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calmodulín is able to stimulate the calmodulin-regulated

enzymes by as sociat ing r,rith them revers ibly depending on the
presence or absence of calcium. These enzymes are

collectively known as calmodulin-binding proteins. The

present s tudy concerns itself primarily with the examination

of the calmodulin-binding proteins from rabbit skeletal

muscle. rt is hoped that by understanding these proteÍ-ns,

the functional roles of calmodulin in skeletal muscle can be

elucidated. Due to the reversible binding nature, a

calmodulin-sepharose 4B aff.inity column was used to isolate

the major calmodulin- binding proteíns from rabbit skeretal

muscle.

Analysis of the protein sample purified from the affinity

column by sDS-gel electrophoresis revealed that it consisted
of mul-tip1e protein bands of molecular r¡/eight 145 r000,
128,000, 90,000, 80,000, 60,000 and 45,000. Inthen mixed

histones r^7ere used as subs trate, this calmodulin-af f inity
column purified sample showed protein ki.nase activity.

when this sample \¡ras further purified on a sephadex G-200

column, three protein peaks vrere res o1ved. All of thes e

protein peaks possessed protein kinase activities. Later

studies identified these proteins as phosphorylase kinase

ABSTRACT



and two myosin light chain kinases

90'000 and 60r000 daltons respectively. The low molecular
weíght MLCK may be a proteolytic derivative of the larger
MLCK- The calmodulin-binding proteins were also prepared

from several bovine tissues including kidney, heart, 1íver
and brain- They \,/ere compared in Ëerms of electrophoretic
mobility and enzyme activities.

MLCK (90K) was purified to close to an homogeneous state
and characterized in terms of physicochemical and catarytic
prop ert ies - The MLCK catalyzes the phosphorylati-on of
myosin light chains in a calcium-calmodulin-d.ependent

manner. This enzyme has a restricted substrate specificity.
Among all the proteins tested, onry myosin and rnyosin light
chains can be phosphorylated. rn addition, the 1ow molecular
weight MLCK (60K) behaves very similar to the larger MLCK in
terms of calmodulin dependence, substrate specificity and

inhibi to ry a ct iví ty t or^/a rds pho s pho di es te ras e .

of mo 1e cu 1a r \¡re igh t

calmodulin- sepharos e 4 B affinity column. The enzyme is
stimulated by exogenous calmodulin even though the enzyme

contains endogenous calmodulin as a subunit. However, the
amount of stimulation observed ï¡/as only about 2 for_d.

Analysis of this kinase by sDS-ge1 electrophoresis shovzed

that the minor phosphorylase kinase isozyme originating from
red muscle v/as not present. subsequent studies indicated
that the phosphorylase kinase from white muscle and red

Phosphorylase kinase \^7aS also pur if ied from



muscle sho\,red differential interaction r¿ith calmodulin. The

white muscle isozyme r^ras stimulated by exógenous calurodurin
whereas the red muscle isozyme r¡ras inert to exogenous

calmodulin. Rabbit skeletal muscle contains very little red.

muscle which makes the study of red muscle isozyme very
difficult. As a result, red muscle isozyme \¡ras purified from
bovine skeletal muscle. The white and red muscle isozymes
purified from rabbit and bovine skeletar muscres

respectively r¡/ere compared in terms of subunit structure,
regula tion by cAMp-dependent prot ein kinase and

autocatalytic reaction.
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calmodulin was first discovered as an activator for
mammalian cyclic nucleotide phosphodiesterase (cheung, lg7o,
I97l; Kakiuchi and Yamazaki, L970). Later it r^ras found thar
calmodulin is capable of regulating oLher proteins and

enzymes (for reviews, see Brostrom et a1., rgTg; cheung,

1979; tr^Iang and I'Iaisman, 1979; Klee et a1.,1980). In a

resting ce11, calmodulin is not likely to exert its
regulatory functions because of the row intracellular

calcium concentration. upon stimulation, the cytosolic

calcium concentration increases, calmodulin will bind to
calcium to form a calcium-calmodulin complex. This complex

will associate with the various target proteins to affect

their activities. The various calmodulin-regulated proteins

show competitive interaction in their binding to the
complex. Presumably, this ís due to the binding of proteins

at a common domain. Thus in the calmodulin activated.
phosphodies terase reaction, other calmodulin-regulated

proteins behave as inhibitors (wang and Desai, lg76 rrg77).
rn recent years, the major calmodulin-reguJ-ated proteins

from bovine brain have been purified and characterized.

These proteins are a heat labile protein of molecular Treight

Chapter I

INTRODUCTI ON
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85,000 (t<1ee and Krinks, 197B; I,tra1lace et aI. ,197g and

sharma et a1. ,7979b) , a heat stable protein of molecular

weight 70,000 (sharma et a1. ,1 978) and calcium-dependent

cyclic nucleotide phosphodiesterase (srrarma et a1. , lggoa).

The heat 1abile (Bsr) protein r¡ras shorvn to be specific to

the nervous system (Cheung, I 979) . Since it is a

calcium-binding protein, Klee et a1. ( rgTg ) proposed the name

calci.neurin for this protein. Recently, Steward et al.
( r 9 82 )

calmodulin-regulated phosphoprotein

addition, oËher calmodulin-regulated proteins \^rere also

reported in brain but these proteins have not been

extensively characterized yet.

sugge s t ed

rt has been known for a ,1ong time that calcium has

important roles in regulating muscle contraction and

metabolisrn. since calmodulin has been suggested to be a

general intracellular calcium receptor, some of the

cal-cium-mediated processes in muscle may bè mediated by

that calcineurin

calmodulin.

calmodulin-regulated proteÍns in rabbit skeletal muscle.

The calmodulin-regulated proteins were separated from

calmodulin using ion-exchange chromatography and $/ere

further isolated with calmodulin-sepharos e 4B affiníty

chromatography, following whÍch they r¡/ere fractionated. and

characterized. These proteins r,rere assayed for their ability

phosphatase.

may

This

be a

Tn

to

study is

phosphodiesterase.

inhibit calmodulin-dependent

to ident ify the

cyclic nucleotide
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Functional roles of cyclic AMp and cyclic GMp as

intracellular second messengers and their interactions in

regulating cel1u1ar functions are well recognized. Briefry,

the diversity of actions of cAMp (Kuo and Greengard, r969a)

and cGMP (Kuo and Greengard, r969b; Kuo rgl4) are mediared

via activation of cAMP- dependent protein kinase and

cGMP-dependent protein kinase respect ive1y. Both protein

kinases have been shown to be widely distributed with

multiple regulatory activitíes (Krebs, rg73; Kuo and.

Greengard, r969a; 1969b). Their mode of actions are mediated

by protein phosphorylation reactions ( for review, see Krebs

and Beavo, L979) .

INTRODUCTION

Chapter II

LITERATURE REVIET^]

Besides cyclic nucleotides, calcium is known to be

another intracellular second messenger. Despite the many

physiological effects elicited by calcÍum, its molecular

mechanism remains largely obscure exc.ept for troponin i-n the

regulation of skeletal muscle contraction. Since calmodulin

is a calcium-binding protein, it has been implícated in a

variety of cellular processes that have been previously

established as calcium-mediated. These include cyclic

-3



nucleotide metabolism,

metabolism, and microtubule and rnitotic apparatus assembly.

Hence , calmoduf in plays a cent ral role in the s econd

messenger system as a general medi-ator of the calcium

signal, analogous to the cyclic nucleot ide-dependent protein

kinases in response to cyclic nucleotide signals.

2.2 CALMODULIN

since the discovery of carmodulin by cheung (rglo) and

Kakiuchi and Yamazaki ( r970) independently, rhis field has

advanced rapidly. calmodulin, a calci-um-bínding protein of
molecular \¡reight 17r000, has been extensively reviewed ín

several excellent articles (Brostrom et a1., lg7g, cheung,

1979, tr^iang and waisman, r979, Means and Dedmanr lgB0 and

Klee e t a1. , t 980) . The following sect ions are concentrated

on recent developments in this field rather than a

comprehens ive revier¿.

muscle contraction,

4

glycogen

2.2.I Distribution

Calmodulin is widely distributed

smoake et â1.(r974) and chafouleas er al.(rglg) have

demons trated the presence of calmodulin in all the rat
tissues examined using the phosphodiesterase activation

assay and a specífic radioimmunoassay respectively. Among

the tissues examined, brain and tes tes were very rÍch in

calmodulin. i.Iaisman et a1. (rg7 5) firs r reported rhe

in mammalian tissues.
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presen ce of calmodulin in invertebrates. rt. has been

subsequently found in sea urchin (Head et a1., rgTg), sea

pansy (Jones et a1. r1979), slime mold and ameoba (Kuznicki

et a1. r1979), fungi (Gornes et a1., Ig7g, Grand et a1. rl9g0),
pea plants, mung beans, wild carrots (enderson and.

cormier. 
' 
1978) and spínach leaves (I^Iatterson et a1. , I9B0).

Hence calmodulin is wíde1y distributed in eukaryotes. Early
attempt.s to demonstrate calmodulin in prokaryotes r¡rere

unsuccessful. Recently, calmodulin-like activity in the
soluble f raction of E.co1i \^ras reported by Iwasa (t981).

This calmodulin-1ike factor vras able to activate cyclic

nucleotide
)J- 

"L(ca'' rMg'')ATPase from human erythrocytes membrane and

myosín light chain kinase from rabbit myometrium in a

calcium-dependent manner. The pres ence of calmodurin in
prokaryotes further demons trates that calmodulin is indeed

ubiquitously distributed.

phosphodiesterase

2.2.2 Activation Mechanism

Earlier studies on calmodulin have been centered on the
regulation of mammalian cyclic nucleotide phosphodiesterase.

The act iva tion of pDE \,zas f ound to depend on the pres ence of
calcium (Teo and I^/ang, 1973, Kakiuchi et a1. ,1 973) .

Cons equently, a general mechanism r¡ras propos ed ( Wang et

a1.,1975):-

cu2++ cM ==--=> c^2*-crqr,

from bovine brain,



C"2*-ct'ln + pDE q===È c^2*-cM*-pDE q===è C^2*-cM*-pDE*

r'rhere cM and pDE stand for calmodulin and phosphodiesterase

respectively and the asterisk ('',) denotes the activated
states of these proteins. This general mechanism is also
applicable to many other calmodulin-regulated proteins

although a few excep tions have been not ed such as the
regulation of pDE f rom rabbit lung (sharma and l^Iirch, rglg),
phosphorylase kinase (cohen, l9g0a) and adenylaËe cyclase
( Bros trom et a1. , 197 B) . According to this scheme, the
pres ence of other calmodulin-binding prot eins would prevent

the act ivation of the pDE when the concent ration of
calmodulin is limiting. Thus these proteins will behave as

inhibitors of phosphodiesterase. However, this general

scheme must be considered tentative. rt is generally agreed

that calmodulin consists of four calcium-binding sites
although feported affinity and specificity of the sites vary
considerably (for reviews, see r^Iang and Inlaisman, rg7g, Klee
et a1.,1980). The multiple calcíum-binding and stoichiornetry
of interact ions between calmodulin and. pDE \¡ras not
considered in this general scheme. Recentry, trlang et a1.
(i980) and Huang et a1.(1981) reexamined the mechanism of
activation of cyclic nucleotide phosphodiesterase by

calmodulin using a homogeneous preparatíon of enzyme

purified from bovine brain. Based on the kinetic analysis,

they suggested that all four calcium must be bound to
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calmodulin before the enzyme is acti.vated. The pDE can be

fu11y activated from its basal 1eve1 by a 10-fo1d i.ncrease
in calcium concentration.

activation of the enzyme is hihgry cooperative. Normalry, it
will require higer increase ( too fold) in carcium
concentration before the enzyme is activated in a

non-cooperative fashion. Further this sharp increase cannot
be accomplished if calmodulin has only one calciu¡n-binding

site. The existence of four calcium-binding sites on

calmodulin serves as a very effective on/off switch to
activate and deactivate pDE in a narror\¡ range of calcium
concentration.

It is possible when the

Blumenthal and stu11 ( 19BO) for the activation of MLCK from
rabbit skeletal muscle by calcium and calmodulin.

2.2.3 Functional Roles of Calrnodulin

calmodulín is a multi-functional calcium-binding protein.
rt is involved in the regulation of cyclic nucleotide
metabolism in brain by activating adenylate cyclase
(Brostrom et aL.rlg75, Cheung et a1., Ig75) and

phosphdiesterase (cheung, rg7o, rglr, Kakiuchi and yamazaki,

r970, Teo and tr^Iang , 1973). The adenylate cyclase catalyzes
the synthes is of cAMp while the phosphodies terase catalyzes
the degradation of cAMp and cGMp. Hence calmodulin is able
to regulate the intracellular 1eve1 of these cyclic

nucleotides in brain.

Similar obs ervation \¡/as reported by
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calmodulin has been shov¡n to mediate the reguration of
smooth muscle contraction ( ¡abrowska et .a1., I977;
Adelstein er a1.,I977).

generally be1íeved to be myosin linked and to be regulated
by myos in light chain kinase which \^ras originally discovered
by Pires et. a1. (t974) in skeretal muscle. This kinase
which is calmodulin-dependent, specificarly phosphoryrates

the light chaÍns in myosin. phosphorylation of the myosin
light chains results in activation of actomyosin ATpase

which leads to muscre contraction (a¿elstein et a1., rgl7,
Dabrowska and Hartshorne , rg7B, persechini- et a1. r19gl).
conversely, dephosphorylation of myosin light chains is
accompanied by inactivation of actomyos in ATpase followed by

muscle relaxation. Thus, it is 1ike1y that calmodulin plays
an essential role in the regulation of smooth muscle
contraction. MLCK is also present in skeletal and cardiac
muscle, but the physiological role of the enzyme is not
kn own .

Marcum er a1. ( r97B) have demonstrated marked effects of
calmodulin on the calcium-dependent microtubure assembly-
dísassembly. Addition of calmodulin in the presence of
calcium resulted in complete inhibition of microtuble

Smooth muscle contraction is

assembly.

locarization of calmodulin in a number of eukaryotes during
mitosis using a monospecific carrnodulin antibody (Dedrnan et
a1., L978) and an indirect immunofluorescence technique.

Welsh et al. (1978) also examined the
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Their findings, based on the pattern of 1oca1 ízation of
calmodulin during mitosis, ar-so support that calmodulin

rnediates the effect of calcium on microtubule disassembry.

Recently, Sobue et a1. ( f9B1 ) , using [ 
3H] 

"almodu1in, high
molecular mass microtubule- associated proteins, tau factors
and tubulin from bovine brain, have identified that the tau
factors

consequently, they have proposed a "flip-f1op mechanism" for
microtubule assembly and disassernbly (xatiuchi and sobue,

1981 ). rn the presence of calcium, calmodulin inhibits the
assembly or promotes the disassernbly by forming a

calmodulin-tau complex, thus depriving the tubulin of the
tau factor r¡hich -confers upon the tubulin the ability to
polyme rize. rn the absence of calcium, tau factor becomes

available for the tubulin assernbly as ít is released 'from

calmodulin complex.

Two key enzymes in the glycogen metabolism are regulated

by calmodulin. They are phosphorylase kinase and

are inde ed calmo dulin-binding

calmodulin-dependent

Phosphorylase kinase caËalyzes the degradation of glycogen

by activating phosphorylase b (Krebs et ar., rg64). Recenrly
it has also been shown to cataryze the phosphorylation and-

inactivation of glycogen synthase which catal yzes the
synthesis of glycogen (Roach et a1., Ig7g, Soderlíng et
a1., 1979). As a result, phosphorylase kinase shows a

concerted action in regulating intracellular glycogen 1eve1

prot eins .

glycogen synthase kinase.
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by act ivating phosphorylase b and inact ivating glycogen

synthase. Recently, soderling and payne ( tggl ) reported the
presence of a specific calmodulin-dependent glycogen

synthase kinase in rabbit 1iver. This kinase is able to
phosphorylate and partially Ínactivate glycogen synthase.

cal-modulin also regulates phospholipid metabolism by

act ivating the phosphoripas 
" A2 f rom human platelets (i^iong

and cheung, r979), intracellular calcium concentration by

activating (ca2+,14g2*)ATpase f rom erythrocyte membrane

(Gopinath and vincenzi, rg77, Jarret and penniston , r977).
rt also regulates NAD kinase from pea seedlings (Muto and

Miyachi r977, Anderson and corime r l97g) and protein kinases
that phosphorylate tryptop,han 5-monooxygenase (yamauchi and

Fujisawa 
' I 981 ) and certain plasma membrane proteins (

Schulman and Greengard, 1978). The phosphorylation of these
membrane proteins has been suggested to be related to
neurotransmitters synthesis and release.

calmodulin-binding proteins. Three of these proteins have

been purified to homogeneity. The first one is a heat.

labi1e protein of molecular T¡Teight g0ro00 which consists of
trvo dif f erenr types of subunits, o¿ and þ (Klee et ar.,
197 B, Wallace et al. , 197 g, and Sharrna et a1. , Ig7 gb) . The

molecular \^reights of o[ and p ar" 60r000 and 15,000

respectively. The subunit structure vras suggested by Sharma

et a1. (1979b) as .lË2. on the other hand, [,ra1lace et a1.

In addirion, bovine braín contains ma ny
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( 1978) s,tggested a subunit structure of o(Þ using the same

technique. The reason for this controversy is unknown. Klee

et a1. (r979) have demonstrated that this protein is a

calcium-binding protein. since it exists predominantly in

nervous tissues (Cheung, 1979), she proposed the name

calcineurin for this protein. The second calmodulin bínding

protein purified from bovine brain is a heat stable protein

of molecular \¡reight 70,000 ( sharma et a1. , rg7 B) . rn

contrast to calcineurin, it is a monomeric protein. The

third one is the calmodulin-dependent phosphodiesterase

(Sharma et a1. rl980a). In addition, Grand and perry (Ig7g)

reported the presence of additional cal_modulin-binding

proteins from rabbit brain. These proteins are of molecular

weighrs 140,000 , 77,000 , 61,000 and 22,ooo. However,

detailed characteri zatíon of these proteins have not been

done.

2.3 CALMODULIN-DEPENDENT PROTEIN KINASES

It is quite obvious that

calmodulin-regulated errzymes are indeed protein kinases. rt
has

phosphorylation-dephosphorylation is a general regulatory

mechanism (for reviews, see Krebs and Beavo, rgTg). They

are involved in the regulation of many metabolic pathways,

including glycogenolysis, glycogen synthesis, glycolysis,

cholesterol and triglyceride metabolisrn and rÌeurotransmitter

been we 11 established

a number of the

that protein
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biosynthes is . contract i1e, membrane, ríbos oma t, 
."rclear 

and

cytoskeletal proteins and proteins of other funct ional

classes have been found to undergo phosphorylation-

dephosphorylation reactions" rn general, the protein kinases

can be classified into cyclic nucleotíde dependent and

independent protein kinases. The former has been well

studied (for review, see Kerbs and Beavo, lgTg). However,

the cyclic nucleotide independent protein kinases had not

receíved rnuch attention until recently. some of these

protein kinases require calcium for activity and have been

shovrn to be calmodulin-dependent protein l< j-nases. Thus it

provides a molecular mechanism through which calmodulin is

able to exert its mulËifunctional effects on metabolism via

protein phosphorylation-dephosphorylation reactions.

2.3 .I Phosphorylase Kinase

2.3.I.L Molecular size and Subunit Structure

Phosphorylase kinase constitutes about r"A of the soluble

prot eins in rabbi t skeletal muscle. The enzyme has been

purified from this tissue by Krebs et a1. (1964) and

subsequently to homogeneity in two different laboratories

(cohen, 1973, Hayakawa et a1., r973). Rabbit skeletal muscle

phosphorylase kínase is a very large prot ein. The average

molecular \¡reÍght as determined by high speed equilibrium

centrifugation has been reported as I .28 xt06 ( cohen, rgl 3)

and 1.33x106 (ttayakawa er a1., rg73). when phosphoryrase
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kinase is analyzed by sDS-ge1 electrophores is, 
. 
three major

protein bands termed d. , P and Y and a minor band termed o¿'

were readily visible. The existence of o('protein band will

be discussed 1ater. The molecular uzeight of these protein

bands have been reported as oL= I45r000, P= 128r000 andY=

45r000 (cohen, 1973). From densities of bands stained wirh

coomassi-e Blue after sDS-ge1 electrophoresis, cohen ( 1973)

determined the stoichiometry to be ot+F+T+. However, using

the same technique, Hayakawa et al. ( 1973) determined the

stoichiometry to be o(¿P¿fs. Nevertheless, it is no\^/

generally agreed that phosphorylase kinase contains equal

amounts of d, F , andT.

Recently, Cohen et a1. (1978) reported Ëhe presence of a

fourth subunit termed 6 subunit. The molecular hTeight of

this 6 subunit \¡ras determined to be 17 r 000. The acídic

nature of this subunit caused it to stain poorly v¡ith

coomassie Blue, which makes it hardly visible by means of

SDS-ge1 electrophoresis. Hence iË r¡ras missed previously.

cohen et a1. (1978) and shenolikar er a1. ( 1979) derermined

the stoichiometry of the 6 subunit and reported that rabbit

skeletal muscle phosphorylase kinase contains equal amount

of o(, P , Y . and 6 subunits. Thus the subunit structure of

rabbit skelatal muscle phosphorylase kinase is recognj-zed. as

(apV 6) q. Based on the UV absorprion spectrum, ability to

activate calmodulin-regulated enzymes (cohen et a1.,,1978)

and the amino acid sequence (Grand et a1. ,1981 ), the E

subunit has been identified as calmodulin.



2 .3 .I .2 Isozyme s

As mentioned earlier, Cohen (tglZ) found a minor protein

band (J) present in the SDS-ge1 electrophoresis pattern of

the purified phosphorylase kinase from rabbi t skeletal

muscle. Init.ial1y, it r,ras believed that &' rnight be a

proteolytic fragment of o( . The molecular weights of oL and

&'were estimated to be 145,000 (Cohen, L973) and I33,000

( Jennissen and Heilmeyer, 1 97 4)

Jennissen and Heilmeyer (r97 4 ) prepared phosphorylase kinase

from both red and white skeletal muscle from rabbit. They

reported that phosphorylase kinase from rabbit white muscle

conlained only of subunit. In contrast, the rabbit red

skeletal muscle phosphorylase kinase contained the &'

subunit. The molecular r^/eights of both isozymes v/ere

approximately the same, so the stoi-chiometry of

phosphorylase kinase from red rabbit skeletal muscle r¡ras

taken to be the ( o('FY ),. Burchell er al. (Ig76) also'4
reported a similar fínding. Recently, Cooper et al. (1980)

purified the phosphorylase kinase from bovine cardiac

muscle. The cardiac phosphorylase kinase also containe d e

subunit on1y. They have not determined the stoichiometry of

the cardiac phosphorylase kinase and the existence of 6

I4

r es pe ct ive 1y.

subunit.

Apart f rom these tr^ro phosphorylase kinase isozymes,

various phosphorylase kinase activities have been reported

in brain (Drumrnond and Be1lward, 7970), liver (Vandenheede

Later,
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et a1., I976, I977a, I977b., Chrisman, Ig7B.: Khoo and

Steinberg , L97 5) , adipose tissue (xhoo et a1. , Ig72, Khoo,

1976), dogfish muscle (Fischer et a1., 1975, pocingwong er

a1.,1981) and yeast (¡'osser er a1. rlg7l). Until further
charactetization on these phosphorylase kinases from other
tissues has been done, it is not possible to conclude the
Eypes of isozymes of phosphorylase kínase that could exist.

2.3.I.3 Roles of Subunirs

Three different types of experimental approaches have

been used to determine the catalytic subunit of
phosphoryrase kinase: correlation of residual activity lqith
proteolytic digestion of subunits in the native enzyme

(Hayakarva et a1. , 1973) , dissociation of enzymes and

ísolation of the catalytic subunit ( st<uster et ar. , r9g0)
and affinity labeling of the native enzyme with ATp anarog
(Gulyaeva, r977) - The results obtained from these studies
r^rere not in complete agreement.

tr^Ihen nonacËivated rabbÍt skeletal muscle phosphoryrase

kinase was digested with trypsin, d and. Ê subunits v/ere

degraded while Y subunit was quite resístant to mild
proteolysis. During this Íncubation, there v/as a continual
gain of catalytic activity (Hayakawa et ar., r973, cohen,

7973 and Graves et a1., rg73 ). Based on this result, Graves

et a1. (I973) suggested that the Y subunit T¡ras the catalytic

subunit. rn contrast, Fischer et a1. ( 1975b) observed that
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r-/hen dogfish skeletal muscle phosphorylase kinase i^/as

incubated with trypsin, the d, subunit \,ras very susceptible

to proteolysis whereas inactivation did not occur until F

subunit r¡7as degraded. Based on this observation, these

authors suggested Ëhat P subunit r^ras the catalytic subunit.

Recently, Shuster et al. ( 1980) dissociated rhe

nonactivated rabbit skeletal muscle phosphorylase kinase

with I .8M LiBr at 0C and isolated a catalytically acrive

fraction by means of gel filtration and blue-dextran

Sepharose affinity chromatography. Based on SDS-gel

electrophoresís, they have identified the catalytic factor

being the Y subunit.

In contrast, Gulyaeva et a1. (1977) employed a series of

ATP analog to identify the.àtulytic subunit by means of

affinity labeling. They reported a pos itive correlation

between the inactivation and degree of modification of the P

subunit. 0n the basis of these results, the authors

concluded that Ê subunit r¡ras the catalytic subunit.

The roles of subunits and how they interacË remains a

mystery" Until further studies have been doner ûo

definítive conclusion can be drawn.

2.3.I.4 Catalytic Properties

Phosphorylase kinase catalyzes the phosphorylation of

phosphorylase b and hence activates the enzyme. Besides

phosphorylase b, it can also phosphorylate itself (Krebs et
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a1., 1964, tr{alsh et. a1., Lg7r, tr,Iang et aL.,rg76, carlson and

Graves, 197 6) , rroponin I ( Stull et a1. , Ig72, England et
a1., 1973, and l{uang et al.,1974), ttoponin T (perry and

co1e,1974, Moir et al.,1971), sarcoplasmi-c reticulum ( Horl

et a1., r978, Horl and Heilmey€r, rgTB), cardiac sarcolemma

( st. Louis et a1. , 7977 ) and casein (Delange er a1. , I 96g) ,

glycogen synthase ( Roach et a1. , i 97g) . The bes t subsrrat.e

is phosphorylase b.

Earlier studies on phosphorylase kinase revealed that the

enzyme exists in nonactivated and activated states (Krebs et
a1.,1959, 1964). The conversion from nonactivated to
activated state is achieved by means of covalent

modification.

nonact ivated form is virtually inact ive below pH 7 .o but

shows signÍficant activity at higher pHs. rn contrastr the

activated form is active j.n both acidic and alkaline pHs

(Krebs et a1., 1959, Ig66). An i-ncrease in rhe pH 6.8/g.2
activity raËio is an indicaÈion that the enzyme has been

activated. Nonactivated phosphorylase kinase usually has a

pH 6.8/8.2 activity ratio below 0.05. Both the nonactivared

and activated phosphorylase kinase require the presence of
calcium for act ivi ty. rr is believed that the 6 subunit (

calmodulin ) confers the calcium sensitivity.

using the phosphorylase kínase prepared from rabbít

skeletal muscle which contains the white muscle isozyme

predominantly, shenolikar er a1. ( rg79 ) reported thar the

This will be discussed larer. The
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enzyme activity can be stimulated 2 to 7 ford, by exogenous

calmodufin in the presence of calcium. The stirnulation of
the activi ty by calmodulin rqas prevented by the addition of
troPonin I or trifluoperazine whereas these substances had

1itt1e effect on the calcium-dependent activity in the
absence of exogenous calmodulin. These results demonstrated

that the activation \¡ras caused by the interaction of the
exogenous calmodulin with phosphorylase kinas e rather than
the endogenous calmodulin ( 6 subunit). Similar observation
r^/as reported by trrÏalsh et al. ( 19gOa) .

Besides stimulation by exogenous calmodulin, singh and

wang (r979) reported that rhe phosphorylase kinase activity
can be stimulated by organic solvents. The stimulation of
the nonactivated. enzyme vras largely reversible once the
solvents \,Íere removed. However, the signif icance of this
f inding \¡zas not f urther examined.

2.3.r.s
conversion of phosphorylase kinase from the nonactivated

state to activated state can be achieved by covalent
modification. This can be done either by proteolysis or
phosphorylatíon reactions. The former is an irreversible
mechanísm while the latter is revers íb1e by means of
dephosphoryj-ation reactions.

rnitía11y ít r^/as noted that incubation of partially
puri-fied rabbit skeletal muscle phosphorylase kinase with

Activation by Covalent Modification
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calcium resulted j.n the time-dependent and irreversible

activation of rhe enzyme (Krebs et a1., 1959). ThÍs
act ivation proved to be caused by a contaminating

calcium-dependent protease (Mayer et a1.rrg64, Krebs et

ar- , i968, Huston and Krebs, l96g). This calcium- dependent

protease has also been reported to be present in heart
(Hammermeister et a1., r965, Drummond and Ducan, l9 66 rrg6B)
and brain (Drummond and Ducan, 1968). Subsequent sËudies

reveal-ed that chyrnotrypsin and trypsin vrere equally active

in activating phosphorylase kinase (Huston and Krebs, 1968).

several groups have studied changes in subunit structure

that accompanied the activatíon by trypsin. After incubating

¡vith trypsin at pH 6.8, the enzyme activity increased a

hundredfold. Analysís of the subunit structure by sDS-gel

electrophoresis revealed that o¿ and Ê "rbunits $rere degraded
(Hayakawa er a1.,1973, cohen, 1973). A peptide of molecular

weight of 80,000 appeared to be the major degradarive

product of tryptic attack (Hayakawa et a1., rg73, cohen,

1973). rn contrast they have noted that the y subunit \¡ras

resistant to mild proteoysis. various investigators have

tried to determine the functional role of the subunits by

means of correlating the differential disappearance of a

particular subunit \^/ith change of enzyme act ivi Ëy. Hayakawa

et aI. (1973) and Graves er a1. (rg73) reporred rhar y

subunit r¡ras the catalytic subunit. rn contrast, Fischer et

a1. ( 1975b) reported rhat F subunit r¡/as the catalytic
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subunit using phosphorylase kinase purified from dogfísh

musele. Nevertheles s r Do general agreement has been reached.

in terms of assigning the catalytic function to a particular

subuni t.

In addition to the activation bv

phosphorylase kinase can also

phosphorylation reactions cataLyzed by cAMp-dependent

protein kinase (Krebs et ar.'rr964, cohen, 1973, Hayakawa et

a1.,1973, Yearnan and cohen, lg75), cGMp-dependent protein

kinase (Lincoln and Corbin, I917, Khoo et al.. r1977, Cohen,

1980), autocatalytic reaction (Krebs et a1., rg64, Inlalsh et

a1., I977, tr/ang et a1. r1976, Carlson and Graves, Ig76) and a

c a 1c ium-a ct iva t e d , cyc 1i c nu c 1e o t id e- i nd e p e nd e nt p r o t e in

kinase sysrem (fi-shimoto et a1., 1977). Among all the

phosphorylation reactions, the cAMp-dependent protein kinase

cataryzed and the autocatalytic reactions are the best

studied.

Phosphorylati-on of phosphorylase kinase cataryzed. by the

cAMP-dependent protein kinase operates independent of

calcium (wa1sh et a1.,197L), is less sensitive to variation

of pH from 6.8 to 8.2 (Reimann et a1. rl97r) and can ultirize

low concentration of ATp (walsh et a1. , I gl r). As is rhe

case with activation by proteolysis, the actívation

associated with phosphorylation is accompanied with an

increase in pH 6.8/8.2 activity rario. Cohen (tglZ) examined

the relationship between subunit phosphorylation and enzyme

proteolytic enzymes,

be activated by
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activation in the cAMP-dependent protein kinas.e cataLyzed

reaction. He reported that a total of 2 moles of phosphates

\¡/ere incorporated into each monomeric unit. The rapid

activation of the enzyme activity was correlated onry with

the rapid phosphorylation of a single residue ar the Ê

subunit. The phosphorylation of the ol subunit r¡¡as slower

than that of the É ""bunit and did not contribute to the

increase in enzyme activity. rn contrast, Hayakarva et a1.

(1973) studied the same reaction and reported that the

activation of the enzyme activity did not correlate with the

phosphorylation of any part icular subunit but the t.ota1

amount of phosphate incorporated. Hence the phosphorylation

of both d. and ( subunits contributed to the íncrease in

enzyme actívity. Nevertheless, in both cases, the Y subunit

$7as not phosphorylated at all. singh and tr^lang (L977) have

examined the effect of magnesium on the phosphorylation of

rabbit skeletal muscle phosphorylase kinase by the same

reaction. They reported that at 1or¿ concentration of

magnes ium ( t mM), approximately I mole of phosphate ï¡ras

íncorporated into each of of and p subunits. under these

conditions, the activation of the enzyme correlates lqith the

phosphorylation of p subunit. This is si-mi1ar to the result

reported by Cohen (197 3) . On rhe other hand, when the

concentration of magnesium was increased to l0 mM, an

additional 5-7 moles of phosphate v¡as incorporated into the

d, subunit. Analysis of the subunit phosphorylation pattern



22

revealed Ëhat the É ""bunit \,/as phosphorylate<i to a maximum

of one mole of phosphate per subunit with no further

phosphorylation. This rapid phosphorylation was correlated

wiËh a rapid increase in enzyme activity. In addition, the c(

subunit also incorporated one mole of phosphate per subunit

rapidly followed by slower incorporation of the additional

phosphaÈes with gradual increase in enzyme activity. Hence

the initial increase in enzyme activity correlated with the

phosphorylation of o( and/or p subunits while the s1o\^¡er

increas e in enzyme act ivi ty

phosphorylation of the d. subunit when the reaction r¡/as

performed in high magnesium concentration. These authors

suggested that under high concentration of magnesium, the

conformation of phosphorylase kinase hras altered thus

rendering more phosphorylation siËes on the d- subunit

accessible to the protein kinase and the phosphorylation of

these sites also contributed to the activation of the

enz yme .

Phosphorylase kinase is able to catat.yze íts ovrn

phosphorylation This

autophosphorylation reaction.

correla ted wÍ th the

distinguished frorn the cAI"IP-dependent protein kinase

catalyzed reaction because of the calcium requirement. (Walstr

et a1., I97I), pH dependence (Carlson and Graves, 1976) and

high concentrat j-on of ATP requirement (lValstr et a1. , 1971) .

In addition to the above requirements, this reaction is

react ion is

This

known as

react ion can

the

be
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markedly ínhibited by inorganic and organic phosphates (wang

et a1., L976). The significance of this inhibition is not

known at the pres ent. The s toichiome try of phosphate

incorporation is sirnilar to that obs erved when the

phosphorylation is catalyzed by the protein kinase under

high concentration of magnesium. The phosphoryLation and

activati-on can be divided ínto a rapid first phase and a

s1or,¡er second phase. Using buf f er sys tems devoid of

Þ-glycerophosphate, Carlson and Graves ( t 97 6) found the

incorporation of up to 5 moles and 2 moles of phosphate per

o( and f subunits respectively. tr^Iang er a1. (1g76) also

reportd that 7 xo 9 moles of phosphate were incorporated

into each monomeric unit. Neither groups detected the

phosphorylation of 'f subunit and both groups reported a very

large increase in enzyme activity. The increasè Tras

correlated more closely wÍth the total phosphorylation of

the enzyme ( wang et a1. , r97 6 ). since phosphorylase kínase

can be phosphorylated by these t'¡ro dif f erent mechanisms, it

ís of ínterest to know if there are common sites of

phosphorylation in the tr^ro reactions. tr^tang et a1. , (rg7 6)

and singh and l^Iang (r977) examined the above pos sibility.

They reported that some sites T¡rere different while some

sites are the same. Thus no conclusive conclusion can be

drawn until Ëhe isolation of the phosphopeptides from

phosphorylase kinase phosphorylated under a variety of

condi tions .
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As mentioned earlier, phosphorylase kinase can be

phosphorylated by cGMp-dependent protein kinase purified

from bovine lung (Lincoln and corbin, rg77; Khoo et al.,

I977 and Cohen, 1980). Lincoln and Corbin (1977 ) followed

incorporation of phosphate into the enzyme in the presence
1L

of high Mg'' (+ mM) and found up ro 6 moles of phosphares

\^rere incorporated into each monomeric unit.. This ís similar

to the result reported by singh and ürang (1977) when the

enzyme was phosphorylated by the cAMp-depend.ent protein

kinase also under high concentration of magnesium ( to mM).

whether the sites of phosphorylation ís the same or not is

not known. rn contrast, when cohen ( l9B0b) examined the

phosphorylatlon of phosphorylase kinase by these two cyclic

nucleotide-dependent protein kinases at 1ow concentration of

uagnesium (z mM), he reported that the t\,ro sites of
phosphorylation are identical.

Yet another protein kinase system which is the

calcium-dependent r cyclic nucleotide independent form from

rat brain is able to phosphorylate phosphorylase kinase (

Kishimoto et a1. r1977). This protein kinase is known as

protein kj-nase c which requires phospholipids and calcium

for activity. In the presence of 5mM magnesium, protein

kinase c cataLyzes the incorporation of one mole of
phosphate into each of the d. and p subunits and activates

the enzyme.
4
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Phosphorylase kinase is a complex molecu1e. The enzyme

can be activated by multiple phosphorylation of the c( and P

subunits. The function of phosphorylating a particular site

with respect to change of enzyme activity or other

regulatory properties is largely obscure because of the

complex structure. Hence more studies are requíred to

resolve these questions.

2.3.2 Myosin Light Chain Kinase

2.3.2.I Historical Background

rt is generally agreed that regulatÍon of skeletal muscle

is via the troponin system. However, the mechanism of

regulation of smooth muscle and norÌmuscle contraction is

sti11 the subject of controversy. In Ig7 4, pires et a1.

reported the presence of a

skeletal muscle which cataryzes the phosphorylation of the

light chains of myos in isolated from skeletal and cardiac

muscle. This enzyme is known as the myosin light chain

kinase (l'ILCK). Meanwhile, myosins isolated f rom platelets

(e¿elstein and Conti, 1975) and gizzard (Gorecka er

a1.,1976) were found to be phosphorylated by an endogenous

myosin kínase system. The phosphorylatíon sites vrere

located on the light chains . presumably, this endogenou s

myos in kinase \^/as identical to the MLCK reported by pires et

a1. ( t 97 4) . Us ing a crude preparation from gu inea pig vas

deferens, Chacko et a1. (1977) demonstrated that the

protein kinase from rabbit
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actin-actívated myosín ATPase activity was markedly

increas ed

Dephosphorylation of myosin resulted in a decrease in the

actin-activated ATPase avtivity. Hence it r¡/as hypothesized

that the regulat.ion of smooth muscle and nonmuscle

after

contract ion is by means of

dephosphorylatj-on of the myosin.

phosphorylation of

2.3 .2.2 Phys ical Characterizat ion

Subsequent to the initial discovery rmyos in light chain

kinases have been purified from varÍous muscle and nonmuscle

sources. These Íncluded skeletal muscle ( pires and perry,

1977; \azawa and Yagi , I978; Nairn and perry , I979 and

Crouch et a1.,1981) r cârdiac muscle (Walsh et a1., L9793

tr^/o1f and Hof fmann, 1980), smooth muscle (¡abrowska et a1.,

1978, Adelstein and Klee, 198i) and nonmuscle sources

(nabrowska and Hartshorne rrgTS; Hathaway and Adelstein,

I979; Yerna et a1. rL979 and Harhaway et a1. rl98l). The

myosin light chain kinases ísolated from varíous sources are

monomeric but. vary in molecular v/eight. The molecular

weight of MLCK from striated muscle, i.e. skeletal and

cardiac muscle \^ras reported f rom 77 r000 to 94,000 ( pires

and Perry , 1977; Yazawa and yagi , I97 81 Nairn and perry,

I979; Crouch et a1., 1981; I^lalsh et aL. rI979; Wolf and

Hoffmann, i9Bl). In contrast, the molecular weight of MLCKs

from smooth muscle and nonmuscle sources v/ere cons iderably

the

phosphorylation and

myosln.
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higher. It ranged from 105,000 ro 130,000 (labrowska et al.,
197 B; Dabrowska and Hartshorne , 197 B; Hathaway and

Adelstein, I979; Yerna et a1., 1979; Hathaway et a1., I981 t

Adels tein and Klee, 1981 ). The reason for this discrepency

is unknown. 11 oweverrit has been noted that upon storage,

skeletal muscle MLCK r^7as converted to components of M.W.

50r000 and 30r000 r^¡hich were borh sti11 active (pires and

Perry, I977). Consequently, it has been suggested that Èhese

1ov¡er molecular rn¡eight I'tLCKs are proteolytic products of the

native MLCK. Using a specific precipitating antíbody against

chicken gizzard MLCK, Guerriero Jr. et a1. (198I) reported

that the MLCK from all types of muscles as well as nonmuscle

tissues are of the same molecular r¡/eight of 130r000.

Even though MLCK has been isolated to homogeneous state,

physical characterization of the enzyme has not been done

until recently. Crouch et a1. (1981) isolated the l'll,CK from

rabbit skeletal muscle and determined its physical

parameters. These authors reported that the enzyme r¡ras of

M.I^1. 80 r000-84,000 with a sedimenration coef f icient of

3.2S and an apparent Stokes radius of 534. The high amount

of proline (9.I"/") may account f or the large Stokes radÍus.

rn the absence of substrate, the enzyme will bind one mole

of calmodulin per mole of enzyme with an affinity of 1 .9x
_t

I0'M-t.



2.3.2.3 Caralytic properties

Like most of other calmodulin-regulated enzymes, MLCK

requires the presence of calcium-calmodulin for activity. rn

the absence of the complex, the enzyme is virtually

inacrive. Blumenrhal and stu11 ( l9g0) have studied. the
act ivation mechanism of rabbit skeletal muscle MLCK by the

calcíum-calmodulin complex. Their analysis indicated that
activation is a sequential,

requiring both calcium and calmodulin. sirnilar to the
activation of PDE, it requires the binding of four calcium

to the divalent metal binding sites on calmodulin to

acLivate the enzyme. Besides the activation by calmodulin,

Tanaka et a1. ( 1980) reported that the enzyme can be

activated by trypsin in a calcium- dependent manner. The

extent of activation by trypsin \¡ras identical to the
calcium-calmodulin complex. However, the physiological

significance of this is not clear yet. unlike other

kinases, MLCK has a very narrow substrate specificity. rt
only cataLyzes the phosphorylation of the light chains
isolated from myosin (a¿e1sËein and Eisenberg, l9g0).

2B

fu11y revers ible process

2-3.2-4 Regulation by phosphorylation Reacrions

Regulation of MLCK by means of phosphorylation is sti11 a

subject of controversy. The MLCKs purified from smooth

muscle and platelets v/ere phosphorylated by the
cAMP-dependent protein kinase (Adelstein et a1., 1978
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Hathaivay et aL. rl98i; Vallet eL a1.,19g1). MLCK. f rom rhese
sources \.rere phosphorylated to I _ 2 mo1 es/130r000 g with a

decrease in enzyme activity. Further analysis reveared that
the phosphorylated form of l.llCK showed a decreased affinity
for calmodulin. The phys iological s ignif icance- of this
finding is not clear yet. on the other hand, tria1sh et a1.
( 1980b) reported that the bovi-ne and canine cardiac muscre

MLCK were not phosphorylated by the protein kinase. sÍnce
the M.i^/. of these ki.nases hrere considerably smaller (74K)

than the MLCKs from smooth muscle and nonmuscle (130K), they
suggesËed that the lack of phosphorylation uras due to the
clevage of the phosphorylation sites by proteolysis. rn
contrast, tr^lo1f and Hof fmann ( l9g0) also purif ied the MLCK

from bovine heart. They reported that this enzyme (94,000
daltons ) lras phosphorylated. by the protein kinase and

autophosphorylation reaction. The extent of incorporation
was the same with thes e two different me chanisms ( t

mole /s4 rooog ). However, no functional changes v/ere

obs erved. All the evidence suggests that phosphorylation
does play a role in terms of regulating the MLCK activity
from smooth muscle and nonmuscle tissues. Nevertheless, its
role in regulating the MLCK activity from skeletar_ and

cardiac muscle remains obscure. The lack of phosphorylation

may be due to the removal of the phosphorylation sites by

proteolysis. Alternatively, this could arso be the int rins ic
differences betrveen MLCKs from different sources. Further
studíes are required to clarify this point.



2.3.2.5 Physiological Functions

ïn many smooth muscle and nonmuscle actomyosin system, it

seems clear that the calcium-sensitive mechanism responsible

for primary regulation is myos in-linked through the
phosphoryJ-ation of the myosin light chains. Hartshorne and.

Persechini (1980) and Adelsrein er a1. (19g0) have shown

that the binding of a calcium-ealmodulin complex to MLCK and

the subsequent phosphorylations are the initial step s in

actin-activation of smooth muscle and some of the nonmuscle

myosin ATPase. Adelstein et a1. ( 1978) furrher showed that

the MLCK r¡ras phosphorylated by the cAMp-dependent protein

kinase. They proposed a mechanism that a rise in calcium

concentration results in a decreased 1evel of cAMp because

of the activation of the pDE. Decreased 1eve1s of cAMp lead

to an íncrease in the dephosphorylated (active) form of

MLCK. rt then phosphorylates the myosin and myosin j.nteracts

with the act in and act ivate the myos in ATpase (aaets tein et
a1. , I97 B) .

0n the other hand, in vertebrate striated muscle, the
binding of calcium to troponin is clearly the event that

triggers actin-activated myosÍn ATpase activity. There is
1itt1e doubt that troponin and. tropomyosin are responsible

for primary regulation in vertebrate striated muscle.

Although striated muscle myosin phosphorylation r,ras observed

both in vitro and in vivo, the function of this modificatÍon

is sti11 largely unknown. The phosphorylation is presumed

30
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to play a secondary role in modulation of the contractile

process.

2.3.3 Glycogen SyntÞase Kinase

Glycogen synthase is the rate limiting enzyme for the

synthesis of glycogen in mammalian tissues. rt exists in
multiple forms that are interconverted by phosphorylation

and dephosphorylation. The phosphorylated forms of the

enzyme are less active than the dephosphorylated forms when

assayed in the abs ence of glucos e-6-phosphate. The

interconversion involves phosphorylation of multiple sites.

The enzyme is known to be phosphorylated by the

cAMP-dependent protein kinase and cAMp-independent protein

ki-nases (soderling et a1.r r97o; Huang er a1.rrg75; Nimmo er

a1. , L97 6, rtarte et a1. , 1977 ) and phosphorylase kinase
(Roach et a1., L978; Soderling et a1., IgTg). These prorein

kinases, in general, can be referred to as glycogen synthase

kinases. However, none of these protein kinases are specific

for the glycogen synthase. Analysis of tryptic and cyanogen

brornide

carboxyterminal domain is preferentially phosphorylated by

the CAMP-dependent protein kinase whereas the aminoterminal-

end is phosphorylated by the cAMp-dependent protein kinase

and phosphorylase kinase ( so¿erling et a1. , L977; soderling,

r97 e)

32p-label1ed 
pep rides revealed that the



32

Recently, Payne and soderling ( tgso) and Soderling and

Payne ( 1981 ) reported the presence of a specific

calmodulin-dependent glycogen synthase kinase in rabbit

liver. rt did not phosphorylate either phosphorylase b,

myosin light chains, casein or histones. rt rapidly,

incorporated 0.4-0.5 mole of phosphate per mole of synthase

subunit resulting in partial inactívation of the enzyme.

Analysis of the phosphorylation sites showed that both the

amino and carboxyterminal vrere phoshorylated. Further,

another glycogen synthase kinase activity (Fe) vras reported

by Vandenheede et a1. ( 19s0). This kj-nase activity of Fo has

been subsequently shown to be highly specif ic for glycogen

synthase (Hemmings et a1., 1981; yang et a1., 19g1).

2.3.4 Brain Protein Kinases

The important roles of calcium in the physiology of the

nervous system is well documented (Baker, r972, Rubin,

1972). However, the biochemical mechanisms underlying these

effects of calcium have not been elucidated. rt seemed

pos.sible thaL one or more of the effects of calcium in ihe

nervous lissues may be mediated through the phosphorylation

of specific proteins. since calmodulin can serve as a

general rnediator of the calcium signal, many investigators

have studied the calmodulin-dependent proteÍn kinases in

brain. Their reports have demonstrated the presence of

these protein kinases in both the particulate and cytosolic

fraction of the brain.



2.3.4.1 Membrane Bound Protein Kinases

The finding of calcium sÈimulated changes in protein

phosphorylation pattern in the intact synaptosomes which

have been incubated with 32pl to 1abe1 the intrasynaptosomal

pool of ATP and Ëhe absence of detectable increase in cyclic

nucleotide leve1s accompanying these changes suggested the

presence of a cyclic nucleotide independent but calci.um

dependent phosphorylation system in brain (nelorenzo, I976,

Krueger et a1. , 1977) . Later, Schulman and Greengard ( I97Ba)

found that purified synaptic membrane did not exhibit

calcium-dep endent

activating factor was included. This factor vras subsequently

identified as calmodulin (Schulman and Greengard, 1978b). In

the presence of calcium-ca1modu1in, it stÍmulates the

phosphorylation of a set of synaptosmal proteins. The most

prominent of these prot eins \¡rere t\^io clos e1y related

proteins of M.W. 86,000 and 80r000. These proteins rüere

designaËed as protein Ia and Ib respectively (Ueda and

protein phosphorylation

-) -)

Greengard, 1977) " There \¡ras also an increase in

inc.orporation of 32pi into other polypeptide bands of

50,000 to 60rO0O daltons range. Further studies showed that

protein r is present only in rrervous tissue where it is

highly concentrated at synaptic terminals and appears to be

associated primarí1y with the synaptic vesicles ( u¿ea and

Greengard, L977; DeCamilli et a1., 1979 ; Bloom er a1.,

unle s s an

1979; Udea er al., 1979). In addi tion to the
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phosphorylation by the calmodulin-dependent protein kinase

system in the synaptosomal membrane, protein r can also be

phosphorylated by rhe cAMp-dependent protein kinase ( udea

and Greengard, I977, Siegharr er al. r Ig7g). Among the

multiple phosphorylation sites, it is possible that only one

site Ín protein r is phosphorylated by cAI'Ip-dependent

protein kinase, whereas calcium and calmodulin s timulate the
phosphorylation not only of Ëhis site, but also additional

sites.

phosphorylation by these tr{o mechanisms have not been

elucídated. rn order to clarify the mechanisms that regulate
protein r phosphoryration, Kennedy and Greengard ( l9B1 ) used

purified protein r as a subs trate to purify the brain

calmodulin-dependent prot ein kinase sys tem. They reported

that protein r can be phosphorylated by three distinct

protein kinases, all of which are found in brain homogenates

Howeve r , the function of these multiple

: one cAMP- dependent

calmodulin-dependent

phosphorylation occurs in tr¡/o different regions of the
proteín (ttuttner and Greengard, rg7g, Huttner et a1. , lgBl ).
The phosphorylatÍon of one region is regurated by a

calmodulin-dependent protein kinase of M. w.30,000 that Ís
found in both cytosolic and. particulate fractions. The

phosphorylation of Ëhe other region of protein r is

regulated by cAMP-dependent protein kinase and a second

calmodulin-dependent kinase of M.l^i. 10,000 that is f ound

prot ein

protein kinase and tr¡ro

kinases. Moreover,
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only in the cytosol. Since protein I is phosphorylated by at

least three distinct protein kinases, it strongly suggesËs

that this synaptic protein may play a major role in the

regulation of the physiology of the presynaptic nerve

terminal. However, further studi-es are required to confirm

this suggestion.

DeLorenzo et a1. ( I979

calmodulin in mediating the effect of calcium on

depo 1a ri z ation-dep endent neu r ot ransmi t t er rel e as e . The i r

results also indicated that synaptic vesicles have a

calcium-dependent protein kinase system that may play a role

in mediating calcium-stimulated neurotransmitter release and

vesicle function. The ability of calcium to initiate

norepinephrine release and protein phosphorylation in

synaptíc vesicles \¡/as shown to be stimulated by calmodulin.

Their results provided evidence that the calcium and

calmodulin- dependent phosphorylation of specific vesicle

proteins is occuring in the intact nerve terminal as

neurotransmitters are being released.

have also studied the effect of

the other hand, Grab et a1. (1981) have studied the

calmodulin-dependent protein kinase system in the

postsynaptic dens ities. They have demonstrated that this

calmodulin- dependent protein kinase system from

postsynaptic densities r¡7as able to phosphorylate two

proteins of M.I^l . 51,000 and 62,000 in the presence of

calcium and calmodulin. In contrast to proteÍ-n I, these two
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proteins are not phosphorylated by the cAMp-dependent

protein kinase which is also present Ín postsynaptic

densities. They have shown that the calmodulin system can

phosphorylate protein r, but it seems to prefer the 51r000

and 62 r000 dalton proteins. Nevertheless, the function of

this protein kinase system and its relationship to the

other calmodulin- dependent proEein kina ystems reported

by others remains to be determined.

Additionally, 0'callaghan er a1. (1990) noriced rhe

presence of a calmodulin-dependent protein kinase system in

brain which can phosphorylate several specific synaptosomal

cytosolic proteins. The most prominently phosphorylated

proteins are of M.I{. 50,000, 55,000, and 60,000. The

magnit.ude of the incorporation of phosphate Ínto these

probeins in response to the addition of calcium and

calmodulín reached 1eve1 betr^ieen l5 to 23 Èimes those of

control. I^iith respect to the phosphoproteins of 50,000 and

60r000 daltons, proteins of similar molecular !üeights have

been observed in prep arations of synaptic vesicles

(ler,orenzo et aL",7979) and synaptic membranes (schulman and

Greengard, 1978). These observations raised the possibility

that substrates of a calmodulin-dependent protein kinase(s)

may be present in synaptic vesicles,, synaptic plasma

membrane and synaptic cytosol. rt will be interestíng to

establish their relatíve dis tribution and respect ive degree

of phosphorylation in these tr¡ro compartments and their roles

ín synaptic functions.
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2.3 .4.2 Cytosolic Protein Kinases

The calmodulin-dependent protein kinases in the

particulate fraction from brain is a complicated system. The

calmodulin- dependent protein kinase system in the cytosolic

fraction is not any sirnpler. yamauchi and Fujisawa ( rggoa)

presented evidence that there are at least three distinct

forms of calmodulin-dependent protein kinases in rat brain

cytosol. Two of them appeared to be s imilar to phosphorylase

kinase and myos in light chains kinase from various tissues.

The other one is a nevr calmodulin- dependent protein kinase

wiËh unknor'rn function. This nevr protein kinase is known as

kinase rr. subsequently, the kinase rr r¡/as shown to be

involved in the activation of tryptophan 5 monooxygenase
/ --(Yamauchi and Fujisasra, l98l) and it is specifically

distributed in brain tissues. More recent studies from this

laboratory further revealed that tyrosine 3 monooxygenase

was regulated by this protein kinase system as well

(Yamauchi and Fu jisar¡ra, 1980b). Tyrosine 3 monooxygenase is

the rate limiting enzyme in the biosynthesis of

noradrenaline and tryptophan 5 monooxygenase is the rate

lirniting

observat

kinases may play an important role in regulating the

biosynthesis of neurotransmitters. Nevertheless, the exact

mechanism is not known because it is further complicated by

the fact that activation of these tvro monooxygenases not

enzyme in the biosynthesis of serotonin. These

ion suggested that calmodulin-dependent protein
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only require the presence of calcium, calmodulin and proteín

kinases, but an additional activaËor protein of M.l{. 70r000

(Yamauchi et a1.,1981). The physiological significance of

this protein activator remains to be det.ermined.

Besides the above calmodulin-dependent protein kinase

systems, another system \,ras reported by Burke and DeLorenzo

( 1981 ). This kinase system is able to phosphorylate tubulin

in a calcium-calmodulin-dependent manner. Since highly

purified tubulin that shows no calcium-s timulated endogenous

phosphorylation can sti1l be polyme rized into mj-crotubules,

it is unlikely that endogenous phosphorylation of tubulin is

dírectly involved in microtubule assembly. It may be

indirectly involved or mediate other roles of tubulin in

ce11 function. Phosphorylation of tubul-in by this protein

kinase system causes

properties of

t empe ra ture-dep endent

ttfilament-likett structures

microtubules. The role of

regulated tubulin s tructures

All the evidence accumulated so far suggest that

calmodulin- dependent protein kinases play irnportant roles

in mediating neurotransmitter synthesis, rêlease and other

synaptic functions. Further in depth studies are required

in order to explain the mechanism of neuronal protein lcinase

activity, thier substrates and their regulation through

calmodulin.

a marked change in the physiochemical

tubulin,

formation of nonrandom, insoluble

result. ing

Ëhese calcium and calmodulin

in ce11 function is not known.

clearly

1n

disEinct from

the



2.3.5 Others

rn addition to the above mentioned calmodulin-dependent

protein kinases in br.ain, other calmodulin-dependent protein

kinases from various tissues have also been reported.

Recently, smilowitz er a1.(198i) reporred rhaË rhe

acetylcholine receptor from Torpedo ca1Ífornica r,ras

phosphorylated by an endogenous membrane protein kinase in a

calcium-calmodulin dependent manner. The current view of the

T. californica acteylcholine receptor i.s that it is a

250,000 dalton complex containing four different subunits,

ArB,C and D in a 2:1:l:l stoichiometry (naftery et

a1. ,1980). Analysis of the phosphorylation product revealed

that subunits B, c and D are phosphorylated i-n a calcium and.

calmodulin-dependent manner. The c and D subunits generarly

are phosphorylated to a greater degree than Ëhe B subunit.

The function of the phosphorylation is not knor,¡n.

Recently, Lamers et. a1. ( tgat ) reported that the cardiac

sarcolemma protein of M.I,J.9r000 was found to be a substrate

39

for both a calmodulin-dependent prot ein kinase and cAMp-

depe,ndent protein kinase. cAMp-dependent phosphorylation

caused a L.6 fold increase in affinity of the
(c^2+ rl4g2*)arpase for calcium without changing its maximal

rate. However, no effect vras observed íf membranes Í/ere

phosphorylated by the calmodulin-dependent protein kinase.

Hence the function of this phosphorylation ís not. known.



40

There is no doubt that calmodulín-dependent protein

kinases play important roles in the regulation of
me tabolism. characterization of these protein kinases will
provide a better understandi-ng on the funct.ional roles of
calmodulin and the mechanisms through which it can achieve

diverse effects with an increase in intracellular calcíum

concent ra t ion.



3.1 MATERIALS

3.1.1 Preparations of enzymes

3.1.1. I Phosphorylase b

Chapter III

EXPERIMENTAL PROCEDURES

Phosphorylase b was purified from commercÍal frozen

rabbit muscle according to the methods of Fischer and Krebs

( I95B). Afrer the third crystallization, Èhe enzyme $ras

lyophilized and the powder Ìvas stored at -7oc until use. For

preparation of a stock solution, the phosphorylase b powder

\^ras retrieved from -70C and dissolved in a minimum amount

of buf f er conraining 50rnM p-ervcerophosphate,pll 6.8 and 3OmM

2-mercaptoethanol. This solution was treated with ltrorit A to

remove the conËaminating 5'AMp ( pischer and Krebs , lg62) .

rt was then centrifuged at 10,000g for 5 min and the

supernatant collected \¡7as filtered through rnillipore

fil,ters.

phosphorylase b was determined spectrophotometrically at

28Onm. An absorbancy index of 13.1 f or r"Å solution Lras used

( Cohen ,797 3) .

The concentration of the final 5, AMp-free

4T
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3.L.r.2 Rabbit white muscle phosphoryrase kinase isozyme

Nonactivated rabbit skeletal muscle phosphorylase kinase

was purified according ro rhe merhod of cohen ( t 973) . The

enzyme obtained after the sepharose 4B column contained two

isozymes originating from red and white muscle (Jennissen

and Heilrney€8, r974). The white muscle isozyme was the

predominant form. This isozyme mixture lras further

fractionated on a calmodulin-sepharose 4B affinity column

according to the methods described previously (sharma et

41.,1980b). The purified ¡vhite muscle phosphorylase isozyme

!./as stored in smal1 aliquots at -70C until use.

3"1-1-3 Bovine red muscle phosphorylase kinase isozyme

Bovine red muscle phosphorylase kinase isozyme rras

purified according to rhe merhods of Tam et al. ( i9B2). The

sample obtained after DEAE-cel1u1ose column r¡ras dialyzed

overnight agains t 50mM Þ-glycerophosphare buffer pH 6.9

containing 2mM EDTA, l0% sucrose and lOmM 2-mercaptoethanol.

Af ter dialysis, the sample \¡ras ad justed to contain 2ml{.

calcium and 5mM magnesium prior to loading onto a

calmodulin-sepharose 4B column which had been equilibrated

with column bu ffer containing 5OmM p-glycerophosphate pH

6.8, 2ml'1 EDTA, 5mM MgAc, 2mM calcium, lo% sucrose, tOurM

2-mercaptoethanol. After loading, the column $ras washed

extensively with the column buffer until no protein rras

detected in the eluate. Then the column \,ras eluted with the
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sarne buffer but containing 0.2rnM cacl, instead of 2mM. The

majority of the red muscle isozyme \^ras eluted from the

column while the white muscle isozyme r¡ias futher eluted. from

the column with buffer containing lmM EGTA. The red muscle

phosphorylase kinase purified according to the above

procedures uras greatly enriched. rt \¡ras stored at -70c in

small aliquots until use.

3.1. I.4 catalytic subunit of cAMp-dependent protein kinase

Partially purifed cAMp dependent protein kinase r¡ras

purified from fresh rabbit skeletal muscle according to the

method described by Reimann er "1. 
( t97r). The caralytic

subunit was purÍfied according to the method of Kinzel and

Kubler(r976). The partially purified caralyric sbunit \¡/as

stored in the presence of I mg/m1 BSA and 5o% glycerol at

-20c.

3.1.1.5 Bovine brain phosphodiesterase

calcium and calmodulin-dependent cyclic nucleotide

pÌro,sphodiesterase r^/as purified from frozen brain according

to the methods described by Sharma er a1. (l9B0a). The

enzyme used in this study Tras kindly provided by Dr. sharma

of the university of Manitoba. one unit of the enzyme r¡ras

definded as the amount required t.o hydrol-yze I

phosphate per min at 30C.

¡rmole of



3.1.2 Preparatíon of other proteins

3 . I .2 . I Mixed myos in light chains

Mixed myosin light chains r^/ere prepared from commercíal

frozen rabbi t skeletal muscle according to the methods

essentially described by perrie and perry ( 1970). Afrer the

light chains \^rere extracted by 5M guanidine hydrochloride

and precipitated by 952 cold ethanol, the ethanol was

removed by rotatory evaporation. The sample \^7as dialyzed

against dei-onized vrater at 4c overnight. After dialysis, the

sample vras lyophilized. rt rras then dissolved in minimum

amount of buffer containing 2OmM Tris-HC1 pH l.o and 2OmM

2-mercaptoethanol. The sample \¡ras then desalted by using a

sephadex G-25 (4x+5 cm) t o remove the res idual guanidine

hydrochloride. The fractions that contained high protein

concentrations \^iere pooled and applied to a sephadex 
^-25

column whÍch had been equilibrated with buffer contaíning

2OmM Tris-HCl pH7.0, 2Omlf 2-mercaproerhanol. After loading,

the column r^ras eluted stepwise rvith column buffer, column

buffer and 0.3M KC1 and column buffer and 0.5M Kc1. The

mix.ed light chains el-uted by buffer containíng 0.31'l Kc1 r¡/eïe

deficient in calmodulin. These mixed light chains v/ere

dialyzed against \{ater at 4c overníght and nreeze dried.

The light chain r¿ere stored in powder form at -20C.

44



3.I.2.2 Calmodulin and Calcineurin

Bovine brain calmodulin and calcineurin \^rere purified to

electrophoretic homogeneity by the methods of sharma and

llang (tglga) and Sharma er a1. ( l9B0b) respecrivety. t 
3Hl -

calmodulin r^7as prepared according to the methods of Tack et

u1. ( t9B0) . The proteins used ín this s tudy r¡rere generously

provided by Dr. sharma. 0ne unit of calmodulin activity was

defined as the amount required to activate the pDE to 50"/" of

its maximun act ivity under standard assay condi tions. one

unit of calcineurin r¡/as defined as the amount to give 5o%

inhibition of Ëhe maximum PDE activity under standard assay

condi t ions .

3.1 .3 Calmodulin-Sepharose 4B affinity column

The preparation of calmodulin-sepharose 4B affinity gels

\^ras essentially described by sairam and porath (r976) and

modified by Sharma et a1.(197gb).

4s

3.1.4

All

either

better.

Chemicals

the chemicals used in this study

Fisher or Sígma. They vrere of

IY'32p]arp r^ras obrained from New

\¡rere purchased from

reagent grade or

England Nuclear.



3.2 METHODS

3.2.I Protein kinase assay

Protein kinases were assayed by following Lhe

incorporation of 32pi from ú?2plATp into their subsrrares.

The standard reaction mixtures of MLCK normally contained

5OmM Tris-HCl pH 7 .6, iOmM t"tgic2, 0.lmM ,^rrr, IOmM

2-mercaptoethanol,10 Fc/m1 carmodulin, 5 mg/m1 mixed light

chains, lmM tf-32p1 ATp and dilured MLCK. The srandard

reaction mixtures of phosphorylase kinase j-sozymes contained

25mM Tris-HC1 , 25mM P-glycerophosphare, pH 6 . B or B .2

together with 4 ^g/^1 phosphorylase b, rOmM MgAc2r 0.2m14

cacrrt 15mM 2-mercaproerhanol, ImM l.f-32p]ATp and diluted

phosphorylase kinase isozymes. The reactions \rere normally

starred by adding IY-32plATp after 2 min incubation ar 30c.

The phosphorylation reaction was followed by removing

aliquo ts of the react ion mixture at time intervals and

spotting on filter paper discs. These filter paper discs

!/ere washed according to the method of Reimann et a1.

( 1971). 0ne unit of kinase activiÈy \^/as def ined as the

amount required to cataLyze the incorporation of I ¡rrnole of

phosphate inËo the subs trate per min per mg at 30C.
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3.2.2 Activation of phosphorylase kinase i-sozymes

Phosphorylase kinase isozymes were phosphorylated by the

catalytic subunit of the cAMp-dependent protein kinase. in a

reaction mixture containing 0.2-0.3 mg/ml of phosphorylase
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kínase isozymes, 5OmM p-slvcerophosphate buffer pH 6.8, I 5mM

2-mercaptoethanol, IO"Á sucrose, lml,I EGTA, 4.5 pg/ml

catalytic subunir, lrnM Lf-32plAfp (specific activiry

50-100cpm/pmo1e) either in the presence of 2mM or lOmM

MBAc, .

Activation of phosphorylase kinase isozymes by the

autocatalytic reaction was carried out in a reaction mixture

containíng 5OmM Tes pH 7 .5 , I0"/" sucros e, IOmM MgAc, , 1 .5mM

CaCIrt t5nM 2-mercaproerhanol and 2mM If-32plATp. The

reactions rrere initiated by adding ú-32P]ATp. samples r¡/ere

removed at different tirne intervals and assayed for

phosphaËe incorporation and phosphorylase kinase act ivity.

3 .2.3 PDE,
assay

Calmodulin, phosphodiesterase and calmodulin-binding

proteins r,,/ere assayed as described previously (Sharma et

41. , L979a). For the standard PDE assay, the reaction

mixture contained 4OmM Tris-HC1 pH 7.5, 4OmM irnidazoLe, 5mM

MeACr, 0.lmM CaCL2t 1.2mM cAMP, 0.3 unirs of 5'-nucleotidase

and 2o-50 units of calmodulin. Reactions rvere carried. out

calmodulin and calmodulin-binding

at 30C. The procedure

phosphodiesterase reaction to a 5'-nucleotidase reaction

rvhich \,/as follorved by analyzing the resulting phosphates

released from cAMP. The calmodulin and calmodulin- binding

proteins v/ere assayed under the same conditions in the

abs ence of calmodulin and in the presence 4 units of

calmodulin respect ive1y.

proteins

involved coupling of the



3.2.4 Gel electrophoresis in the presenee of SDS

Polyacrylamide ge1 electrophores is rúas done at an

alkaline pH as descríbed by I{ayakawa (1973). prorein samples

\^/ere boiled f or 5 min in 1OmM sodium phosphate buf fer pH l.O

in the presence of L% SDS and I"Á 2-mercaptoethanol.

Approximately 10 pg of prorein was applied ro each ge1. The

gels vrere run at 4mÃ/ ge1. After electrophores is, the gels

\^rere stained with Coomassie Brilliant Blue R-250 and

des tained in 7 .57" acetic acid and 5"/" me thanol.

3.2.5 Stoichiometry of subunit phosphorylation
32p-labeled phosphorylase kinase v/as electrophoresed on

5"/. polyacrylamide gels in the presence of SDS. After

electrophoresis, the gels $rere either sliced into lmm

segment by using a Gilson Aliquogel automatic ge1 slicer or

manually after the gels had been destained. The gel slices

\¡¡ere digested in NCS at 50c for three hours according to the

procedure described by Barch ( t96B) and modified by

I^/rogemann et a1" (1977) following r^ihich Ëhe radioactivity of

these gel slices \¡/as determined.

l.o+ ()

3 "2.6 Protein concentrations

All the protein concentrations r¡rere determined

dye-binding method of Bradford (\97 6) using bovine

albumin as standards unless otherwise stated.

by the

serum



4.I DETERMINTNG CALMODULIN IN RABBIT SKELETAL MUSCLE

Earlier studies have been done ín order to determine the

leve1 of calmodulin in skeletal muscle. The reported values

ranged from 30 to 55 rng/rg (Yagi et a1., rg78, shenolikar et

a1., 1979 and Pichard et a1., 1981). fn the present study,

\"re tried to quantitate the amount of calmodul-in present in

rabbit skeletal muscle usi-ng a method involving heat

treatment of the crude muscle extract followed by assaying

the treated extract for its ability to activate

phosphodiesterase ( sharma and wang, 1979a). I^¡ith this

method, 1itt1e calmodulin activity could be detected in the

heated crude extract. since the heat treatment resulted in

the formation of large amount of protein precipitate, the

possibility that calmodulin \ras trapped in the protein

pre'cipitate was examíned. I^/e theref ore used [3H].almodulin

as a tracer in order to locate the calmodulin after heat

treatment. The result indicated that majority of the
t

['tt]-"almodulin ]ras present in the pe11et. I^lashing of the

pe1let with buffer only released a smal1 amount of the
.)

['tt]-calmodulin from the pe11er. Half of the radioactivity

remained in the pe11et after it has been washed thoroughly

Chapter IV

RE SULT S

LO



50

four times. tr{ashing the pe11et rqith buffer containing 1M

NaCl did not release tTtu radioact ive calmodulin. Thus the

leve1 of calmodulin r¡ras measured by using another method

which involved treatment of the

DEAE-ce1lu1ose fÍrst to remove the calmodulin-binding

prot.eins. The f raction containing calmodulin \,ras then boiled

and assayed for calmodulin activity. I^lith this approach,

the calmodulin level in rabbit skeletal muscle was

determined to be 20 mC/Kg. This value is similar to the

value reported by Yagi et a1. ( 1978) but considerably lower

than the other values reported (Shenolikar et a1., I979 and

Pichard et a1., 1981). The reason for this underestimation

r¡/as due to the fact that the 6 subunit (calmodulin) of

phosphorylase kinase was not included. Therefore, the level

of total calmodulin in rabbit skeletal muscle is most 1ike1y

to be about 50mg/Kg of tissue whereas more than 50"Á of these

crude extract with

is bound to phosphorylase kinase as

4.2 PREPARATION OF RABBIT

A typical preparation of

600g of rabbit skeletal musc

4"2"r

The

Zealand

ki11ed.

Extraction

hind 1eg and back muscles vrere dissect ed from a New

white rabbit immediately after the animal r,¡as

The muscles were cut into sma1l pieces and ground in

CALMODULIN-BINDING PROTEINS

calmodulin-binding proteins from

1e is outlined as fo11ol.7:-

subunit.
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a meat grinder. It was then homogenized in 2.5 volume of

buf f er A ( 20mM Tris-HCl pH 7 .5 , 5m1"1 EDTA, 20mM

2-mercaptoethanol, and 1.8 mM PMSF). After homogenízation,

the sample was centrifuged at 10,000 g for 20 min at 4C. All

the other steps rnrere carried out at 4C unless noted. The

supernatant was filtered through cheesecloth.

4.2.2

The crude extract was applied to a DEAE-cel1u1ose column

(A x 24 cm) which had been equilibrated with buffer A. After

loading the crude extract, the column \,ras eluted stepwise

with buffer A, buffer A + 0.2M NaCl and buffer A + 0.5M NaCl

respectively. The elution profile is shown in Fig.1. The

fractions collected were analyzed for protein concentration,

calmodulin-binding and calmodulin activities. In the

presence of limiting concentration of exogenous calrnodulin

in the assay mixture, these calmodulin-binding proteins

will behave as inhibitors for phosphodiesterase. As

illustrated from the figure, the calmodulin-binding proteins

r^rere separated from the endogenous calmodulin. However ít

rúas possible that some of the calmodulin-binding prot.eins

were not recovered from the column (for detaíls, see

Discussion).

DEAE-ce1lu1ose column chromatography
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4.2.3 Ammonium

DEAE-ce11ulose fractions containing phosphodiesterase

inhíbitor activiry (r 80-100) r{ere pooled. solid ammonium

sulphate \^¡as added to the pooled sample to 60"/" saturation.

The sample T¡/as stirred for t0 min at 4c before

centrifugating at 10,000 g for 20 min. After

centrifugation, the supernatant r\7as discarded and the pellet

t,ras dissolved in minimum amount of buffer containing 2OmM

Tris-HC1 pH 7.5 and 2OmM 2-mercaptoethanol and dialyzed

against 2 changes (4 liters each) of the same buffer

overnight at 4C.

Sulphate Fractionation

4.2.4 Calrnodulin-Sepharose 4B Affiniry Chromatography

After dialysis, the sample !/as adjusted Ëo contain 0.BmM

CaCl, and 1 mM MgAcr. Ir \¡/as then applied ro a

calmodulin-Sepharose 4B affinity column (tt X 20 cm) which

had been equilibrated wi rh buffer B ( 2OmM Tris-HC1 pH 7 .5 ,

0.BrnM calcium, lmM magnes j.um and 20mM 2-mercaptoethanol).

subsequently, the column was eluted step¡vise thoroughly with

buffer B, buffer B + 0.2M Nacl and a buffer containing 2OmM

Tris-HCl pH 7"5, 0.4mM EGTA, lmM magnesium, 20mM

2-mercaptoethanol and 0.2M Nacl " A typical elutíon profile

is shown in Fig.2. Eluents ürere assayed for protein

concentration and phosphodiesterase inhibitor activity. The

result indicated that essentially all the calmodulin-binding

prqteins were bound to the column in the presence of

53
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calcium. The bound activity could be eluted from the column

by buffer containing EGTA to chelate calcium.

indicated that these c.almodulin-binding proteins are capable

of calcium-dependent and reversible association with

calmodulin. The affinity chromatography resulted in a

marked enrichment of these calmodulin-binding proteins. Most

of Ëhe proteins of the original sample did not interacË with

the column. Analysis of these calmodulin- binding proteins

fraction by sDS-ge1 electrophoresis revealed a multiple

protein bands pattern. The molecular r¡reight of these protein

bands v¡ere determined to be 145r000 , I28,000

80,000 , 60,000 and 45,000 (fig.Z inset).

4.2.s

The

affinity

Sephadex

Sephadex G-200 column chromatography

sample obtained from the calmodulin-Sepharose

column (F i25-135) vras further fractionated on

G-20 0 column.

This

, 90,000 ,

4B

a
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The sample, after concentration on an Amicon stirred ce11

equipped with a PM-10 membrane, wâs applied to a Sephadex

G-200 column (2.5 x 95 cm) ¡¿hich had been equilibrated wirh

a buffer containing 2OmM Tris-HC1 pH 7.5, lmM magnesium, 1mM

EGTA, 0.1M NaCl and 2OmM 2-mercaproethanol. Afrer loading of

the sample, the column was eluted wíth the same buffer. A

typical elution prof ile is shown in Fig.3 . The calmodulin-

binding proteins resolved into three major protein peaks

only regardl-ess of the multiple protein patteïn revealed by

sDS ge1 electrophoresis (Fig.2 inset). These proteins are

referred to as peak r, rr and rrr proteins with respect to

their elution posiËions. All of these protei-ns showed

phosphodiesterase inhibitor activity as indicated in the

figure.

electrophoresis revealed that peak-r protein consists of

three protein bands of M. IAr. 145r000 , l28r000 and 45r000.

Protein rr showed a major single polypeptide band of ¡f. I^l .

90,000 (flg.3 inset). Prorein-III showed a single

polypeptide band of M. I^/. 60r000 (data not shown). These

proteins vrere pooled accordingly and stored at -20c until

use.

Analysis of these proteins

The data of puri-fication of a typical preparation rvas

summarized in Table I. Approximately l2mg, 2.5mg and 2.2mg

of peak f, rr and rrr proteins respecËive1y vrere obtained

from a 600g muscle preparation.

by SDS-ge1
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However, the yield of these proteins could not bg determined

accurately. rt was because the concentration of these

calmodulin-binding proteins in the crude extract could not

be measured due to the presence of endogenous calmodulin.

Thus the yield could only be calculated from the

DEAE-ce11ulose chromatography step. I^lith this purification

procedure, three urajor calmodulin-binding proteíns could be

prepared from rabbit skeletal muscle.

4.3 IDENTIF I CAT ION

A sample of Ëhe skeletal muscle calmodulin-binding

proteins obtained from the affinity column r^ras tested for

calmodulin-dependent phosphodiesterase acti-vity because this

enzyme is a major calmodulin-binding protein in bovine

brain. The result indicated that there \,ras 1itt1e or no

calmodulin-dependent PDE activity present (rig. 4). However,

the existence of other forms of pDE in skeletal muscle

cannot be ruled out yet. This provided an indication that

calmodulin-binding proteins may be uniquely distributed.

Further tests indicated that this sample contained 1ow

protein kinase actívity rr¡hen mixed histones was used as

substrate.

OF RABBIT CALMODULTN-BINDING PROTEINS

After fractionation by sephadex G-200 column, the

electrophoretíc mobility of peak r protein vras rnarkedly

similar to phosphorylase kinase.
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The peptide bands of molecular \¡reight 145,000, 128,000 and

45,000 (Fig. 3rinset) corresponds ro the d., p and Y subunits

of phosphorylase kinase respectively. Hence peak r protein

was tested for phosphorylase kinase activi-ty. The result is

shown in Fig. 5. Peak r protein r¡/as able to phosphorylate

phosphorylase b with a

that of phosphorylase kinase. Apart from Ëhis, peak I

protein showed little activity at pH below 7 and

cons iderably higher act ivi ty at pH above 7 . This is a

typical characteristic of phosphorylase kinase. Based on

this evidence, peak I protein \^ras identified as

phosphorylase kinase.

In contrast, peak II and peak III proteins did not

cataryze the phosphorylation of phosphorylase b but showed

high protein kinase activity when myosin light chains rsere

used as substrate (fig. 6). Both peak II and peak III

proteins are similar in terms of their abiliry to

phosphorylate myosin light chains and inhibit pDE activíty.

Therefore, it is possible that peak III protei-n is a

proteolytic fragment of peak rr protein which sti1l retains

its enzyme activÍty (for detail discussion, see later

section). Based on substrate specificity, these protèins

r,rere identif ied as myosin light chain kinases.

From the above results, it may be concluded that the

rnajor cal-modulin-binding proteins from the cytosol of rabbit

skeletal muscle are protein kinases; phosphorylase kinase

and myos in light chain kinase.

specific activity compatible with
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4.4 PREPARATION OF BOVINE CALMODULIry-BINDING PROTEINS

The major calmodulin-binding prot eins from skeletal

muscle are protein kinases. since calurodulin is widely

distributed among mammalian tissues, it is not unreasonable

to suggest that the diverse functional roles of calmodulin

is dictated by the different calmodulin-binding proteins in

various tissues. rn order to test this hypothesis,

calmodulin-bínding proteins \,rere prepared f rom bovine heart,

brain, kidney and liver by the procedure described earlier

with the exclusion of ammonium sulfate precipitation and

sephadex G-200 column. Total calmodulin-binding proteins

obtained from the calmodulin affinity column for each tissue

'nTere compared by electrophoresis in the presence of sDS

(Fig. 7). The resulr indicate.d rhat the calmodulÍn-binding

proteins are indeed uniquely distributed. trn/e further

compared the enzyme activities from the muscle and liver

ext racts purified from calmodulin-sepharos e 48 column. The

resul-t is shown in Tabl e 2. These two samples showed

different enzyûe activities profile.
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Fig.7 SDS-gel_ electrophoresls of the

calmodulln-blndfng proteins from various bovlne tlssues. The

calmodulfn-blndlng Protelns puriffed by the

calmodulfn-sepharos e 48 afftnlty column from dlfferent
bovine tlssues were compared by means of sDS-ge1

electrophoresfs. Lanes A and r, standard proÈeln rnarkers;

lane B, bovlne heart; lane c, bovlne kldney; lane D, bovlne

1Íver; lane E, bovlne braln; lane F, bovfne skeletal muscle;

lane G, purifled bovfne braln calclneurin; and lane H,

purified rabbit phosphorylase kÍnase.



Enzyrne Activities of the

from Bovine

Enz yrûe

Activity

PhosphoryLase Kinase

GJ-1'cogen Synthase Kinase

MrcK

PDtr

A:'F ase

G'.'F ase

lli stone Kinase

TABLE 2

Calmodulin Binding proteins

Liver and MuscLe

56

a N.D.; not determined.

Liver

Tissue

+

Muscle

++

N.D.a

++

+



4.5 CITARACTERIZATION OF MYOSIN LIGHT CHAIN KINASE

4.5.1 Physicocheuical properties

The low molecular \,reight MLCK (peak III protein) may be a

proteolytic derivative of the native MLCK because the

relative amount of the MLCKs varied from preparation to

preparation. In the later preparations, when a mixture of

protease inhibitors (pepstatin A, 4.8 mg/l; leupeprin,

I.9ri.g/I; antipain, 1.9mg/1; chymostarin, 1.9mg/1; bestatin,

0.48mg/1; benzamidine, 9.5mg/1; PMSF, 25mg/7; TpCK, 5rrg/L)

\^/as included in the buf f ers used f or purif ication, the yield

of peak TII protein \^ras drastically reduced rvith an increase

in the yield of peak II protein. Inclusion of these protease

inhibitors did not result in the formation of MLCK larger

than 90r0OO daltons suggesting that the peak II protein is

the native MLCK in skeletal muscle.

characterization was limited to this protein. The physical

parameters and the amino acid composition are summarj-z.ed in

Table 3 and 4 respectively. The MLCK contains relatively

large amount of proline and the significance of this is not

kn own .

67

4.5.2 Catalytie properties

Myosin light chain kinase from rabbit skeletal muscle

showed high degree of subs trate specificity (Aaels tein and

Eísenberg, 1980). l.lyosin and myosin light chain kinase are

by far the best subs trates of the enzyme.

Hence the



Molecular t,leight (SDS ge1-electrophoresis)

52O

Partial Specific Volurne

pI

Dzo

Physical parameters of MLCK

TABLE 3

from Rabbit Skeletal Muscle

6B

90,000

14.55

0.739

3.8

L.628x l0-7 cmz¡se"



Amino Acid composition of Myosin Light chain Kinase

Amino Acid

Lys

Arg

AtT

Tre

Ser

Glx

Pro

Glv

Al"a

Val

¡4e t

fle

Leu

'Tr¡r

Phe

T¡\BLE 4

Mole s/MoIe

69

62

15

73

'))

38

I09

65

65

82

47

20

31

67

11

2B



Mixed histones serves only as a poor substrate. The

histone phosphorylation rvas f ound to be abou t 2-5"Á

myosin light chains phosphorylation (Lewis,

unpublished result).

The enzyme showed absolute dependence on calcium and

calmodulin for activity.0ccasionally, c.alcium alone in the

absence of added calmodulin appeared to be capable of

supporting slow phosphorylation (nig. 8). This \¡ias due to

Èhe slight contamination of calmodulin in the myosin light

chains. Calmodulin is highly potent in its act ivation of

MLCK. Half maximal activation of the enzyme could be

obtained at 1-2 nM calmodulin (fig.B, inset).

The activation of calmodulin-dependent phosphodiesterase

has been shown to be highly cooperative. The enzyme can be

activated within

70

rate of

that of

W.G. '

(Wang et a1.,i980, Huang et a1.,1981). Similarly, Fig. 9

showed that the activation of MLCK by calcium exhibited

strong cooperativity. As calmodulin concent'ration was

increased, lower concentration of calcium was required to

achieve the MLCK activation. Thus the surge in calcium

concentration in muscle ce11s carr serve as an on/off swit.ch

for phosphorylalion. These range of calcium concentration

in which the sr,ritch is effective depends on the

concentration of calmodulin.

narrow range of calcium concentration
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4.6

Rabbit slceletal muscle contains two phosphorylase kinase

isozymes originating f rom the t\nro types of muscles: red. and

white muscle (Jennissen and IIeilmeyer, 197 4). Earlier

studies indicated that the white muscle phosphorylase kinase

isozyme contains the Dt subunit whereas the red muscle

isozyrne contains the c{'subunit. The molecular r¡reights of ¿

and ¿'are 145,000 and 133r000 respectively (Cohen, 1973;

Jennissen and Heilmeyêrr I97 4).

Phosphorylase kinase purifÍed by the above methods (peak

r protein) appeared to be the white muscle isozyme only

(Fig. 3,inset). subsequent studies shor,¡ed that the tT¡/o

isozymes can be separated o.n a calmodulin-sepharose 4B

affinity column (Sharma et a1., 1980b). The tr¡/o isozymes

from rabbit skeletal muscle showed differential interaction

with calmodulin- sepharose 4B affinity column. This prompted

us to examine the effect of exogenous calmodulin on these

rabbit isozymese The results are shown in Fig" 10. only the

white muscle isozyme can be stimulated by exogenous

calmodulin. The red muscle isozyme ís inert to the added

calmodulin.

PHOSPHORYLASE KINASE ISOZYMES FROM I{HITE
MU S CLE

AND RED

73
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klnase leozynes purlfled fron rabblÈ elceletal nuecle. Trne
cou.rse of phosphoryraee kfnaee uolng elther the purlfled
r¿hlre 'ouscle laozyme (A) or the red muecle 100zyne (B) fron
rabbl È skele tar nusc re. The reacÈ10n rnedlê contafned 2 5mM

p-slrcerophosphate, 25rnH Trls-¡lcl (pH 7"0), lmM Ly_32 pJÉtrp,
5mH MgAc, 4 m8/ml phosphorylaee b, l5uM 2-r¡ercaptoeÈhano1
and 1n the presence of elther 2mM EGTA ( a )r 0.lnM calclun
( a ), 0.lnl,f calclum plus lnM calmodulln ( @ ) or 0.1¡nH
calclum plus l0nlt calmodulln ( o ).

F1g l0

@

Ð
A

Ef fect of exogenous calnodulln on phoephorylaee

o

l0 20

TfMf {min.}

A

I

30
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The rabbit skeletal muscle contains very litt1e red

muscle. In order to further study the differences between

these ísozymes, we have purified the red muscfe isozyme from

bovine skeletal muscle instead (for details, see 'Methods').

A typical elution profile of the calmodulin-Sepharose 4B

affinity column is shown in Fig. 11. Peak B contains most of

bovine red muscle isozyme whereas peak C contaj-ns the whi-te

muscle isozyme and other calmodulin-binding proteins from

bovine skeletal muscle. The bovine red muscle isozyme

purified by this method is greatly enriched but a trace

amount of bovine white muscle isozyme still exists (Tam et

aI. ,1 982) .

4.6.1 Comparison

The subunit structures of bovine j-sozymes \^7ere examined

by SDS-ge1 elect rophores is. Tt revealed that both bovine

isozymes contain three types of subunits; d, or ot', p and Y

(Fig,12, lanes C and D). The only difference in terms of

electrophoretic mobility is that bovine red isozyme contains

the ol' subunit while the bovíne white muscle isozyme contains

the of subunit. A similar result r¡ras obtained r¡hen rabbit

isozymes are compared (Fig " I2 lanes E and F).

of bovine and rabbit muscle r-sozymes
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with

0.2m NaCt

I

{

Iroo bovlne skeletel rouecle 'oy 'th" calnodulla-sepharoee 4B

¡rl'f1n1ty column chror¡atogrsphy. sample r{aB fraclÍ,onaÈed on

¿r caluodulln-sepharose 4B afffnl Èy colunn. Eluents wetre

:,si sayed for proteln concentrstl0ne ( o ). Arrosro 1r¡d1caÈc

change s of elutlon buffer.

Fls. I I SeparaÈ1on of phoophorylaae kinaee iaozymea
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Flg .12 SDS-gel- elecÈrophoresls of rabblt and bovlne

skeletal muscle phosphorylase klnase lsozyrnes. Lane A, a

mixture of red muscle Ísozymes from rabbit and bovine

skeleÈal nuscle; lane B, a mixture of white muscl-e lsozymes

from rabbit and boyíne skeletal muscle; lane C, Bovine red

muscle lsozyme; lane D, bovÍne whlte muscle lsozyme; lane E,

rabblt red muscle lsozyme; lane F, .gabblt whlte muscle

isozyme.
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In order to test Ëhat the same isozymes forrns from different

animals are identical, a mixture of red muscle isozymes and

a mixture of white muscle isozymes from bovine and rabbit

skeletal muscle vrere anaLyzed by sDS-ge1 electrophoresis

(Fig.12, lanes A and B respectively). The result suggests

that the bovine phosphorylase kinase isozymes are identical

to the respective rabbit skeletal muscle isozymes. Hence

the comparison between rabbit and bovine phosphorylase

kinase isozynes would contrast the two isozymes types rather

than enzymes of different animal origins.

4.6.2 Stoichiometry of bovine red muscle isozyme

rt is known that phosphorylase kinase purified from

rabbit muscle according to the method of cohen (1973)

contains mostly white muscle isozyme. The stoichiometry of

this isozyme has been determined. The molar ratio of o(: p:f

is I :1 :1 (Cohen, 1973) . The stoichiometry of bovine red

muscle isozyrne purified according to the above procedure \¡ras

determined. The enzyme vras analyzed by means of sDS-ge1

elect rophores is according to the method described by

Hayakawa et a1. (1973) ar 4mA/ge1 for I hours. After

staining and des taining, the ge1 r¡/as scanned at 620nrn

(rie.13).
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F1g. r 3 Deneltometrlc trsctnB of the bovlns red nuecle
lsozyme after SDS-ge1 elecÈrophoredle. (A) The gel Has run
ar 4nA/ger for Bh. (B) The g@l wa8 run ,,r 4nA/ge1 for 22h,

o

Q,

lJ

B



3 i:3 
i 

.. >
i 

i 
"9

O
 

¡r 
r-l

È
 

o 
d 

¡J € 
: 

É
 

Ë
 

; 
: 

I 
r. 

r+
 H

 
+

r 
3 

E
 

.3 
" 

: 
Ë

 
:,r 

j
$r>

o,i-oÊ
aJad..1[o..rt.r]r.rlÊ

E
(úd>

,
qrtn>

oÉ
3Jct-]Ê

E
iS

qror-r..of.t'
.cØ

eø
B

'e-;.i-'jrr.ÍÀ
Ë

co
lrØ

u)slØ
lJ€x;:€gÊ

qcro.fo.ãã.3

^ E
 ! 

: 
Ê

' : 
.3 : 

fl ." 
fl : 

5 ä 
I 

I 
r 

o
-: - 

tr Ë
 ": 

'ä . 
-?s 

i 
b.o 

õ o¡: 
j 

i 
3 '; 

I: 
I 

ä
ï 

-3 
: 

: 
e .: 

i 
H

 ; 
Ë

 á 
i 

r * 
" 

ï 
É

 ¡, 
'o ;: : 

? {
.ì ., . c, 

t 
: 

3'! 
" 

ä v .s ..; .s H
 i 

! ã Ë
 ã E

 i 
- 

P
'

oc:íjl-6r"8*r;îÞ
É

J'x¡'úÉ
.cr

I 
õ 

o 
c 

! 
¡: 

co "S
 

f 
å 

r{ 
o 

cd ¡¡ 
F

r 
õ 

È
 

e 
- 

(J

fl Ë
 q ¡: 

Í 
":,J.g 

s Ë
 ¡r i:, 

i 
i 

* 
+

r: 
- f 

å;
r{ 

\o i: 
Ë

 i:: 
E

 
å E

 ç': 
l.c 

å u ¡ 
";5 

I 
¿

F
-t 

îJ..c\¡9-{JÊ
Q

õ.úL'N
IJd.:.o.¡J

c.r 
or 

o 
-$ 

N
 

ao- 
É

 
- 

E
 

; 
É

 
; 

o 
.l 

Ê
 

o 
o'1 

*- 
o 

"ú
Ë

 Ë
 å :,. 

*, 
i 

i 
g 

.i - ä f 
H

 i 
Ë

'F
r Ë

 E
 Ë

 ; 
S

 i 
i

rJ 
É

 
d 

.o 
E

 
f 

B
 

p 
$ 

o 
o 

É
 

c-l 
õ,.'¡ 

.rJ 
-l 

I 
õ 

t 
I 

ø
ãi.qq-r¡Ë

rØ
Ø

Ø
Þ

.c¡.In,õ.F
r':'l'rr;.i;,gor

ã 3 
¡ 

i 
- 

* 
õ'3oq4 

Ë
, 

-3 åt:.Í 
i 

I 
u, 

f, 
Ë

 " 
5

fl 
.3 

T
 

. 
l 

d 
á 

" 
T

 
o 

.il'^ 
r... .rl 

l 
o 

¡ 
* 

: 
oJ qj 

v) 
l¿

g q 3':1 . 
õ " 

ã',1 
i: 

r 
3 ; 

ä " 
:: 

ã ñ p ; 
Ë

.3
- 

g 
- 

ä 
fl 

- 
o'\ 

: 
or 

o 
¿

J ; 
-. 

*\,o 
ü 

6 
t. 

rr 
þ 

cr
.- Þ

 . 
ì: õ r 

* 
Ë

 €; 
ü õ: 

j-g.o 
5 

ì 
-.* 

" 
i 

E
.ä

o*
Ë'! 

- 
f 

i 
q 

ä 
J'E

 
3 

; 
¡ 

ñ 
e 

j 
F

 
q 

F
 

I 
I 

$

Ë
 i 

5 Ë
¡i .s::;; 

:: 
â ä i Ë

; I i 
Ë

+
 ! g l3;

so-ç Ë
 : +

 | 
'. I r i 

I È
 i Ë

 ;: 
5 :.: 

f; i [: 
::

\ 
o 

Ð
 

: 
o 

¡.r 
r-l 

s 
-,Ë

 
;..: 

J 
cr 

.rr 
ï 

; 
Þ

. 
: 

e 
T

o

E
 !: 

¡r -: 
î 

¡ 
; 

3 
- 

e Ë
 3 ¡ 

i 
€ È

 qr i 
Ë

 | 
á ; 

i
d,. 

: 
ü i 

s s i 
g j 

i 
5 : 

_ ã Ë
 B

 ; 
õ I ; 

E
 cr,. 

Ë
O

J 
C

Q
-

:, Ë
 +

 E
 ã '. - 

?, 
I 

;,i, 
R

 :, 
.i ? 3 : 

¡ 
ã ã : 

q-r 
ã

?5 5i 
rÈ

,.t 
ö ü:iE

 
i3€Ë

 
I 

ö': 
ã: 

n,d 
g o:

o)vcltraJÉ
câ-.Ë

È
É

A
6o.rrotigä":7,

u 
o 

t{ 
o 

.¡J 
) 

Lr 
a 

=
) À

 
+

r 
â 

E
 

o 
ö 

õ 
Ë

 
i 

i,O
 

* 
3, 

I
Ë

0JlrÊ
¡¡r.o.oo,ofio;Ø

cJÊ
+

.¡oo.úF
_lr{

'rl 
! 

q-r 
O

 
X

 
A

J 
Þ

 
É

 
É

,C
 

i 
O

 
r{ 

.o 
O

,É
 

.F
l 

C
J 

Þ
\ 

E
 

9 
q+

 
qJ 

O
 

O
v) 

.o 
o 

u 
cJ 

p 
Ø

 
.Ú

 
o 

Ê
. 

Ø
 

o 
d 

u 
a. 

.¡r 
cn'o 

€ 
È

 
E

 
o 

r.{ 
Ë

 
É



B1

kinase was not de termined , the enzyme T,¡as f ound to e1u te

from sepharos e 4B column at the same elution volume as

rabbit muscle phosphorylase kinase. Thus, it may be assumed

that the two isozymes have s irnilar molecular r¡/eight of about

1.35 million. Based on this value and the molecular weights

of d', P, Y and 6 which are 133,000 , L28,000 , 45,000 , and

17 r000 respectively, the subunit structure of the red muscle

phosphorylase kinase appears to be ( r('pf.S ¡ , .

4.6.3

An earrier observation showed that the red muscle isozyme

from rabbit skeletal muscle does not respond to calmodulin

stimulation (Fig.10). we confirmed Ëhis observation using

the bovine red muscle isozyme. The effect of exogenous

calmodulín on bovine red muscle isozyme and rabbit white

muscle isozyme vras examined (nig. i4). The rabbit \^¡hite

muscle i-sozyme is stimulated by calmodulin over the ent.ire

pH range tes ted : 6 . B to 8.2 ( Fig. 1 4A) .

Stimulation of phosphorylase kinase by calurodulin
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alone ( ô ).

l5mM 2-mercspÈoethánoL, 4ng/nt



83

The extent of stimulation appears greatest at pH 7.5. 0n the

other hand, bovine red muscle isozyme is inert to exogenous

calmodulin over the same pH range (Fig.14B). rt is also

noted from Fig.14B that the bovine red muscle phosphorylase

kinase exhibits a pH activity profile r^¡hich is

characteristic of the nonactivated rabbit muscle enzyme. The

enzyme is essentially inactive at neutral and acidic pHs but

shows marked increase in activity as pH is raised above 7.0.

4.6.4 Actívatíon by cAMP-dependent protein kinase

In one previous study, it was obs erved that the

correlatíon between the activation and phosphorylaton of

rabbit muscle phosphorylase kinase depended on the

concentration of magnesium i; the cAMp-dependent protein

kinase-cataLyzed reaction (Singtr and trnlang, I97l). Their

preparaLion contained a mixture of white and red muscle

isoz yme s in which the forme r

s i-rni1a r obs erva t ion has been

white muscle phosphorylase kinase ísozyme. Figure I 5 shows

that , ât 1ow concent rat ion of magnes ium, 2 mM ( nig. I 5A) ,

protein kinase cataryzed the rapid incorporati-on of one mole

of phosphate per monomer of phosphorylase kinase fo11or,¡ed by

a s1o\^/er incorporation of another phosphate. The enzyme

activation appeared to

the first phosphate.

\¡ras the predominant form. A

made using purified rabbit

correlate with the incorporation of
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After the phosphorylation reaction, the pH 6.8/9.2 activity

ratÍo \^/as changed f rom 0,04 to 0.42. rn contrast, ât high

concentration of magnesium, l0mI4 (rig. t5B), both activation

and phosphorylation of the enzyme appeared to proceed in tvro

phases. An initial phase of rapid enzyme activation

correlated with the incorporation of one to tr¡/o moles of

phosphate per phosphorylase kinase monomer, then, a second

phase of gradual increases in both protein phosphorylation

and enzyme activation. The pH 6.8/8.2 activity ratio vras

shifted from 0.02 to 0.45. These observations are similar

to those of previous studies using the rabbit enzyme

containing both isozymes ( Singtr and I^lang, l gjl) . In

addition, the examination of phosphorylation of the subunits

during the course of the reaction indicated that the

actívation of phosphorylase kinase at 1ow concentration of

magnesium ( 2mM) is correlated with the phosphorylation of

the p subunit and at high concentration of magnesium (IOmM),

the initía1 rapid enzyme activation and the later slow

enzyme activation may be correlated with P and d subunit

phosphorylations respectively (results not shown).

The bovi-ne red skeletal muscle phosphorylase kinase

appears similar to the rabbit muscle enzyme in having a 1ow

pH 6.8 to 8.2 acri-vity ratio of 0.01 and being markedry

activated in the cAl'lp-dependent protein kinase cataLyzed.

reacrion (FiC.16).
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The pH 6.8 t0 8.2 activity ratio became 0.59 after

phosphorylation. The relationship between the activation and

phosphorylation of phosphorylase kinase has been further

examined by following their time courses in the protein

kinase-catal-yzed reaction at two different concentrations of

magnesium: 2 and 10mM. Figure I6 shorvs that the correlation

of the act ivation and phosphorylation of bovine red skeletal

muscle phosphorylase kinase do not appear to be

significantly dependent upon the concentration of magnesium

in the protein kinase cataLyzed reaction. rn both 2 and 10mlf

magnesium, the phosphorylatíon and activation of the

phosphorylase kinase isozyme proceeded in trùo phases, a

rapÍd firs t phase Ínvolves the incorporation of 1 to 2

phosphate per phosphorylase kirru"u morromer and a second

phase involves gradual and continuous phosphorylation.

Quantitatively, however, both the enzyme activation and the

protein phosphorylation r¡rere slightly slower at 1or¡rer

concentrations of magnesium (Fig. l6B vs l6A).

4.6.s

To test the relationship between the enzyme activation

and protein phosphorylation, bovine red skeletal muscle

phosphorylase kinase v¡as phosphorylated in the

cAMP-dependent protein kinase-ca taryzed reaction. The

subuni-ts of the phosphorylated enzyme \^/ere then separated

and their radioact ivi ty content measured. similar to that

Subunit phosphorylation and enzyme activation
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observed for the rabbit muscle phosphorylase kinase, only

the c,{.' and p subunits of the bovine red muscle isozyme r,rere

phosphorylated. Figure 17 shorvs the subunit phosphorylation

patterns of the bovine red muscle isozyme catalyzed by

protein kinase at 2 (F ig.17A and C) or 1OmM magnesium

(nig. fZn and D). It may be seen that essentially all the

incorporated phosphate is associated with the d,' and €

subunits (Fig .17 A and B) . The high radioacr iviry at the

bottom of the gel r¡/as due to the contamination of free ATp

. l^lhen SDS-ge1s \,rere run f or longer time s (22 hours ) to

affect a better separation of d.' and F subunits, the

radioactivities associated with the { subunit could be seen

much higher than thos e r./Í th the p subunit.

The time course of the subunit phosphorylation of the

bovine red muscle phosphorylase kinase was examined and the

result for the phosphorylation reaction at 1OmM magnesium is

shown in Fig.1B. As can be seen, Lhe phosphorylation of d.'.

and p subunits followed different time courses. Subunit P

\,ras phosphorylated very rapidly to reach the incorporation

of 0.8 mole phosphate per subunit in about 5 min. LÍtt1e

additional phosphorylation of this subunit vras observed over

the next hour of incubaEion. In contras t, subunÍ-t d: r¡ras

phosphorylated rapidly to incorporate one mole of phosphate

per subunit after 8 min incubation and this phosphorylation

\^/as followed by further gradual phosphorylation over the

next 7O minutes of the reaction.
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of bovlne red muecle phoephorylase klnage leosyne. Red
musc le phoophorylaee klnase (0.23ng/u¡.) wae phoophorylated
by 0.3 unlt/ul of catslycl,c eubunit under agandard
condl tlone 1rr 2rnM ¡nagneslum (¿ and C) and l0mH magneelur¡ (f
and D) ' for g0 n1n' After phoephorylatl0n¡ âfi allquot of the
eample nas subJectecl co sDS-gel eleetrophoresis aB descrlbed
under "Meehode,'for gh (A and B) and Z2h (C and D). The gele
Lre re eubs eq uently ellced lnto lmn segnenÈs and the
radl oact 1v1 ty wes counted.

Flg.l7 DfetrlbuÈion of radloactlvlty lnÈo Ehe subunLte
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I'ov1ne red mt¡eere phosphoryrase klnase lsozyme w1 th enzyae
itctlvatlon. Red musere phoephoryrase klnase (0.z3mg/ml) waa
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trrlhen the time cours" o{ the enzyme activation and tho

of the subunit phosphorylation are compared, it seems th

the initial rapid enzyme activation may be correlated rvi

the initial rapÍd phosphorylation of either d.' or

subunits, or,

both phosphates. The slower additional enzyme activation

afterwards appears to be correlated with the slower

phosphorylatíon of the { subunit on1y.

The time courses of the enzyme activation and the

phosphorylation in the protein kinase catalyzed reaction in

medi-um corrtaining 1ow concentration of magnesium, 2mM, vTere

found to be virtually identical í. those of high

concentraLions of magnesium, 1OmM. rt j-s noted that the

enzyme activation, protein phosphorylation as well as the

subunits phosphorylation of bovine red muscle phosphorylase

kinase in medj-a containing either 2 or lomM magnesium are

simi-1ar to those of the rabbi t white muscle phosphorylase

kinase in rnedia of high concentration of magnesium.

it may be related to the incorporation

9r

SC

at

rh

F

of

4 "6.6
The activation of bovine red muscle i.sozyme associated

with autophosphorylation Ìáras examined in Tes buffer at pH

7 .5 " Figure l9 shows that the phosphorylation reaction

proceeded in two phases. A rap id incorporation of phosphates

initially and a slor^/er second phase. The enzyme activation

appears to correlate with the phosphorylation reaction ín

Autophosphorylation of bovine pho sphorylas e lcinas e
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having a rapid first phase and a slower second phase. The pH

6.8/8.2 activity ratio changed from 0.06 in the nonactivated

state to 0.95 at the end of the phosphorylation reactíon.

rn terms of subunit phosphoryÌaÈion, it Ìras observed that

the P subunit vras phosphorylated to a maximum of I mole of

phosphate per subunit with 1itt1e or no further

phosphorylation. rn contrast, the phosphorylation of the {

subunit proceeded in t$ro phases, a rapid first phase and. a

slower second phase (Fig.19B). Hence, the initÍal rapid

increase in enzyme act ivi Ey

phosphorylation of ¿' andf or F subunit. The second phase of

enz yme

phosphorylation of d" subunit on1y. virtually Ídentical

result was observed with purified rabbit white muscle

activaËion. clearly

r_sozyme

autophosphorylation of white rabbit muscle isozyme Ìras

inhibited by É-erycerophosphare buffer while rhe inhibitory

effect \^ras much less when bovine red muscle isozyme \,ras used

( Fig .20 ) . The s ignif icance of this obs erva t ion is nor clear

at the p res ent .

(data not

is related to the

correlates

shown ) . In addi tion,

¡vith the

the
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Calcium is cons j-dered as another important intracellular

second messenger besides cyclic nucleot ides. The molecular

mechani-sms by which calcium exerts some of the diverse

physiological effects will not be knor,rn until r¡/e have a

better understanding on the functional roles of calmodulin.

calmodulin is now cons idered as a general and universal

Chapter V

DISCUSSION

calcium-mediating protein (for reviews, see cheung, L979;

tr'jang and waisman, 1979; Means and Dedman, l9B0; Klee et a1.,

1980). This protein is ubiquirously distributed and

possesses multiple calcium-dependent regulatory activities.

rt does not display any tissue and species specificity

(cheung, r97r). calmodulin purified from differenr sources

has almost identical structure and biological activities.

Although calmodulin lacks tissue specificity, individual

tissues respond to the calcium-s ignal dÍfferently. rt is

1ike1y that the different responses may be governed by the

different calmodulin-regulated enzymes in each tÍssue.

rt is known that calcium plays an important role in terms

of regulating muscle contraction and metabolism. calmodulin

is present in skeletal muscle. However, not a1r the effects

of calcium are medj-ated by calmodulin. The study described

95
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herein has examined the funct ional role of calmo dul in in

rabbit skeletal muscle by isolating the calmodulin-binding

proteins. Subsequently, these calmodulin-bindíng proteins

were tested for enzyme activities although some of the

calmodulin- binding proteins from oËher sources do not have

any detectable enzyme activities ( Strarma et a1., 197B;

Sobue et al., 1981).

Many studies have been done regarding the identification

of

LaPorte and Storm (I978) and Grand and Perry (I979) have
t rqultiLízed [ ] labelled calmodulin to study rhe

calmodulÍn-binding proteins Ín bovine heart and rabbit

calmodulin-binding proteins

tissues respectively. The advantages of this radioactive

labe11ing technique i-s that it can provide a better

reflection on the number of calmodulin-binding proteins in a

particular

informatÍon

and regulatory properties " In contrast, many investigaLors

have used calmodulin-Sepharos e 48 affinity column

chromatography to isolate the calmodulin-binding proteins

due to the revers íb1e interaction between calmodulin and

calmodulin-binding proteins ( f or reviews, see i,iang and

tr/aisman, 1979; Klee et al., 1980). This method may not be

able to detect minor calmodulín- binding proteins but the

major proteins can be isolated in amounts suitable for

characterization. As a result, the latter method was used in

tissue. However, it

on these proteins in

from various tissues.

cannot provide further

terms of their catalytic
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from rabbit

With this
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s tudy to prepare calmodulin-binding proteins

skeletal muscle.

binding proteins $rere isolated. One

identif ied as phosphorylase kinase, the oËher t\,ro r^rere

identified as myosí-n light chain kinases of molecular \¡reight

90'000 and 60,000 respectively. Nevertheless, it is

possible that additional calmodulin-binding proÈeins could

exist in rabbit skeletal muscle which úrere not detected by

our preparation method. During the preparation, there vras a

continual loss of calmodulin-bínding activity from orÌe step

to another, this loss of actívity could due to the exclusj-on

of certain types of calmodulin-binding proteins. For

example, if some of the calmodulin-binding proteins have a

1ow affinity for the calmodulin, they may not behave as good

inhibitors for the phosphodiesterase. under this

circums tance, w€ may not be able to detect these proteÍns

because our assay for calmodulin-binding proteins was based

on the competition between the ealmodulin-bínding proteins

and phosphodiesterase fo.r the calcium-calmodulin complex.

rt was also possible that some of the calmodulin- binding

prot eins r¡/ere not recovered f rom the column completely.

They might remain bound to the column such as the

DEAE-ce11u1ose and calmodulin-affinity column. As a result,

they \¡rere not detected as calmodulin-binding proteins in

skeletal muscle. Alternatively, the loss of calmodulin-

purif ication procedure, three maj or calmodulin-

of these proteins tvas
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binding activities could be explained by the denaturnation

of the calmodulin-binding proteins. There \^/as a loss of

abou t 50"/" of the calmodulin-bÍnding acti-vities f rom the

calmodulin-affinity column to the Sephadex G-200 column.

This loss of acLivity could not be explained by the

exclusion of some calmodulin-binding proteins. It \¡ras

because all the peptide bands in the sample purified from

the calmodulin-affini ty column could be accounted for in the

peak-I, II and III proteins. Therefore, Ëhis loss of

acitvity r{as most like1y due to the denaturnation of

calmodulin-binding proteins. Fina1ly, our result suggested

that the major cytosolic calmodulin-bínding proteins are

phosphorylase kinase and myosin light chain kinases by using

this prepara tion me thods .

additíona1 calmodulin-binding proteins which escaped our

detection is possible.

The major calmodulin-binding proteins prepared by this

method are protein kinases. Therefore the specific function

of calmodulin in skeletal muscle appears to be the

regulation of calcium-dependeni protein phosphorylation.

These results further suggest that the funct ional role of

calmodulin is tissue specific and the specificity is

governed by the particular calmodulin- regulated proteins in

However, the existence of

the tissue. In order to confirm this hypothesis,

calmodulin-binding profeins from several bovine tissues

including kidney, frusc1e, heart and liver r^/ere prepared.
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These calmodulin-binding proteins were prepared by using a

calmodulin-sepharose 4B affinity column too. once these
proteins r^/ere prepared, they \¡/ere compared in terms of
electrophoret j.c mobilÍty in the presence of sDS. The resul-t
(Fig.7) indicated that the calmodulin-binding proreins

prepared from different tissues are indeed. different. we

further examined this hypothesis by comparing the enzyme

activity profiles using samples from bovine liver and

muscle. The results (tab1e 2) also verify the hypothesis.

Thus it is 1ike1y that tissue-specific function of
calmodulin is determined mainly by the unique distribution

of calmodulin- regulate d enzymes.

The myosin light chain kinase purified from rabbít

skeletal muscle exists in high molecular v/eight (90,000

daltons) and 1ow molecular \¡reight (60r000 daltons) forms.
Except for molecular sizes, these two forms of MLCK are very

similar in terms of catalytic properties, calcium and

calmodulin dependence and inhibitory activity towards
calmodulin-dependent phosphodies terase. rt is 1ike1y that
the 'l ov¡ mol ecular \.veight MLCK is a proteolytic derivative

of the native MLCK. The reason for this suggestion is
based on the observation that the yield of these t\^/o enzyme

forms varies from preparation to prepaïation. hlhen a mÍxture

of protease inhibitors \^/as included in the buffers used for
preparation, the yield of the 60,000 daltons ¡fLCK vras

remarkedly reduced with an increase in the 90r000 daltons
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MLCK. No MLCK of molecular T¡leight higher than 90 r 000 dalrons

\^ras observed. This observation suggests that the 90ro0o

daltons l"l]-CK is the native form of MLCK in skeletal muscle.

MLCK of similar molecula'r size \¡ras also purified from

skeletal muscle by pj-res and perry (rgll), yazatta and yagi

( 1978), Nairn and perry , (rg7g) and crouch er a1. ( 19Bi ). rn

contrast, Guerriers Jr. et a1. ( t9B1) used a specific

antibody prepared agai-nst chicken gizzarð, MLCK to detect

MLcK from different chicken tissues including brain, heart,

skeletal muscle and gizzard. They reported that MLCK from

all types of muscle as well as nonmuscle tissues are of the

same molecular T¡Teight of 130r000 daltons. Their resul_ts

sugges t that the M.I,I. of native MLCK ís of 130,000 daltons

regardless of the origins of the enzymes. Nevertheless,

there are some doubts about their suggestion. rt is known

that MLCK is present in skeletal muscle in considerable

amount. However, the amount of skeletal muscle MLCK that

could be derected by this antíbody \^ras very l_itt1e when

compared to other tissues. since this antibody rÁras raised

against smooth muscle MLCK, it is 1ike1y that the antibody

is recognizíng an antigenic site which exists only in smooth

muscle MLCK. Thus ín skeletal muscle, the MLcK detected by

this antibody could be from the trace amount of

contaminating smooth muscle. Due to the controversy, more

studies are required to resolve the molecula r size of the

native MLCK from various sources.
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MLCK isolated from skeletal r cârdiac, smooth muscle and

nonmuscle tissues are highly specific r¡ith regard to

substrate specificity. The studies so far indicated this

enzyme can phosphorylate myosin or myosin light chains only.

However, it is pos sible that MLCK may cataryze the

phosphorylation of additional proteins which have not been

identified yet. Phosphorylati-on of myosin and myosin light

chains shows an absolute requirement for calcium and

calmodulin. calmodulin is very potent in its activation of

MLCK. Half maximal activation of the enzyme requíres only

1-2nM of calmodulin at 0.1mM c^2*. Blumenthal and stu11
( 1980) demonsrrated rhat acrivation of MLCK depended on the

binding of all four calcium ions to calmodulin. Thus the

act j-vation of l"lT-CK is highly cooperative. This is also

confirmed by our result (rig.9). The range of calcium

concentration effectÍve in enzyme activation is highly

dependent on the free calmodulin concentration. At high

concentration of calcium, less calmodulin vras needed to

achieve the same amount of activation. conversely, when the

concentration of calcium vras 1ow, higher âmounL of

calmodulin was needed to activate the enzyme (¡'lg. 9).

The physiological function of phosphorylation of myosin

light chains in smooth muscle and nonmuscle tissues is well

established (Hartshorne and persechini, 1 980; Adels tein et
a1 - , 1980). Phosphorylation and dephosphorylation of myosin

are the means by which contraction and relaxation of smooth
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muscle is regulated by calcium. phosphorylatÍon of the
myosin by r,llCK resulted in activation of actin_activated
myosin ATpase and fo1l0wed by muscle contraction.
conversely, dephosphorylation resulted in relaxation.
Horvever, the role of myosin phosphorylation in sker_etal
muscle remains largely obscure. phosphorylation of the
skeletal muscle myosin has no effect on the actin- activated
myosin ATpase activity. However, in situ studies by Barany
et al. (1980) and Srul1 et a1. (I980) shorved rhar
phosphorylation of myosin light chains correlated with the
stimulation of the muscle. Barany et a1. (rgB0) has
suggested that the function of the phosphorylatÍ9n may be to
increase the actin-myosin affinity by the formation of a

salt-bridge betr,¡een the phosphoryl group on myos in and the
actin-bound calcium on the thin firament. such an increased
affinity would lead to an increased rate of combination of
myosin crossbridges with the actin filament. Nevertheless,
the physiological funct ion of skeretal muscle myosin
phosphorylation remain to be determined.

MLCK remains to be an interes ting enzyme. The reported
M'l'I' ranged from 30'000 to 130,000 dalLons depending on the
sources and isolating methods. Although the molecula r size
differs dramatically,

calcium-calmodulin dependence and a rather res tricted
substrate specificity. This observation implies that the
30,000 daltons MLCK already consists of the active site and

afl the MLCKs show similar
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the calmodulin-binding site. rf this assumption is correct,

it will be interesting to examine the functions of the rest

of the polypeptide. rt is possible thar MLCKs of differenr

molecular sizes indeed have different regulatory and/or

catalytic properties. These properties can be modified by

proteolytic digestion. consequently, a MLCK with certain

regulatory and/or catalytic properties is formed from the

native MLCK to suit the particular needs of the tissue.

until more studies have been done, our understanding on MLCK

is very limited.

Phosphorylase kinase is another major calmodulin-binding

protein in skeletal muscle. Thís enzyme has been purified in

t\^ro dif f erent laboratories ( cohen, 1 97 3; Hayakawa et.

a1. , I g7 3). In these preparations, both the white and red

muscle i-sozymes exist but the former is the predominant

form. Detailed examination of t.he phosphorylase kinase

purified from the calmodulin-Sepharose 48 af.fínity column

revealed that the red muscle isozyme was missing. Subsequent

studies showed that the phosphorylase kinase isozymes from

Lhe whi t e

calmodulin-sepharose 48 affinity column differently. Ar high

concentration of calcium (z mM), both isozymes interact with

the af f inity column. As the concentrat ion of calcium r^/as

lowered to 0.2 mM, the red muscle isozyme \^/as eluted f rom

the column but the white muscle isozyme \^/as not. rt is

possible that at high concentration of calcium, the

and r ed muscles interact wi th the
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confromation of both isozymes is the same such that they

both interact with the calmodulin-sepharos e 4B affini ty
column. At lorv calcium concentratÍon, the conformation of

the red muscle isozyme is changed so that it cannot interact

with the affinity column. The si-gnificance of this possible

conformational changes with respect to calcium concentration

is not known.

trIe then examined the effect of exogenous calmodulin on

rhese rabbir isozynes. The resulr (Fíg.10) showed that only

white muscle isozyme can be stimulated by calmodulin whereas

the red muscle isozyme does not respond to calmodulin. Red

muscle phosphorylase kinase \^ras not stimulated by calmodulin

even in high calcium concentration ( z mM ). However, the

lack of stimulation of enzyme activity by exogenous

calmodulin may not be due to lack of interaction beËween

these proteins. rn fact, calmodulin may stí11 bind to the

red muscle isozyme in high calcium concentration but the

enzyme activity is not stimulated because of some constrain

imposed on the enzyme. Hence more studies are required in

order to understand the mechanism better. The difference in
the response to exogenous calmodulin may reflect the

different physiological and metabolÍc needs of the muscle

types. The white muscle contracts rapidly and is expected to

show a fast response to stirnuli. Thus the activation of

white muscle phosphorylase kinase by exogenous calmodulin

may be designed specifically for effici_ent response to

sudden increases of intracellular calcíum concentration.
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Phosphorylase kinase is known to be regulated. by covalent

modification. The best characterized. modification is
phosphorylation of Èhe enzyme cataLyzed, by cAMp-dependent

protein kinase and autocatalytic reaction. Thus \,¡e compared

the red and white muscle phosphorylase kinase isozymes i-n

terms of regulation by these tr^ro mechanisms. Since rabbit

skeletal muscle contai-ns very 1itt1e red. muscle r w€ isolated
the red muscle phosphorylase kinase i-s ozyme from bovine

skeretal muscle by a s imilar procedure ( Tam et al. , rgg2) .

rniËia1 characterj-zation of the bovine red musc.l_e

phosphorylase kinase indicated the enzyme also contains four
types of subunits, d', P, 

y and 6. The stoichiornetry of this
enzyme \^ras determined to be ( ot,PY6) 4 Since the two

isozymes are isolated from tero different animal species,

direct comparision of these tr^ro isozymes may not be

appropriate. The differences observed. may arise from
species specificity rather Ëhan isozyme types. Analysis of
the electrophoretic mobility of all the ísozymes from both
rabbit and bovi-ne skeletal muscles revealed that isozymes

from the same muscle type are identical in terms of
electrophoretic pattern regardless of the animal origin.

Thus direct comparision of bovine red muscle and rabbit

white muscle phosphorylase kinase isozymes would contrast

the two isozyme types rather than the enzymes of different

animal origins. Recenrly, cooper et ar. ( t980, l9B1 ) have

also purified the phosphorylase kÍnase from cardiac muscle.
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This enzyme is very similar to the bovine red mus.cle isozyme

in terms of subunit structure. unlike the bovine red muscle

isozyme, this cardiac enzyme has a high pH 6.g/ 8.2 activity

ratio. The high enzyme activity ratio r¡/as not because of the

activation of the enzyme. Treating the card.iac enzyme rrrith
phosphatase did not lower the enzyme activity ratio. The

reason for this is not known. rt is possible that the
difference bet\^/een these two red muscle isozymes are

intrins ic - Alternatively, this could be explained by the
different purification me thods used.

The activation and phosphorylation of rabbit muscle

phosphorylase kinase by the protein kinase and phosphorylase

kinase itself have been characterized extensively using
enzyme preparations from rabbiis ( for reviews, see Krebs and

Beavo, r9791 carlson et a1., 1990). The present study shows

that the activation and phosphorylation of the bovine red

muscle phosphorylase kinase by both mechanisms have simil-ar
general characteristics as those of the rabbit white muscle

isozyme. The conversion of the enzyme from its nonactivated

form is accompanied by an increase in the pH 6. g to 8.2
activity ratio, from 0.02-0.06 ro about 0.42-0"5g and 0"95

i-n the protein ki.nase cataryzed reaction and autocatalytic

reaction respectively. The protein phosphorylation occurs

exclusively on the trío larger subunits; cL' and p units.

There are, horvever, subtle differences in the patterns of
the enzyme activation and subunit phosphorylation of the t\,/o
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muscle isozymes of phosphorylase kinase. unlike those of

rabbi t white

phosphorylation of the bovine red muscle phosphorylase

kinâse are not significantly affected by the concentration

of magnesium in Ëhe protein kinase cataLyzed. reaction. rn

either 2rnM or lOnM magnesium, the time course of the

activation of the red muscle isozyme consists of an inítia1

rapid phase follorved by a sLow and gradual further increase

in the enzyme activity. Analysis of the subunit

phosphorylation indicates that both d.' and F subunits are

phosphorylated to about one phosphate per subunit during the

rapid activation phase. The slow activation phase is

accompanied by the phosphorylation of the 
^' 

subunit on1y.

Thus, the 
.activation 

of the bovine red muscle isozyme

appears to be associated with the phosphorylaËion of both o(,

and p subunit. rn contrast, the activation of rabbit white

muscle phosphorylase kinase has been suggested to be

associated with the phosphorylation of a specific site on

the p subunit at 1ow concentration of magnes ium ( cohen,

7973) and r¿ith the phosphorylation of both ot and p subunits

at high concentrations of magnesium ( singn and trniang , rgTl) .

The significance of the small differences in the activation

and phosphorylation of the t\^/o muscle isozymes is not clear

at present. rn addition, the autophosphorylation of rabbit

muscle isozyme is greatly inhibired by É-grycerophosphate
buffer. The degree of inhibition is much less when bovine

mu sc 1e isoz yme , the activation and
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red muscle ísozyme is used (Fig.20). The significance of

this is not known yet.

rn conclusion, the present study has identified that the

major calmodulin-regulated enzymes in rabbit skeletal muscle

are phosphorylase kinase and myosin light chain kinase.

Hence the major functional role of calmodulin in this ti-ssue

Ís to regulate protein phosphorylation. The purification

procedure used in this study is able to purify these tT¡¡o

kinases together. The functional role of MLCK in smooth

muscle is to regulate its contraction but its function in

skeletal and cardiac muscle is not clear yet. The

phosphorylase kinase purified wit.h this procedure is

originating from white muscle on1y. The red muscle

phosphorylase kinase shows differential interaction. with

calmodulin-sepharose 4B affinity column. subsequent studies

reveal that only the white muscle isozyme can be stimulated

by exogenous calmodulin. The red muscle isozyme is inert to
calmodulin stimulation. when the two isozymes were compared

ín Ëerms of regulation by phosphorylation reactions, subtle
differences rrere observed. The significance of Ëhese

differences ís nor known because of the complex structure of

the enzyme. Further studíes are required to provide a

better understanding of the regulation of phosphoryrase

kinase activity by phosphorylation reactions.
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