosphorylated by myosin light-chain kinase (MLCK) or 

phosphorylase kinase, both calmodulin-activated protein 

kinases. In addition, cAMP kinase, the cAMP-dependent 

protein kinase is ineffective with caldesmon. Also, the 

phosphorylation kinetics of caldesmon are not affected by 

the presence of actin, tropomyosin or thin filaments. 

However, much of the attention received by caldesmon 

phosphorylation stems from the inability of the 

phosphorylated protein to inhibit the actomyosin ATPase 

activity. While caldesmon phosphorylation by a Ca2+

calmodulin endogenous kinase has been reported by other 

investigators (121) only the Walsh group maintains that 

phosphorylation of caldesmon alters its properties and 

might, therefore, be an important physiological mechanism. 

Caldesmon can also be phosphorylated by protein 

kinase C and by brain Ca2+-calmodulin kinase II (ca2+/caM 

kinase II). Protein kinase C is a ca2+-dependent enzyme 

that requires phosphat idyl serine or phorbol ester 

derivatives but not calmodulin for its activity. Two other 

actin binding proteins, yinculin and filamin, are also 

phosphorylated by kinase C. However, the physiological 

significance of kinase C-induced phosphorylation remains to 

be established. The stoichiometry of caldesmon 
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phosphorylation by kinase C over a 2 hr period has been 

estimated to be 7.7 mol phosphate per mol of caldesmon. In 

the presence of calmodulin, this latter phosphorylation is 

reduced to about 6 mol pi/mol caldesmon. From this, 

Umekawa and Hidaka have speculated that since calmodulin 

binds to caldesmon in the presence of ca2+, some 

phosphorylation sites may be located in the calmodulin

binding region of caldesmon (149). Finally, kinase C 

phosphorylated caldesmon induced a 40% decrease in MLCK 

activity. The phosphorylation of caldesmon by brain Ca2+

dependent kinase II will be presented later, in the results 

and discussion section of this dissertation. 
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III. RESEARCH OBJECTIVES 

In the early stage of this study, very little 

information on caldesmon was available. Consequently, the 

purposes of this study have been moving in parallel with 

developments occurring in caldesmon research. However, one 

of the problems associated with caldesmon studies has 

always been the inadequacy of its purification methods. 

One reason for this is that caldesmon is known to be highly 

sensitive to the action of proteolytic enzymes. Our first 

and initial objective was to develop an adequate and 

reliable method of caldesmon purification. However, when 

it became evident that caldesmon might also be 

phosphorylated, it also became our objective to purify the 

caldesmon endogenous kinase. Thereafter, we decided to 

better our understanding of the process of caldesmon 

phosphorylation and this became our second objective. 

Finally, our third objective involved a study of the 

mechanism of caldesmon inhibition of actomyosin ATPase 

activity. 
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IV. MATERIALS AND METHODS 

CALDESMON PURIFICATION METHODS 

Method 1 

The first method is a modification of Walsh's 

(149) method of MLCK purification (Figure 1). A 500 g 

quantity of fat-free turkey gizzard is minced, ground and 

homogenized in a Waring blender with 4 volumes of buffer A 

(30 roM Tris.HCl pH 7.S / 20 roM NaCl / 1 roM MgC12 / 0.1 roM 

DTT / 1 roM EGTA / 0.05% Triton X-100). The slurry is 

centrifuged at 10,000 rpm for 15 min in a Beckman JA-10 

rotor. The pellet is homogenized with 4 volumes of buffer 

A without Triton X-100. The washing without Triton X-100 

is done twice. The washed pellet is extracted with 4 

volumes of buffer B (40 roM Tris.HCl pH 7.5 / 60 roM NaCl / 

25 roM MgC12 / 0.1 roM DTT / 1 roM EGTA) and after sitting in 

ice for 30 min, the slurry is centrifuged at 10,000 rpm in 

a Beckman JA-10 rotor. The supernatant is collected and 

filtered through glass wool. 

A reverse ammonium sulfate precipitation of the 

above supernatant is per,formed by the slow addition of 60% 

(363 gIl) solid ammonium sulfate. After the complete 

dissolution of solid ammonium sulfate, buffer B is slowly 

added to reduce the ammonium sulfate concentration to 40% 
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(226 gil) saturation. The solution is then centrifuge at 

10,000 rpm for 15 min in a JA-I0 rotor and the supernatant 

is collected. In order to concentrate the proteins 

contained in the supernatant, solid ammonium sulfate is 

added to 60% (123 gil) saturation. After centrifugation at 

10,000 rpm for 15 min in a JA-I0 Beckman rotor, the pellet 

is dissolved in 80 ml buffer C (30 mM Tris.HCl pH 7.5 I 

1 mM EGTA I 1 mM EOTA I 0.1 mM DTT I 0.02% NaN3). The 

protein sample is dialyzed overnight against 2 x 10 liters 

of buffer C. 

The dialyzed protein solution is loaded on a 120 

ml OEAE-sephacel column equilibrated with buffer C. After 

washing with buffer C to the baseline, elution is done with 

350 ml each of buffer C and buffer C made to 0.35 M NaCl. 

Caldesmon and MLCK elute respectively at 0.1 and 0.2 M NaCl 

(Figure 2). In addition, MLCK fractions phosphorylate 

myosin. Also, 7.5 - 20% SOS gels are used to identify 

caldesmon and MLCK fractions and the two protein fractions 

are pooled separately and dialyzed against 2 x 5 liters of 

buffer 0 (40 mM Tris.HCl pH 7.5 I 20 mM NaCl I 1 mM EGTA I 

1 roM EOTA I 0.1 mM OTT I 0.02% NaN3). 

The dialyzed caldesmon and MLCK pools are loaded 

each on a 50 ml phosphoc,ellulose column. Washing is done 

with buffer 0 until the column effluent buffer 0.0. at 280 

nm reaches the baseline. The caldesmon-containing 

phosphocellulose column is eluted 250 ml of buffer 0 and 



Figure 2. Caldesmon Purification: DEAE-Sephacel Column 

Myosin phosphorylation assay: lmg/ml myosin is dissoloved in 

30mM Tris.HCl pH 7.5, 4mM MgC1 2 O.lmM CaC1 2 , 85mM Kel, 

0.010 mg/ml calmodulin, 0.010 mg/ml MLCK, 0.010 ml column 

fraction. The reaction is started with the addition of 

lmM[y-32P]ATP and after 3 min, 0.4 ml assay solution is pipetted 

off into a funnel containing 0.5 ml of 20% trichloroacetic acid 

and 2% sodium pyrophosphate. The phosphorylation level is 

determined as in reference (149). 
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Figure 3. Caldesmon Purification: Phosphocellulose Column 

and SDS Gel of Purified Caldesmon 
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buffer D made to 0.4 M NaCI while MLCK is eluted by a 

slightly different gradient (a high salt gradient of 0.3 M 

NaCI is used). Figure 3 shows an elution profile of 

caldesmon on a phosphocellulose column. Both caldesmon and 

MLCK are identified against their respective standards on 

SDs-gels. After concentration on Amicon membrane, the two 

protein solutions are stored at -70°C in 5-10% sucrose. 

Method 2 

The purification of caldesmon by Method 2 is from 

a modification of the method of Lash et ale (121). A 

summary of Method 2 is presented in Figure 4. In this 

procedure 500 g of fresh chicken gizzards are washed, 

trimmed, ground and homogenized in 3 volumes of buffer A + 

inhibitor solution (50 mM imidazole.HCI pH 7.1 / 5 roM EGTA 

/ 50 mM MgCl2 / 5 mM DTT and inhibitors: 0.20 roM OFP / 

0.01 mg/ml lima bean trypsin inhibitor / 10 mg/ml 

leupeptin / 0.01 mg/ml Na-p-tosyl-L-Iysine chloromethyl 

ketone / 0.02% NaN3). The slurry is centrifuged at 10,000 

rpm for 30 min in a Beckman JA-10 rotor and the supernatant 

is collected after glass wool filtration and diluted 8 

times with buffer B (30 mM Tris.HCI pH 7.5 / 1 mM EDTA / 1 

mM EGTA / 1 mM OTT / 20 mM NaCI / 0.02% NaN3 / 0.5 mg/l 

leupeptin / 0.1 mM DFP). A batch purification with 400 ml 

of packed Pharmacia DEAE-Sepharose Fast Flow equilibrated 

with buffer B is run by adding the resin to the diluted 
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protein solution. After sitting in ice for 3 hr and 

stirring with a spatula every 20-30 min, the gel material 

is washed under vacuum until the washes show an O.D. of 

0.05 at 280 nm. The gel material is mounted onto a one 

liter chromatographic column and washed with buffer B for 

2-4 hr at a flow rate of about 150 ml/hr. The column is 

eluted with 2 liters each of buffer B and buffer B made to 

0.3 M NaCl. The caldesmon fractions are identified by 

comparison with caldesmon standard on 7.5-20% gels and 

pooled (DEAE-caldesmon pool). 

The DEAE caldesmon pool is partitioned in two 

equal parts (DEAE pool A and B) and each one is subjected 

to a different level of ammonium sulfate precipitation. 

The first half of the caldesmon pool (DEAE pool A) is 

precipitated to 65% (398 gil) of ammonium sulfate 

saturation and after centrifugation at 10,000 rpm for 15 

min in a Beckman JA-10 rotor, the precipitate is collected 

(PO-65). The second half of the DEAE-caldesmon pool (DEAE 

pool B) is subjected to a 30% (164 gil) ammonium sulfate 

precipitation and after centrifugation both precipitate 

(PO-35) and supernatant (SO-65) are collected. Solid 

ammonium sulfate salt is added to the supernatant (SO-65) 

to 65% saturation. After centrifugation at 10,000 rpm for 

15 min in a JA-10 Beckman rotor, the 30-65% ammonium 

sulfate precipitate (P35-65) is collected. 



The PO-65 and the P30-65 precipitates are 

dissolved in about 40 ml of buffer C (30 roM Tris.HCI pH 

7.5 / 0.6 M NaCI / 1 mM EGTA / 1 roM EDTA / 1 mM DTT / 

90 

0.5 mg/l leupeptin / 0.1 roM OFP) and after clarification 

(35,000 rpm, 30 min, Ti45 Beckman rotor) each protein 

solution is loaded on an individual Pharmacia Sephacryl S-

300 (3 x 125 cm) previously equilibrated with buffer C. 

After elution with buffer C, the two caldesmon samples are 

pooled following their identification on 7.5-20% SOS gels. 

Both protein samples are then dialyzed overnight against 2 

x 5 liters of buffer D (40 mM Tris.HCI pH 7.5 / 20 roM NaCI 

/ 1 mM EOTA / 2 mM EGTA / 0.02% NaN3 / 0.5 mg/l leupeptin / 

0.1 mM OFP) and each loaded on an individual 90 ml 

phosphocellulose column. Elution is achieved with NaCI 

gradients (20 mM and 500 mM) in 2 x 300 ml buffer O. Both 

(30-65) caldesmon and (0-65) caldesmon final products are 

concentrated on Amicon membranes and after dialysis in 

buffer 0 are stored at -70°C in 10% sucrose. 

The PO-30 precipitate obtained from ammonium 

sulfate saturation of DEAE pool B is dissolved in a small 

volume of buffer D. A glass homogenizer is used to 

dissolve the actin rich precipitate. Clarification is also 

necessary and the supern~tant is used as a tentative source 

of caldesmon endogenous kinase. 
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Method 3 

The purification of caldesmon by Method 3 is from 

a modification of Bretscher's method (107). Figure 5 

represents a flow chart of Method 3. A 250 g quantity of 

fat-free and ground fresh chicken gizzards is homogenized 

in a Waring blender with 4 volumes of buffer A (50 mM 

imidazole.Hel pH 6.9 / 0.3 M KCl / 1 mM EGTA / 0.5 mM 

MgC12/ 0.25 mM PMSF). The material is then heated in a 

boiling water both for 5 min: during this period the 

temperature rises to approximately 90°C and remains there 

for at least 2 min. The heated material is chilled on ice 

and clarified by centrifugation at 10,000 rpm for 30 min in 

a Beckman JA-10 rotor. After filtration through glass 

wool, ammonium sulfate is added to the supernatant to bring 

it to 30% saturation (164 g/l supernatant). The 

precipitated material is removed by centrifugation, and the 

ammonium sulfate concentration is increased to 50% 

saturation by the addition of solid ammonium sulfate (117 

g/l supernatant). The last ammonium sulfate precipitation 

is done by adding small aliquots of the solid salt to the 

magnetic-bar stirring solution. It is important to avoid 

the formation of high concentration of ammonium sulfate in 

the solution since it wi.!l allow the precipitation of 

tropomyosin (tropomyosin precipitates at least at 50% 

saturation). The precipitated material is dissolved in 

buffer B (30 mM Tris.HCl pH 7.5 / 20 roM NaCl / 1 mM EGTA / 
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1 roM EDTA / 1 roM OTT / 0.02% NaN3) and dialyzed overnight 

against 2 x 5 liters of the same buffer. After 

clarification (30,000 rpm, 30 min, Beckman Ti45 rotor), the 

solution is loaded onto a 80 ml OEAE-Sephacel column 

equilibrated with buffer B. The column is eluted with 2 x 

250 ml linear 20-350 roM NaCI gradient in buffer B. 

Caldesmon containing fractions are pooled and dialyzed 

against 2 x 5 liters of buffer B. Usually, at this level, 

the caldesmon sample is highly purified and no further 

purification is required. However, if substantial amount 

of tropomyosin were precipitated at the 50% ammonium 

sulfate saturation step, a second ion-exchange purification 

step is required. We have successfully used a 50 ml 

phosphocellulose column to remove the contaminant 

tropomyosin from caldesmon. The column is equilibrated 

with buffer Band caldesmon is eluted by a 2 x 150 ml 

linear 20-400 roM NaCI gradient in buffer B. 

other procedures related to caldesmon purification 

Ammonium sulfate precipitation curve of caldesmon 

An ammonium sulfate precipitation curve was 

drafted by dissolving solid ammonium sulfate aliquots in a 

solution of 1 mg/ml calaesmon (Method 3) / 30 roM Tris.HCI 

pH 7.5 / 50 roM NaCI / 1 roM OTT and by measuring the 

turbidity at 440 nm against the quantity of salt dissolved. 



A440 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 0 -
0 

o 5 

94 

0 ....... 0 
00' 

10 15 20 25 30 35 40 
Ammonium Sulfate (0/0) 

Figure 6. Precipitation of Caldesmon by Ammonium Sulfate as 

Determined by Turbidity Measurement at 440nm 

Conditions: 30mM Tris.HCl pH7.5, 50mM NaCl, 

lmM DTT, lmg/ml heat-treated caldesmon, solid 

ammonium sulfate aliquots. 



A curve of turbidity vs. ammonium sulfate saturation was 

then established (Figure 6). 

Caldesmon phosphorylation 
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Samples of 0-65% or 30-65% caldesmon (0.28 mg/ml) 

purified according to Method 2 were dissolved in the 

following solution: 30 mM Tris.HCI pH 7.5 / 5 mM MgCl2 / 

0.1 mg/ml calmodulin / 0.5 mM CaCl2 / 50 mM KCI. The 

reaction was started with the addition of 1 mM [r_32p] ATP. 

The final volume of the assay mixture was 1 ml and the 

phosphorylation reaction was conducted at 25°C. A time 

course of the phosphorylation reaction was determined by 

pipetting off 0.1 ml aliquots of the reaction mixture into 

0.5 ml of 25% trichloroacetic acid (TCA), 2% sodium 

pyrophosphate contained in plastic funnels (Isolab Quik-Sep 

column, code AS-P) fitter with a fiber glass disc. A 

cotton plug was also added to prevent blockage of the 

filter by precipitated protein. Excess [r_32p] ATP was 

washed out using Millipore filtration unit with 5% TCA, 1% 

sodium pyrophosphate (3-4 washes). The funnels were 

stoppered, 0.5 ml of 25% TCA, 2% sodium pyrophosphate 

added, and incubated in a water bath at 90°C for 10 min (to 

remove acid-labile phosphate). The filters were again 

washed four times on the Millipore filtration apparatus 

with 5% TCA, 1% sodium pyrophosphate, and placed in 

scintillation vials. Distilled, deionized water (15 ml) 



was added and caldesmon bound 32p quantitated by Cerenkov 

counting. 
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Phosphorylation of 30-65% Method 2-caldesmon 

samples by 10 ~l of 0-65% Method 2-caldesmon were run. The 

former caldesmon sample was devoid of any endogenous kinase 

activity while the 0-65% Method 2-caldesmon was 

autophosphorylable. The same type of phosphorylation 

reaction was also run using a heat-treated caldesmon 

(Method 3) as a substrate and 0-65% caldesmon (Method 3) as 

a source of caldesmon endogenous kinase. 

Myosin purification and myosin light chain phosphorylation 

The purification of myosin was done according to 

reference (154). Turkey gizzards are trimmed of fat and 

connective tissue. The mince (usually 250-500 g) is 

suspended in 3 volumes of buffer A, i.e. 10 roM Tris.HCl pH 

7.5 / 50 roM KCl / 2 roM EGTA / 25 roM MgC12 / 0.2 roM 

dithiothreitol / 3% (v/v) Triton X-100, homogenized for 

20s in a Waring blender, and centrifuged at 1500 g for 5 

min. The supernatant is discarded and the pellet is 

subjected to 3 cycles of homogenization and centrifugation 

with buffer A, using 3 volumes based on the original mince 

weight for each cycle. The pellet is suspended in 3 

volumes in buffer B, i.e. 10 roM Tris.HCl pH 7.5 / 100 mM 

KCl / 2 roM EGTA / 0.2 roM dithiothreitol, homogenized 

(Waring blender, 20s), and centrifuged at 8,000 g for 10 
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min. The supernatant is discarded and the pellet is 

subjected to two additional cycles of homogenization and 

centrifugation using buffer B. Extraction of myosin is 

achieved by suspending the pellet in 1.5 volumes (based on 

original mince weight) of 40 mM imidazole.HCl pH 6.8 / 

5 mM ATP / 4 mM EDTA / 2 mM EGTA / 0.5 mM dithiothreitol 

and homogenizing in a Waring blender for 20s. The pH is 

adjusted to 6.9, the mixture is left on ice for 15 min, 

with occasional stirring, and centrifuged at 14,000 g for 

20 min. The supernatant is filtered through glass wool and 

the pellet is discarded. The pH of the supernatant is 

adjusted to 7.6 and 1 M MgC12 is added slowly, using a 

peristaltic pump, to a final concentration of 150 mM. 

Additional ATP is added to increase the ATP concentration 

by 2.5 mM, the mixture is left, with occasional stirring, 

for 10 min, and centrifuged at 14,000 g for 10 min. The 

supernatant is centrifuged overnight at 75,000 g. The 

resulting supernatant is diluted with 10 volumes of cold 

H20 and the precipitated myosin is collected by 

centrifugation at 10,000 g for 10 min. The myosin pellet 

is suspended in approximately 10 volumes (based on pellet 

volume) of 10 mM sodium phosphate pH 7.6 / 1.5 mM EGTA / 

5 roM ATP and homogenize~ by hand in a glass homogenizer. 

After complete suspension, the pH is adjusted to 7.6, 1 M 

MgC12 is added slowly to a final concentration of 150 roM, 

and the mixture is centrifuged at 160,000 g for 3 hr. The 
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supernatant is diluted with 10 volumes of cold H20 and the 

precipitated myosin is collected by centrifugation at 

10,000 g for 10 min. The pelleted myosin is dissolved in 

approximately 10 volumes (based on pellet volume) of 0.5 M 

KCl / 10 mM Tris.HCl pH 7.5 / 1 mM dithiothreitol using a 

glass homogenizer. When the myosin is dissolved, cold H20 

is added to give a final KCl concentration of 0.1 M. After 

15 min on ice the mixture is centrifuged at 14,000 g for 15 

min. The supernatant is myosin and the pellet contains 

myosin plus contaminant actin. (The amount of myosin 

pelleted by this procedure is variable, but an excessive 

precipitation, i.e. a loss of over 30% total myosin, often 

reflects a failure to maintain pH during the earlier MgC12 

precipitation steps). The supernatant is diluted with an 

equal volume of cold H20 and 1 M MgC12 added to 10 mM. 

After 1 hr on ice, the precipitated myosin is collected by 

centrifugation at 10,000 g for 15 min, and the pellet is 

dissolved in 0.5 M KCl / 1 mM NaHC03 / 1 mM dithiothreitol 

and dialyzed vs. this buffer. The average yield of myosin 

is 2.5 mg/g, wet weight, gizzard mince. Myosin 

phosphorylation assays are given in the figure legends and 

phosphorylation levels are determined by the procedure of 

Walsh et al. (149). 
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other methods 

Calmodulin was purified by the procedure of 

Gopalakrishna and Anderson (155). Electrophoresis was 

carried out on 7.5-20% polyacrylamide gradient slab gels in 

the presence of 0.1% SDS at 30 mA by using the 

discontinuous buffer system of Laemm1i (156). 

CALDESMON PHOSPHORYLATION PROCEDURES 

Protein kinase C purification 

We used a crude DEAE-Sephace1 kinase C purified by 

the procedure of the Huang et a1. (157). Rat brain Ca2+

calmodulin dependent kinase II was generously donated by 

Dr. Howard Schulman (Stanford University). Ca1desmon with 

kinase activity was purified according to Method-2. 

Ca1desmon phosphorylation assays 

The conditions for phosphorylation are given in 

the figure legends. For the determination of ca1desmon 

phosphorylation levels, see Materials and Methods. 

CALDESMON EFFECTS ON MYOSIN 
AND MYOSIN SUBFRAGMENTS PROCEDURES 

Actin bundling assay conditions are given in the 

figure legends. Absorbance determinations at 310 nm were 

made with a Gilford 260 spectrophotometer. Electron 

micrograph pictures of F-actin bundles were obtained from 

uranyl acetate negative staining of the actin bundles. 



Myosin was purified by the procedure of Ikebe and 

Hartshorne (154). 
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HMM and 5-1 were purified by the procedure of 

Ikebe and Hartshorne (60) and ATPase activities were 

determined as in reference 60. The conditions for the 

competition assay between caldesmon and MLCK are given in 

the legend of Figure 24. 
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V. RESULTS AND DISCUSSION 

CALDESMON PURIFICATION METHODS 
AND CALDESMON ENDOGENOUS KINASE PURIFICATION 

We have developed three methods of caldesmon 

purification. The first method of caldesmon isolation was 

published by the Kakuichi's group (116). This method was 

exceptionally long and the final product was usually highly 

degraded (Table 1). A shorter method was then published by 

Ngai (118). However, the caldesmon samples obtained from 

the second chromatographic column (calmodulin-affinity 

column) was highly degraded, probably due to the action of 

some ca2+-proteases since the binding of caldesmon to the 

affinity column required calcium. In addition while using 

Walsh's method, we were unable to elute caldesmon from the 

last chromatographic column (Affi-Gel Blue column). We had 

encountered the same problem in the purification of myosin 

light chain-kinase (MLCK) when MLCK was to be eluted from 

the Affi-Gel Blue column (unpublished data). The problems 

associated with caldesmon purification by Ngai's method 

(118) lead us to develop a new caldesmon purification 

method (Method-l). 

A flow chart of Method-1 is presented in Figure 1. 

This method is an adaptation of the one developed by Walsh 
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(150) for the purification of MLCK. However, the 

following changes were made. First, the Triton X-100 

washing steps were omitted. . Second, protein in the MgC12 

extract were precipitated by solid ammonium sulfate and the 

30-65% ammonium sulfate saturation pellet was recovered. 

Walsh had used a reverse ammonium sulfate fractionation for 

the precipitation of the MgCl2-extracted proteins. 

Finally, we used a phosphocellulose column instead of the 

Affi-Gel Blue one used by Walsh. Figures 4 and 5, 

respectively represent the DEAE-Sephacel and the 

phosphocellulose chromatograms of caldesmon purification by 

Method-1. To identify caldesmon from MLCK, myosin 

phosphorylation assay of the Mr 20,000 light chains was run 

using 10 ~l of the DEAE-Sephacel fractions as potential 

MLCK sources. In addition, SOS gels of column fractions 

were also used in this differentiation (not shown). The 

high levels of LC20 phosphorylation in DEAE column fraction 

130 to 160 indicated the presence of MLCK. The small 

phosphorylation of LC20 associated with DEAE-Sephacel 

caldesmon-containing fractions (90-110) was due to 

contaminant MLCK in those fractions. The SDS gel inset in 

Figure 5 shows the caldesmon sample purified after 

phosphocellulose. 

The advantages associated with the use of 

caldesmon purification Method-1 are as follows. First, the 

final product is of good quality, that is, there is very 
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little degradation and almost no contaminant protein. 

Second, this method also allows the purification of 

homogeneous MLCK. As stated earlier, we encountered some 

problems with the elution of MLCK from the Affi-Gel Blue 

column when Walsh's (150) method was used. MLCK prepared 

from Method-1 has been used for the last few years in our 

laboratory without any problem. The drawback associated 

with Method-1 purification is that the caldesmon obtained 

is devoid of any caldesmon endogenous kinase activity. We 

then decided to develop a method of caldesmon purification 

that would give a final product with caldesmon endogenous 

kinase activity (Method-2). 

At the time when we were developing Method-2, two 

other methods of purification that gave a caldesmon sample 

with kinase activity had been published. The first one, 

published by Ngai (118), could not be used since we were 

unable to elute the final product from the Affi-Gel Blue 

column. The second method (Table 1) was published by the 

Sellers' group (121). This method was very close to our 

Method-1; however, we felt that the length of the 

purification process could be considerably shortened. The 

time factor was important since caldesmon was known to be 

highly sensitive to the ,action of proteolytic enzymes. 

Several modifications were brought to the Sellers' group 

method. First, a higher DTT concentration (5 mM) was used 

during protein extraction. This modification had been 
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shown to stabilize the endogenous kinase activity of 

caldesmon (unpublished data). Second, we introduced a 

washing on a Buchner funnel of the DEAE Sepharose Fast 

Flow. This step has shortened the purification time by a 

full day. Finally, an ammonium sulfate precipitation step 

was added after the DEAE purification procedure. The 

Seller's group used an Amicon membrane concentrator to 

reduce the volume of the DEAE caldesmon pool before the 

gel filtration step. This process was time consuming since 

volumes of 800-900 ml had to be reduced (to about 40 ml) to 

be suitable for the 3 x 125 cm gel filtration column that 

we used. The introduction of the ammonium sulfate 

precipitation step reduced the purification time by about 

12-18 hr. In addition, this step is potentially useful as 

a tentative purification procedure of caldesmon endogenous 

kinase. 

Figure 4 summarizes Method-2. Three main products 

are obtained from this purification process: a 0-30% 

ammonium sulfate pellet, a 30-65% caldesmon and a 0-65% 

caldesmon. Autophosphorylation of the two caldesmon 

samples show a net difference between the highly 

phosphorylated 0-65% sample (3 mol Plmol caldesmon after 20 

min) and the 30-65% cald~smon which had negligible levels 

of phosphorylation. These phosphorylation time courses are 

shown in Figure 7. The difference in phosphorylation level 

between the two types of caldesmon show that the use of 
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Figure 7. Time Dependence of the Phosphorylation of 

Caldesmon Samples Purified Through an Ammonium 

Sulfate Precipitation step. 

Conditions: 30mM Tris.HCI pH7.5, 5mM MgCI 2 , 

50mM KCI, 0.5mM CaCI 2 , O.lmg/ml calmodulin 

0.28mg/ml caldesmon and lmM [y-32 P]ATP at 25°C. 

Two different caldesmon samples were used: 0-65% 

ammonium sulfate precipitated caldesmon (0), and 

30-65% (e). The phosphorylation level is 

determined as described in Material and Methods. 
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ammonium sulfate precipitation is not deleterious to 

caldesmon kinase activity. In addition, the kinase can be 

precipitated in the 0-35% ammonium sulfate fraction 

obtained from the DEAE caldesmon pool. 

Our attempts to purify the caldesmon endogenous 

kinase activity have so far been unsuccessful. First, the 

0-30% DEAE-ammonium sulfate pellet was insoluble (probably 

due to a high content of denatured actin) the kinase is 

trapped with the insoluble material. After clarification 

of the partially dissolved pellet, purification on a 

calmodulin-affinity column gave a large peak of actin after 

elution with 200 mM NaCl (result not shown). No protein 

fraction was eluted by 1 mM EGTA. We were also 

unsuccessful in our attempts to phosphorylate a caldesmon 

sample devoid of kinase activity--such as a heat-treated 

caldesmon or a Method-2 30-65% caldesmon--by the 0-65% 

endogenous kinase-containing Method-2 caldesmon or by an 

aliquot of the 0-30% dissolved pellet. 

Figure 5 shows a flow chart of the last caldesmon 

purification method (Method-3) that we developed by 

modification of Bretscher's method (107). Caldesmon 

purification by Bretscher's procedure involves a boiling 

step which results in t~e inactivation of proteolytic 

enzymes and precipitation of most sarcoplasmic proteins 

besides caldesmon, actin and tropomyosin. The final 

caldesmon product is therefore of high quality (very little 
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degradation and very little contaminating proteins). If 

the ammonium sulfate precipitation step is performed 

cautiously, as to remove most of the actin in the 30% 

pellet and to precipitate very little tropomyosin 

(tropomyosin precipitates above 50% ammonium sulfate 

saturation) with caldesmon at 50% saturation, Method-3 can 

be shortened to the first ion-exchange purification (DEAE 

Sephacel). Phosphocellulose column purification is 

optionally used to remove trace amounts of tropomyosin or 

low Mr contaminant proteins. We have found the use of a 

gel filtration step to be inadequate for the separation of 

tropomyosin from caldesmon. This step was used in the 

original method (Table 1). The advantages associated with 

Method-2 are the shortness (2 days) of the procedure, the 

high yield (100 mg caldesmon/200 g gizzard vs. 20 mg 

caldesmon in Method-1 and -2), and the high quality of the 

purified protein. However, the final product does not have 

any kinase activity. 

In conclusion, during the course of our study of 

the protein caldesmon, we developed three purification 

methods. While Method-2 gives a caldesmon sample with high 

kinase activity, Method-3 has been shown to be a convenient 

procedure to obtain high~y purified caldesmon, but can only 

be used when kinase activity is not required. Method-1, 

which also gives a protein devoid of kinase activity, is 

seldom used mainly because of its low yield (20 mg/200 g 
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gizzard vs. 100 mg in Method-3) and the low quality 

(substantial degradation) of the final caldesmon product. 

In addition, the caldesmon kinase activity has been 

localized in the 0-65% Method-2 caldesmon thus proving that 

ammonium sulfate precipitation does not have any 

deleterious effect on the endogenous kinase activity. The 

level of phosphorylation obtained is within the range of 2-

4 mol Plmol caldesmon. The 30-65% Method-2 caldesmon has 

no caldesmon kinase activity, the implication being that 

the kinase might have been precipitated in the 0-30% DEAE 

pellet. However, attempts to purify this enzyme from the 

above pellet through calmodulin-affinity column have been 

unsuccessful. Also, unsuccessful were the attempts to use 

a caldesmon without kinase activity as a phosphorylation 

substrate for a caldesmon rich in endogenous kinase. 

CALDESMON PHOSPHORYLATION STUDIES 

Our second objective was to study the 

phosphorylation of caldesmon by its endogenous kinase 

activity. In addition, we were also interested in the 

possible phosphorylation of caldesmon by another Ca2+

calmodulin-dependent kinase i.e. the rat brain Ca2+

calmodulin-dependent kin~se II. Finally, we also looked 

for other caldesmon endogenous kinase substrates (beside 

caldesmon itself). 



109 

8-G + EGTA; + Calmodulin 

0-0 + Ca 2+; + Calmodulin 
5 

0 

0 

c: 4 0 

0 
E 
en /0 Q) 

"'0 :3 -0 
U 

/0 0 
0 
E 2 

/0 ....... 
a.. 
0 / E 

,0 
0 
I • • • • o • 

0_1::8 _ 8 -'-1 I 1 I 1 
o 20 40 60 80 100 120 

TIME (minutes) 

Figure 8. Time Course of Caldesmon Phosphorylation 

by its Endogenous Kinase. 

Conditions: 30mM Tris.HCl pH7.S, SmM MgC1 2f 

0.42Smg/ml calmodulin, O.SmM CaC1 2 , or lmM EGTA, 

50mM KCl, 2mg/ml caldesmon, lmM[y-32 P]ATP at 

2S0C. 0.2ml reactive mixture is pipetted off at 

various time points and processed as in Material 

and Method. 
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Figure 8 shows the time-course of caldesmon 

phosphorylation by its endogenous kinase activity. The 

difference between caldesmon in the presence and absence of 

Ca2+ illustrates the Ca2+ dependency of this kinase. A 

phosphorylation level of more than 4 mol Plmol caldesmon is 

obtained after an incubation period of 2 hr in the 

presence of Ca2+. In the absence of Ca2+ less than 1 mole 

of phosphate is incorporated in caldesmon (EGTA present). 

The calcium-phosphorylation curve in Figure 8 suggests the 

presence of fast and slow phosphorylation site(s). The 

fast site binds 1 phosphate group during the first 5 min of 

the reaction while over 100 min are required for the 

attachment of 3 phosphate groups at the slow 

phosphorylation site(s). Caldesmon phosphorylation was 

first reported by Walsh's group (120). Our phosphorylation 

data are different from theirs since we have a higher 

phosphorylation stoichiometry (more than 4 mol Plmol 

caldesmon) in the presence of ca2+, after a 2 hr 

phosphorylation period. In their article, they report a 

phosphorylation level of 2 mol Plmol caldesmon, after a 

2 hr phosphorylation period. Lash (121) has also reported 

the same phosphorylation level after a 60 min 

phosphorylation period •. Had they extended their study 

over an additional hour, perhaps their phosphorylation 

level might have been closer to ours. 
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Walsh's group has also shown the caldesmon 

endogenous kinase activity to be a calmodulin-dependent 

enzyme. Using the calmodulin antagonist SM-1 we have found 

a dose-dependent decrease in caldesmon phosphorylation with 

addition of the antagonist (Figure 9). The implication is 

that calmodulin is required in the phosphorylation of 

caldesmon by its endogenous kinase. Figures 10 and 11 

represent the effect of KCI and MgCl2 on the 

phosphorylation of caldesmon by its endogenous kinase, 

respectively. The phosphorylation reaction is decreased by 

more than 50% at 100 mM KCI and a basal level (75% 

decrease) is reached around 200 roM KCI. Thus, the reaction 

is inhibited by relatively high ionic strength. However, 

MgCl2 is essential for phosphorylation with an optimum 

level around 10 mM MgCl2 (i.e. approximately 9 mM free 

Mg2+). 

Our caldesmon phosphorylation study was not 

limited to the caldesmon inherent kinase. Walsh's group 

had shown that other ca2+-calmodulin-dependent kinases such 

as phosphorylase kinase and MLCK were inactive on caldesmon 

(119). However, their study did not test the 

phosphorylation of caldesmon by the brain Ca2+-calmodulin

dependent enzyme. This ,family of enzymes, through protein 

phosphorylation, plays an important role in the regulation 

of neuronal function (151). "- . . For 1nstance, synaps1n I, a 

synaptic vesicle-associated protein believed to be involved 
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Figure 9. Dose-Dependent Inhibition of Caldesmon Endogenous 

Kinase by SM-1. 

Conditions: 30mM Tris.HCl pH7.5mM MgC12, 

O.SmM caC1 2 , SOmM KCl, 0.0034mg/ml calmodulin, 

0.2Smg/ml caldesmon and various amounts of SM-l, 

1mM[y- 32P]ATP at 2SoC. After 60 min incubation, 

0.3ml is pipetted off and processed as in 

Material and Method. SM-1 is a MLCK 

fragment made df amino acid nos. 480 to 501. 
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Figure 10. Effect of KCl on Caldesmon Phosphorylation by 

its Endogenous Kinase. 

Conditions: 30mM Tris.HCl pH7.S, SmM MgC1 2 

O.SmM CaC1 2 , 0.2Smg/ml caldesmon, 

0.42Smg/ml calmodulin, 1mM[y-32P]ATP at 25°C and 

various conceptrations of KCl. After 60 min., 

0.2ml is pipetted off and processed as in 

Material and Method 
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Figure 11. Effect of MgCl 2 on Caldesmon Phosphorylation by 

its Endogenous Kinase. 

Conditions: 30mM Tris.HCI pH7.5, 5mM MgCl 2 

0.5mM CaCI 2 , 0.25mg/ml caldesmon, 50mM KCI, 

0.425mg/ml calmodulin, 1mM[Y-32 P]ATP at 25°C and 

various concentrations of MgCI 2 • After 60 min., 

0.2rnl is pipetted off and processed as in 

Material and Method. 
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in the regulation of neurotransmitter release, is a major 

substrate in brain for both cAMP- and brain Ca2+

calmodulin-dependent kinase I and II. ca2+/caM kinase I 

phosphorylates a serine residue (site I) located in a 

collagenase-resistant domain of the synapsin I molecule, 

and ca2+/CaM kinase II phosphorylates a serine residue 

(site II) located in a cOllagenase-sensitive tail region of 

the molecule. Several other proteins such as skeletal

muscle glycogen synthetase and microtubule-associated 

protein 2, tau factor to name a few, have been used as 

phosphorylation substrate by ca2/caM kinases (151). In 

general, ca2+/caM kinases from mammalian brain tissues are 

composed of a doublet of Mr 51,000 and 60,000. These 

proteins lose their ca2+-calmodulin-dependency upon 

autophosphorylation (151). Immunological studies have 

localized the family of kinases not only in brain where 

they are found in higher concentration but also in several 

muscle and nonmuscle tissues (151). 

Figure 12 illustrates a sequential phosphorylation 

of caldesmon, first by its endogenous kinase, then by rat 

brain-calmodulin kinase, 65 min after the beginning of the 

first phosphorylation. The initiation of this second 

phosphorylation by rat brain ca2+/caM kinase II does not 

affect the phosphorylation pattern of caldesmon by its 

endogenous kinase. That is, additional phosphorylation 

sites were not detected. In addition, the sequential 



Figure 12. Sequential Phosphorylation of Caldesmon by its 

Endogenous Kinase and by Rat Brain 

Ca 2 +-Calmodulin Kinase. 

Conditions: 30mM Tris.HCl pH7.5, 10mM MgC1 2 

0.5mM CaC1 2 , 0.28mg/ml caldesmon, O.lmg/ml 

calmodulin, 50mM Kel, 1mM[y-3 2 P]ATP at 25°C. At 

the arrow, t=65 min, rat brain Ca 2 +-calmodulin 

kinase was added to a final concentration of 

0.5 ug/ml (e). Control phosphorylation of 

caldesmon by its endogenous kinase (0). Heat

treated caldesmon phosphorylation by Ca 2 +/CaM 

kinase II (0). 
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Figure 12. Sequential Phosphorylation of Caldesrnon by its 

Endogenous Kinase and by Rat Brain 

Ca2 +-Calrnodulin Kinase. 



Figure 13. Sequential Phosphorylation of Caldesmon by its 

Endogenous Kinase and by Protein Kinase C. 

Conditions: 30mM Tris.HCl pH7.5, 5mM MgC1 2 

0.5mM CaC1 2 , 0.5mg/ml caldesmon, O.lmg/ml 

calmodulin, 30mM KCl, 1mM[y-3 2 P]ATP at 25°C. At 

time, t=64 min, 100ng/ml TPA and 150 ug/ml PS 

were added. Kinase C reaction was started at 

the arrow, t=65 min, with the addition of 20 ul 

of crude DEAE-Sephacel purified kinase C. 0.2ml 

is pipet ted off at various time points and 

processed as in Material and Method. 

TPA, 12-0-tetradecanoylphorbol-13-acetate 

PS, phosphatidylserine 
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Figure 13. Sequential Phosphorylation of Caldesmon by its 

Endogenous Kinase and by Protein Kinase C. 
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phosphorylation curve is superimposable to the control 

caldesmon endogenous kinase curve. This result suggests 

that the phosphorylation sites on caldesmon are identical 

for the endogenous kinase and added ca2+/CaM kinase II. 

The stoichiometry of both phosphorylation (3 mol Plmol 

caldesmon after 100 min) is higher than those reported by 

Walsh's (120) and Seller's (121) groups, that is, 2 mol 

Plmol caldesmon after 2 hr. Figure 12 also shows that rat 

brain ca2+/caM kinase II can phosphorylate a heat-treated 

caldesmon sample devoid of any kinase activity. It is 

interesting to mention that we were unsuccessful in our 

attempts to phosphorylate a heat-treated caldesmon by a 

caldesmon sample rich in endogenous kinase activity. In 

addition, we were also unsuccessful in our attempts at 

phosphorylating the low or no kinase-containing 30-65% 

caldesmon purified through Method-2 (Figure 4) by a 

caldesmon sample with high endogenous kinase activity. 

Therefore, the caldesmon heat-treatment is not responsible 

for the inability of the caldesmon inherent kinase to 

phosphorylate a boiled caldesmon sample. 

Another sequential phosphorylation reaction of a 

caldesmon sample rich in its endogenous kinase activity was 

also run. However, phosphorylation by protein kinase C was 

introduced 65 min into the course of the caldesmon 

endogenous kinase phosphorylation (Figure 13). After 65 

min, an increase in caldesmon phosphorylation is apparent. 
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After 100 min, the additional phosphorylation due to 

protein kinase C amounts to about 1 mole of phosphate 

incorporation. The results suggest that protein kinase C 

and caldesmon endogenous kinase phosphorylate caldesmon at 

different sites. Since rat brain ca2+/CaM kinase II and 

caldesmon kinase phosphorylation sites are the same on 

caldesmon, the logical implication is that protein kinase C 

and rat brain ca2+/caM kinase II also phosphorylate 

caldesmon at different sites. A comparison of Figures 12 

and 13, shows that the phosphorylation levels due solely to 

caldesmon endogenous kinase active are different. For 

instance, at 60 min the stoichiometry of caldesmon 

endogenous kinase phosphorylation is around 2 and 1 mol 

P/mol caldesmon respectively for Figures 12 and 13. From 

the above it is apparent that the initial (rapid) site of 

phosphorylation on caldesmon is the same for endogenous and 

added ca2+/caM kinase II. There are a total of 4 available 

phosphorylation sites and it is possible that the slower 

reaction sites are those phosphorylated by protein kinase 

C. This possibility can be elucidated only by 

characterization of the pertinent phosphopeptides. 

Figure 14 shows the titration of caldesmon 

endogenous phosphorylati,on by calmodulin. Two points can 

be made. First, the curve is characterized by an increase 

of phosphorylation at very low (non-stoichiometric) binding 

of calmodulin to caldesmon. Maximum phosphorylation occurs 
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Figure 14. Titration of the Caldesmon Endogenous Kinase 

Activity with calmodulin. 

Conditions: 30mM Tris.HCl pH7.5, 5mM MgC1 2 

0.5mM CaC1 2 , 0.25mg/ml caldesmon, 50mM KCl, 

lmM[y-32 P]ATP at 25°C and various amounts of 

calmodulin. After 60 min., 0.3ml is pipetted 

off and processed as in Material and Method 
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at a calmodulinlcaldesmon molar ratio of 0.1. Several 

reports have shown that other ca2+-calmodulin-dependent 

enzymes such as MLCK and phosphodiesterase are maximally 

active at a 1:1 molar ratio (23). This suggests that the 

caldesmon endogenous kinase and caldesmon are not the same 

calmodulin-binding moieties. The second point to be made 

by Figure 14 is that the binding of calmodulin to the 

endogenous kinase is stronger than that of calmodulin to 

caldesmon since there is little apparent competition due to 

the formation of the calmodulin-caldesmon complex. The 

biphasic nature of this curve is not clear, and further 

work is required. This argument is valid only if one 

assumes that caldesmon endogenous kinase, like other Ca2+

calmodulin-dependent enzymes, associates with its substrate 

at 1:1 molar ratio. 

In conclusion, our study of caldesmon 

phosphorylation by its endogenous kinase is in agreement 

with some of the published characteristics of this process 

(118, 119, 120, 148); that is, that the intact enzyme has 

an absolute requirement for Ca2+ and calmodulin. However, 

we consistently have a ~wo-fold higher level of 

phosphorylation (4 mol Plmol caldesmon after 2 hr) than 

Walsh's group (120) although a higher figure (2.95 mol 

Plmol caldesmon 1 hr) has been published in their most 

recent paper (152). We have also studied the effects of 

KCl and MgCl2 on the endogenous kinase caldesmon 
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phosphorylation and have found a requirement for Mg2+ (i.e. 

Mg2+ in access of the ATP concentration. However, 

increasing levels of KCl inhibit the caldesmon kinase 

enzyme and about 50% inhibition occurs at physiological 

ionic strength (i.e. equivalent to 120 mM KCI). Our 

results also show that caldesmon can be phosphorylated by 

another kinase besides protein kinase C and its endogenous 

kinase. The phosphorylation of caldesmon by ca2+/caM 

kinase II occurs at the same site(s) as those of its 

endogenous kinase. However, the kinase C phosphorylation 

site is topographically distinct, at least from the more 

rapidly reacting sites. The similarities between the above 

two phosphorylation sites and stoichiometry suggest that 

caldesmon endogenous kinase might be a rat brain Ca2+

calmodulin-dependent enzyme type. This latter has a 

characteristic range of substrate and Scott-Woo and Walsh 

(152) have recently reported the phosphorylation of 

synapsin-I, a rat brain ca2+-calmodulin-dependent kinase 

substrate, by caldesmon endogenous kinase. These authors 

also believe that caldesmon is itself a kinase. However, 

our calmodulin titration experiments of the endogenous 

kinase activity show that caldesmon kinase and caldesmon 

are two separate entities. More research needs to be done 

on the purification of the caldesmon kinase enzyme in order 

to solve this controversy. 
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CALDESMON INHIBITION OF ACTOMYOSIN ATPase ACTIVITY 

Actin bundling studies 

The first report of caldesmon interaction with 

actomyosin was published by Driska and Hartshorne (62), in 

1975, well before the Mr 130,000 protein was called 

caldesmon. They reported an inhibition of skeletal 

desensitized actomyosin by this chicken gizzard protein. 

The mechanism of caldesmon inhibition of actomyosin ATPase 

activity is currently under intense scrutiny and several 

hypotheses have been used to explain this phenomenon. One 

of the possible causes of this inhibition is the 

unavailability of actin for myosin due to a caldesmon

induced bundling of F-actin. We have developed an easy 

method of identification and characterization of F-actin 

bundles by measuring the turbidity of an actin-caldesmon 

solution at 310 nm. Figure 15 represents the measurement 

of the caldesmon-induced F-actin bundling process as 

determined by absorbance measurement at 310 nm. This 

figure shows a dose-dependent increase of absorbance at 310 

nm with increasing concentrations of caldesmon and proves 

that absorbance measurement at 310 nm can be used, although 

within limits of linearity, to measure the formation of F

actin bundles by caldesmon. F-actin bundles are shown in 

Figure 16 and the Band C electron micrographs show large 

clusters of F-actin which visibly differ from the F-actin 
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Figure 15. Actin Bundling by Caldesmon: 

Turbidity Measurement at 310nm. 

Conditions: 20mM Tris.HCI pH7.5, 100mM KCI, 
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1mM ATP, 1mM MgCl 2 , O.5mg/ml actin and various 

amounts of caldesmon at 25°C. 



Figure 16. Electron Micrographs of Caldesmon-Induced 

F-Actin Bundles. 

Conditions: 20mM Tris.HCI pH7.5, 100mM KCI, 

1mM ATP, 1mM MgCl 2 , O.5mg/ml actin and various 

amounts of caldesmon at 25°C. 

A caldesmon/actin (mol/mol) = 0 

B caldesmon/actin (mol/mol) = 1:17 

C caldesmon/actin (mol/mol) = 1:11 
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standard in A. In addition, the actin bundles in electron 

micrograph C are much thicker than those in figure B; thus, 

proving that the formation of F-actin bundles increases 

with increasing concentrations of caldesmon. 

We have also studied the effects of KCI and MgCl2 

on the caldesmon-induced gelation of F-actin (Figures 17 

and 18) and it can be concluded that F-actin gels are 

dissociated by relatively high levels of KCI and the 

critical point of this disruption is 200 roM KCI. The 

effects of MgCl2 are slightly more complex since the 

absorbance curve is characterized by a sharp decrease at 

MgCl2 concentrations lower or equal to 1 roM, followed by a 

plateau and from 10 roM Mgcl2 an increase in absorbance 

probably due to the formation of actin paracrystals. 

Figure 19 shows the effects of Ca2+-calmodulin on 

caldesmon-induced F-actin gelatin. The F-actin bundling 

process is prevented by Ca2+-calmodulin in a dose-dependent 

manner and at least a 4:1 calmodulin/caldesmon molar ratio 

is required for a 50% inhibition of bundling. In addition, 

Ca2+-calmodulin cannot fully prevent the formation of F

actin bundles. Even at a 24-fold molar excess of 

calmodulin approximately 30% bundling can still occur. 

Finally, Figure ,20 shows an apparent positive 

correlation between increasing levels of F-actin bundling 

by caldesmon and inhibition of actomyosin ATPase rate and 

by inference one may conclude that F-actin bundling is 
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Figure 17. Effects of KCl on Caldesmon-Induced 

F-Actin Bundling: Turbidity Measurement at 310nm. 

Conditions: 20mM Tris.HCl pH7.5, 100mM KCl, 

1mM ATP, 1mM MgC12, O.5mg/ml actin, O.lmg/ml 

caldesmon and various amounts of KCl at 25°C. 
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Figure 18. Effects of MgC1 2 on Caldesmon-Induced 

F-Actin Bundling: Turbidity Measurement at 310nm. 

Conditions: 20mM Tris.HCl pH7.5, 100mM KCl, 

1mM ATP, 1mM MgC1 2 , O.5mg/ml actin, O.lmg/ml 

caldesmon and various amounts of MgC1 2 at 25°C. 
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caldesmon and various amounts of calmodulin at 25°C. 
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Inhibition and Actin Bundling by Caldesmon. 
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Conditions for ATPase assay: 25mM Tris.HCl pH7.5, 75mM KCl, 

4mM MgC1 2 , 0.5mg/ml actin, 0.5 mg/ml myosin, O.lmM CaC1 2 , 

0.015mg/ml calmodulin- 0.015mg/ml MLCK, 1mM [y- 32P]ATP at 25°C. 

Caldesmon concentrations and bundling conditions identical to 

those of Figure 15. ATPase activity is determined as in 

Material and Method reference 60. 
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responsible for caldesmon inhibition of actomyosin ATPase 

activity. However, several authors have proven that a 

cause-effect relationship does not exist between caldesmon 

induction of F-actin bundles and caldesmon inhibition of 

actomyosin ATPase activity. Moody et al. (153) have 

compared bundling and actomyosin inhibition by caldesmon 

from the same protein sample. They measured the frequency 

of bundling by comparing the number of caldesmon induced 

F-actin bundles to that of a randomly occurring F-actin 

bundle in the same assay solution without caldesmon. 

Measurements of the caldesmon-induced inhibition of 

actomyosin ATPase activity and actin-caldesmon binding were 

also made. The authors found that at low caldesmon 

concentration both inhibition and bundle frequency 

increased linearly. However, at higher caldesmon 

concentrations, there was a decrease in bundling while 

inhibition of actomyosin ATPase activity was maintained. 

F-actin bundling thus, could not be responsible for 

caldesmon-induced actomyosin ATPase inhibition. Using a 

different approach, Chalovich (142) has shown that 

caldesmon can inhibit the ATPase activity of skeletal 

muscle myofibrils that had been treated with glutaraldehyde 

to preserve their structure. 

In conclusion, in the early stage of this study of 

the mechanism of actomyosin ATPase inhibition by caldesmon, 

we thought that caldesmon, by inducing the formation of F-
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actin bundles, will reduce the availability of F-actin to 

myosin interaction thus, reducing actomyosin ATPase 

activity. However, more recent studies by Moody et al. 

(153) and Chalovich (143) present compelling arguments to 

suggest that caldesmon inhibition of actomyosin ATPase 

activity does not result from its ability to bundle F

actin. 

Caldesmon interaction with mvosin 
proteolytic fragments 

A possible cause of caldesmon inhibition of 

actomyosin is its direct interaction with the myosin 

molecule. To study this interaction, we measured the 

effect of caldesmon on HMM and S-l acto-ATPase activity. 

Figure 21 shows the effect of caldesmon on acto-HMM ATPase 

activity in the presence or absence of tropomyosin. This 

figure also shows an increase in HMM ATPase activity at low 

caldesmon concentrations (less than 100 g/ml) , in the 

presence or absence of tropomyosin. This increase has 

probably been overlooked by other authors (121, 142, 144). 

However, the same type of phenomenon was reported by 

Dabrowska et al. (154) in her study of the binding of F

actin to filamin and the subsequent inhibition of actin

activated myosin ATPase .activity. Apparently, the filamin 

activation of actomyosin ATPase stems from its 

stabilization of F-actin filaments while myosin ATPase 

inhibition results from a filamin-induced F-actin bundling 
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Conditions for ATPase assay: 30mM Tris.HCI pH7.S, 20mM KCI, 

1mM MgCl 2 , 1.0mg/ml actin, 0.1 mg/ml HMM, O.lmM CaCl 2 , 

0.010mg/ml calmodulin, O.010mg/ml MLCK, ~ 0.24mg/ml tropomyosin, 

1mM [y-32 P]ATP at 2S0C. Caldesmon (mg/ml): 0, 0.02S, O.OSO, 

0.100, 0.200, 0.300, 0.400, O.SOO. Reaction starts after 12 min 

phosphorylation by addition of actin. At times (min) 1, 2, 3, 

4, and S, 0.2ml assay solution is pipetted off and ATPase level 

is determined as in Material and Methods reference 60. 



CaD CaD/A ATPase RATE INHIBITION 
(ug/ml) (mol/mol) (n mol P/mg. min) (X) 

0 0 153 0 

25 0.007 183 -19+ 

50 0.015 113 26 

100 0.030 41 73 

200 0.060 20 87 

300 0.090 10 93 

400 0.119 0 0 

500 0.150 0 0 

% Inhibition = ATPase Rate (-CaD) - ATPase Rate (+CaD) 
ATPase Rate (-CaD) 

CaD = Caldesmon 

A = Actin 

+ Express an activation percentage 

conditions: see Figure 21 

Table 2. Effect of Caldesmon on Acto-HMM ATPase 

Activity (+tropomyosin}. 

134 



CaD CaD ATPase RATE INHIBITION 
(ug/ml) (mol/mol) (n mol P/mg.min) (X) 

0 0 92 0 

25 0.007 129 -40+ 

50 0.015 119 -29+ 

100 0.030 102 -11+ 

200 0.060 47 49 

300 0.090 28 69 

600 0.119 12 87 

500 0.150 0 100 

% Inhibition = ATPase Rate (-CaD) - ATPase Rate (+CaD) 
ATPase Rate (-CaD) 

CaD = Caldesmon 

A = Actin 

+ Express an activation percentage 

Conditions: see Figure 21 
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Table 3. Effect of Caldesmon on Acto-HMM ATPase 

Activity (-tropomyosin). 
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process. Perhaps the same type of rational can be used to 

explain the activation of acto-HMM ATPase at low 

concentrations of caldesmon. Figure 21 also shows a 

caldesmon dose-dependent decrease in acto-HMM ATPase 

activity both in the presence and absence of tropomyosin. 

Tables 2 and 3 clearly illustrates the inhibition effects 

of caldesmon on HMM ATPase in the presence and in the 

absence of tropomyosin. A comparison of the inhibition 

levels between Tables 2 and 3 shows that tropomyosin is not 

strictly required for caldesmon inhibition of acto-HMM 

ATPase activity although slightly higher inhibition occurs 

in its presence (Table 2). This conclusion has also been 

reached by Chalovich et al. (144) while studying caldesmon 

inhibition of skeletal S-l. However, Sobue's group has 

taken an opposite viewpoint and maintains that tropomyosin 

is required for caldesmon inhibition of myosin- or 

sub fragments- acto-ATPase activity (105). A comparison of 

Tables 2 and 3 also shows that in the presence of 

tropomyosin, ATPase activation (negative percentage values) 

at low caldesmon concentrations is higher. Tropomyosin may 

thus, be required for the full activation of the ATPase 

activity. 

If it is accepted that the direct interaction of 

caldesmon with HMM or S-l is responsible for the inhibition 

of their acto-ATPase activities then, this interaction 

might also affect the Ca2+- and ~EDTA-ATPase activities of 
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HMM and S-l. Figures 22 and 23, respectively, show the 

effect of caldesmon on HMM Ca2+- and x+EDTA-ATPase 

activities at increasing ionic strength. These figures 

show that caldesmon has no effect on the Ca2+-ATPase and 

x+EDTA ATPase activity of smooth muscle HMM. x+EDTA-ATPase 

and CA2+ATPase activity, in contrast to Mg2+-ATPase 

activity, have no physiological importance. However, they 

are often used to characterize myosin from different 

sources (i.e. skeletal and smooth muscles) and Ikebe and 

Hartshorne (59, 65) have used them to differentiate the 

folded (lOS), from the unfolded (6S) smooth muscle myosin 

conformers. Thus, since caldesmon has no effect on smooth 

muscle HMM K+EDTA- and ca2+-ATPase activities, it will seem 

logical to conclude that caldesmon does not affect 

conformation of myosin as reflected by the 6-10S 

transition. 

Table 4 shows the effect of caldesmon on acto

subfragment-1 (acto-S-1). Several points can be made from 

this table. First, caldesmon inhibits acto-S-1 ATPase 

activity. Second, at low caldesmon concentration and in 

contrast to HMM, the acto-S-1 ATPase activity is not 

activated. Third, a comparison of inhibition percentage 

between Tables 3 and 4 snows that at the same caldesmon 

concentration, the inhibition of acto-ATPase activity is 

higher with HMM than with S-l. This suggests that 

caldesmon inhibition of acto-HMM ATPase activity might be 
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Figure 22. Effect of Caldesmon on HMM Ca 2+ ATPase Activity. 

Conditions: 30mM Tris.HCl pH7.5, 7mM CaC12, O.lmg/ml HMM, 

± O.2mg/ml caldesmon, va~ious amounts of KCl, 

lmM[y-32 P]ATP at 25°C. ATPase activity determined as in 

Figure 21. 
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Figure 23. Effect of Caldesmon on HMM K+EDTA ATPase 

Activity. 

Conditions: 30mM imidazole.HCl pH6.8, 10mM EDTA, O.lmg/ml 

HMM, ± O.2mg/ml caldesmon; various amounts of KCl, 

1mM[y-32 P]ATP at 25°C. ATPase activity determined as in 

Figure 21. 
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CaD CaD/A ATPase Rate 
(ug/ml) (mol/mol) (n mol P/mg. min) 

0 0 33 

100 0.015 33 

200 0.030 30 

300 0.045 24 

400 0.060 20 

500 0.075 16 

Inhibition = Rate (-CaD) - Rate (+CaD) 
Rate (-CaD) 
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INHIBITION 
(X) 

0 

9 

27 

39 

51 

Table 4. Effect of Caldesmon on S-1 ATPase Activity. 

Conditions: 30mM Tris.HCl pH7.5, 1mM MgC1 2 , 20mM KCl, 

0.1mg/ml S-l, 0.5mg/ml actin, 0.01 mg/ml MLCK, 

1mM[y- 32 P]ATP at 25°C. Caldesmon (mg/ml): 0, 0.1, 0.2, 0.3, 

0.4, and 0.5. ATP levels are determined as in Figure 21. 



partially modulated by its interaction with the S-2 

portion of the myosin subfragment. The removal of S-2, 
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during the purification of S-l, results in less inhibition 

of ATPase activity. Ikebe and Reardon have recently proven 

that smooth muscle myosin S-2 region is the binding site of 

caldesmon (146). Further research needs to be done in 

this area since even after S-2 removal (S-l purification) 

caldesmon can still inhibit S-l ATPase activity, although 

at lower levels than in HMM. 

Competition studies between caldesmon and MLCK 
for calmodulin during myosin phosphorylation 

This study is shown in Figure 24. Three myosin 

phosphorylation rate assays were run, each at a different 

concentration of caldesmon. Assay A (no caldesmon) is the 

control and assay Band C respective caldesmon/MLCK molar 

ratio are 10:1 and 500:1. Curve A and Bare superimposable 

meaning that the rate of myosin LC20 phosphorylation by 

MLCK remains unchanged in the presence of a 10-fold molar 

excess of caldesmon to MLCK. At caldesmon/MLCK molar ratio 

of 500:1, myosin phosphorylation rate drops only by 33%, 

from 0.27(A) to 0.18(C) mol Plmol myosin per min. This 

suggests that the binding of calmodulin to MLCK is 

considerably stronger than the binding of calmodulin to 

caldesmon. Using a IANBD-Iabelled caldesmon, we determined 

the calmodulin-caldesmon ~ to be about 50 ~M. Therefore, 

it is unlikely that caldesmon can compete for calmodulin 
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Figure 24. Competition Between Caldesmon and MLCK for 

Calmodulin during Myosin Phosphorylation. 

Conditions for LC 20 phosphorylation: 30mM Tris.HCI pH7.5, 

5mM MgCI 2 , 0.5mM CaCI 2 , 65mM KCI, 1mg/ml myosin, 

0.001 mg/ml MLCK, 5% sucrose. Preincubation 2 min, add 

0.5mM[y- 32P]ATP. Pipett off 0.3ml after 2 min and 

phosphorylation level .is determined as in Material and 

Methods. Caldesmon Mr, 141,000 . MLCK Mr, 130,000 

Calmodulin Mr, 17,000 . MLCK is added right before 

preincubation. 
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against other calmodulin binding protein, such as MLCK, 

which have higher affinity for calmodulin (calmodulin-MLCK 

Kd = 1 nM, reference 23). Ruegg et al. (109) have reported 

that only 3-4 ~M calmodulin is available in smooth muscle 

for intercellular processes. It is also known that the 

smooth muscle concentration of MLCK is about 4 ~M and that 

its binding to calmodulin is a 1:1 molar ratio. 

Consequently, very little calmodulin could be available to 

other calmodulin-binding proteins after formation of the 

calmodulin-MLCK complex. In conclusion, considering the 

low level of free calmodulin in smooth muscle, and the low 

binding affinity of caldesmon for calmodulin (1000-times 

less affinity than MLCK), it is unlikely that caldesmon 

will bind calmodulin during the non-latch bridge state of 

muscle contraction; that is, at Ca2+~1 ~M. Sobue's flip

flop theory is therefore untenable since large quantities 

of calmodulin are required to dissociate actin from myosin 

and formation of actin-calmodulin. In addition, even if 

caldesmon could compete effectively against MLCK for 

calmodulin, with a smooth muscle caldesmon cellular content 

of about 10 ~M (23), at least 20 to 40 ~M calmodulin will 

be required for a 50% release of actin from actin myosin 

complex. However, only ,3-4 ~M calmodulin are available for 

cellular reactions, making the flip-flop mechanism 

unrealistic. 
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In conclusion, we have developed a simple method 

of characterization of F-actin bundles induced by 

caldesmon. Bundling of F-actin as measured by turbidity at 

310 nm has been shown to be sensitive to both KCl and 

MgC12. The bundling of F-actin decreases with increasing 

KCl concentration and reaches a plateau at 200 mM KCl. 

The influence of MgC12 on F-actin bundling is more complex. 

First at low concentration «20 mM). MgC12 does not have a 

noticeable effect on F-actin bundles; however, at 

concentrations higher than 20 mM, a sharp increase in A310 

occurs as a result of paracrystal formation. The bundling 

process is also affected by Ca2+-calmodulin. It is 

relieved by addition of Ca2+-calmodulin and 50% inhibition 

requires about a 4-fold molar excess of calmodulin over 

caldesmon. Even though, our study shows an apparent 

correlation between bundling (i.e., A310) and inhibition 

actomyosin ATPase activity more recent studies by Chalovich 

(142) have given a caldesmon inhibition of skeletal 

actomyosin ATPase activity at ionic strength (~150 mM) 

where no F-actin bundling process is possible. However, 

these results have to be reconsidered since Lynch et ale 

(108) have found F-actin bundles to be induced only by 

intra-sulfhydryl-oxidiz~d caldesmon molecules, and complete 

reduction of caldesmon (i.e., 1 mM DTT) abolishes the F

actin bundling ability. Chalovich's (142) correlation of 

the caldesmon F-actin bundling capacity and its inhibition 
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of skeletal S-l ATPase activity was established in the 

presence of 1 mM DTT; that is, an environment unfavorable 

to F-actin bundle activity. Thus, under these conditions 

it would have been difficult to establish a relationship 

between bundling and skeletal S-l ATPase activity. 

We also studied the effect of caldesmon on smooth 

muscle acto-HMM ATPase activity and two conclusions can be 

drawn. First, caldesmon is also a potent inhibition of 

acto-HMM ATPase activity and tropomyosin is not required 

for this inhibition. These results are corroborated by 

those of Lash et al. (121) and Chalovich (142). Second, 

caldesmon inhibition is higher with HMM ATPase activity 

than with S-l ATPase; thus, suggesting a possible 

involvement of myosin S-2 fragment in the inhibition 

mechanism. Third, at low concentration «100 ~g/ml) 

caldesmon activates acto-HMM ATPase activity and the 

activation may be due to a caldesmon stabilization of F

actin filaments. Dabrowska et al. (154) have reported such 

a protein stabilizing effect to explain the activation of 

skeletal muscle actomyosin ATPase activity by filamin. 

Finally, caldesmon does not affect the 6-105 transition of 

myosin conformers since it showed no activity on both 

~EDTA- and Ca2+ATPase &ctivities of actomyosin-HMM 

subfragment. The results of a competition assay between 

MLCK and caldesmon for calmodulin, during smooth muscle 

myosin LC20 phosphorylation, can be summarized as follows. 
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The relatively low affinity of caldesmon for calmodulin (Kd 

= 50 ~M) makes it impossible for caldesmon to successfully 

compete against MLCK or other high affinity calmodulin

binding proteins (Kd = 1 mM) since even at 500:1 

caldesmon/MLCK molar ratio only about a 33% decreased of 

the smooth muscle LC20 phosphorylation occurs. 

Consequently, the flip-flop theory which requires large 

amounts of calmodulin for its full potential, becomes a 

highly improbable mechanism. 

In the early stage of this study, Sobue's flip

flop theory was considered to be a plausible mechanism of 

control of smooth muscle contraction. As a result of our 

research, it has been shown that this theory is not 

acceptable and the major reason are the lack of adequate 

calmodulin concentrations and the low binding affinity of 

calmodulin for caldesmon. In addition, the actin-caldesmon 

is not completely dissociated by calmodulin and this is 

requirement of the flip-flop theory. Other workers have 

shown that in the absence of ca2+, myosin phosphorylation 

is adequate to promote contraction and therefore caldesmon 

could not be an obligatory inhibitory mechanism. There is 

an additional problem of the low stoichiometry of caldesmon 

with actin and this would be difficult to constitute on 

thin-filament linked regulatory mechanism (e.g. troponin

tropomyosin stoichiometry to actin is 1 to 7). 
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This leaves open the question of caldesmon 

function and our particular interest is its possible 

involvement in the latch mechanism. In this regard, there 

are interesting recent results indicating that caldesmon 

binds to myosin. From this point of view, it can be 

speculated that caldesmon forms a cross-link between myosin 

and actin and this would impose a mechanical resistance to 

contractile mechanism. Although this theory is attractive 

it is nevertheless difficult to satisfy the Ca2+ 

requirement of latch and the above arguments regarding the 

interaction of calmodulin and caldesmon also apply. 

Finally, there is a problem of caldesmon 

phosphorylation. One outstanding problem is that caldesmon 

phosphorylation has not been demonstrated under a variety 

of conditions in intact and skinned fibers. On the other 

hand, it is difficult to accept the relatively rapid 

phosphorylation of caldesmon does not have any 

physiological role. This is one of the most intriguing 

areas for future research. 

There is also the possibility that caldesmon is a 

calmodulin-dependent enzyme whose function is not 

identified. It is known that many enzymes of the 

glycolytic pathway bind ,to actin. 
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VI. CONCLUSION 

PURIFICATION OF CALDESMON 

In the early stage of our research on caldesmon, 

we were concerned by the lack of an adequate caldesmon 

purification method and our first objective was to develop 

a short enough method that would give a non-degraded and 

uncontaminated protein sample. Instead, we developed three 

methods of caldesmon purification and one of them (Method-

2) gave a caldesmon product high in endogenous caldesmon 

kinase activity. Another method (Method-3) gave a highly 

purified heat-treated caldesmon. The latter method, 

because of its high yield, is useful when high quantity of 

caldesmon are required. However, the purified caldesmon is 

devoid of any endogenous kinase activity. The last method 

(Method-2) developed is seldom used mainly because of the 

low quality (substantial degradation) of the final 

caldesmon product. Our first objective also involved an 

attempt to purify the caldesmon inherent autokinase enzyme. 

By ammonium sulfate fractionation, we precipitated the 

enzyme in the 0-30% DEAE pool solution (Method-2) but we 

were unable to purify the caldesmon kinase to homogeneity 

because of the excessively high level of actin present in 

that ammonium sulfate precipitated pellet. Also, 



149 

unsuccessful were the attempts to use a caldesmon without 

kinase activity as a phosphorylation substrate for a 

caldesmon rich in endogenous kinase. 

PHOSPHORYLATION OF CALDESMON 

In the second stage of our study we decided to 

study the phosphorylation of caldesmon (second objective). 

First, we concluded that caldesmon phosphorylation by its 

endogenous kinase has a strict requirement for Ca2+

calmodulin and Mg2+ is also required for the kinase 

activity. In addition we found that caldesmon can also be 

phosphorylated by ca2+/caM kinase II and this 

phosphorylation occurs at the same site(s) as those of its 

endogenous kinase. However, kinase C phosphorylation site 

is different from those ca2+/CaM kinase II and caldesmon 

endogenous kinase. We then concluded that the caldesmon 

endogenous kinase might be similar to (or identical with) 

the rat brain Ca2+/CaM kinase II type enzyme. Finally, 

from our calmodulin titration curve of the caldesmon 

endogenous kinase activity we concluded that both caldesmon 

and its endogenous kinase activity are two different 

entities. 

CALDESMON INHIBITION OF ATPase ACTIVITIES 

The following conclusions were reached after 

studying the mechanism of caldesmon inhibition of 
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actomyosin ATPase activity (final objective). First, 

absorption measurements at 310 nm can be used as an index 

of F-actin gelation by caldesmon. However, further 

research needs to be done to refute F-actin bundling 

process as a possible cause of caldesmon inhibition of 

actomyosin ATPase activity. Second, low concentrations of 

caldesmon (like filamin) actives actomyosin ATPase 

activity before inhibiting it at relatively higher 

concentrations. Third, caldesmon inhibition of acto-HMM 

ATPase activity is higher than that of acto-S-1 ATPase 

activity and this suggests that S2-might be involved in the 

inhibitory activity of caldesmon. Fourth, since caldesmon 

does not affect the Ca2+- and ~EDTA-ATPase activity of 

HMM, perhaps it does not affect the 6S-10S transition of 

myosin conformation. Finally, because of its low affinity 

for calmodulin caldesmon may not be able to compete against 

higher affinity calmodulin-binding protein such as MLCK and 

thus, the flip-flop theory is untenable. 
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APPENDIX 

1. DFP = diisopropyl fluorophosphate 

2. DTNB = 5, 5'-dithiobis-(2-nitrobenzoic acid) 

3. DTT = dithiothreitol 

4. EDTA = ethylene diaminetetraacetate 

5. EGTA = ethylene glycol bis (p-aminoethylether)-N,-N, 

N',N'-tetraacetic acid 

6. HMM = heavy meromyosin 

7. IANBD = 4-[N-(iodoacetoxy) ethyl-N-methyl] 

amino-7-nitrobenz-2-oxa-1,3-diazole 

8. LC20 = light chain Mr 20,000 

9. LMM = light meromyosin 

10. MLCK = myosin light chain kinase 

11. NaN3 = sodium azide 

12. PMSF = phenylmethyl sulfonyl fluoride 

13. PS = phosphat idyl serine 

14. SDS = sodium dodecyl sulfate 

15. SM-1 = MLCK fragment made of amino acid 480 to 501 

16. TPA = 12-0-tetradecanoylphorbol-13-acetate 
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