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INTRODUCTION 

A. Statement of the Problem 

The biochemical mechanisms of contraction-relaxation in 

smooth muscle involve multiple cellular processes which for 

the most part remain to be elucidated. Although there is 

general agreement that changes in the intracellular calcium 
\ 

(ca2+) concentration regulate the contraction-relaxation 

·cycle (1), the ca2+-dependent mechanism(s) regulating this 

cycle are an area of active research. It is thought that a 

rise in cytosolic ca2+, following activation of ca2+_ 

mobilizing receptors, stimulates a calmodulin (CaM)

dependent activation of myosin light chain kinase which, in 

turn, catalyzes the phosphorylation of the 20 kDa myosin 

light chain (MLC). Phosphorylation of MLC leads to cross-

bridge cycling between actin and myosin, activatiori of the 

myosin ATPase,. and eventually, to smooth muscle contraction 

(2-4). A second ca2+-dependent process believed to be 

mediated ~y th~ ca~+-phospholipid dependent protein kinase c 

(PKC) is also assoc·iated with MLC phosphoryla~ion (5) and 

presum~d to be responsible for the maintenance of the 

contractile response (6). 

Activation of ca2+-mobilizing receptors also leads to 

the rapid hydrolysis of ~ho~phatidylin6sitol 4,5-

bispho_sphate, (PIP2) forming inositol trisphosphate (IP3) and 

11 
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diacylglycerol (DG) (7). Substantial evidence exists which 

suggests t~at IP3 and DG synergistically mediate signal 

transduction in receptor systems linked to ca2+-mobilization 

(8,9). IP3 stimulates the release of ca2+ from· 

intracellular stores, presumably from the endoplasmic 

reticulum (ER; sarcoplasmic reticulum in muscle, SR) whereas 

DG activates PKC. 

In earlier studies from this laboratory, Abdel-Latif 

and coworkers demonstrated that activation of ca2+-

mobilizing muscarinic cholinergic receptors, in.rabbit iris 

smooth muscle, leads to the rapid breakdown of PIP2 into DG 

and IP3 (10,t1) •. Further, it was proposed that this ag.onist 
. / 

stimulated hydrolysis of PIP2 ~ay be an initial· event in the 

coupling of activated receptors to muscle contraction. The 

objectives of this study were: 1) to define more precisely 

the events leading from agonist-receptor interaction to 

muscle contraction in the iris; 2) to determine whether the 

DG and IP3 produced during agonist stimulated PIP2 

hydrolysis could serve to couple the PIP2 pathway to MLC 

phosphorylation, and 3) to inv~stigate the potential role 

of PKC in the regulation of iris sphincter smooth muscle 

contraction. 
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B. Review of Related Literature 

1. Anatomy and Innervation of Rabbit Iris Smooth 

Muscle 

The rabbit iris smooth muscle i~ a· disc-shaped 

diaphragm perforated by a central opening, the pupil, and is 

located between the anterior and posterior chambers of the 

eye (Fig. 1). The main function of the iris is to regulate 
) 

the amount of light reaching the retina which it does 

constantly by adjusting the pupil size. This adjustment in 

pupillary diameter can be elicited both in response to light 

and to specific pha~acological- agents, and is controlled by 

the opposing actions. of two smooth muscles, the sphincter 

pupillae and the dilator pupillae. 

The sphincter .is circular in shape, .consistihg of 

bundles of smooth muscle fibers that are concentric with the 

pupil. When ~timulated to contract these fi~ers draw the 

iris inward .and 9onstrict the pupillary diameter. The 

dilator consists of_ radial fibers extending between the 

sphincter and the cil.iary body which, on· contraction, draws 

the iris outward, thereby dilating the pupil~ Both sets of 

muscles are joined in a syncytial fashion by connecting 

strands which allow each muscle to act qirectly upon the 

other. Thus, the sphincter stretches the ·dilator while the 

dilator_unfolds the sphincter, such that, upon contraction, 

each muscle places· its CC?unterpart in an optimum pos_ition 

for initiating its own contraction. Both muscles are 



Fig. 1._ Anterior Segment of the Eye 

Taken from Abdel-Latif, A.A. 1983. 

The Iris-Ciliary Body. In Biochemistry of the 

Eye. R. E.,Anderson, ed. (13). 
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derived embryologically from the neuroectodermal portion of 

the anterior optic cup, being the·only two muscles thus 
I 

formed (12,13). 

The muscles of the iris are innervated by both 

sympathetic and parasympathetic pathways of the-autonomic 

nervous system. Contrary to the initial report by 

Loewenfeld (14), recent evidence indicates that the 

sphincter and dilator muscles are innervated by both 

sympathetic and parasympathetic fibers (15,17), 

demonstrating the neu~al complexity regulating iris 

function. In general, the sphincter muscle is supplied 

predominantly by parasympathetic nerve fibers from·the 

oculomotor nerve complex, and miosis is produced by 

sphincter contraction via muscarinic cholinergic receptors. 

The dilator muscle is supplied predominantly by sympathetic 

nerve fibers-from the superior cervical ganglion, and 

mydriasis is ·produced by dilator contraction via alpha-

adrenergic receptors (Fig. 2). 

2. Comparative Aspects of Skeletal and Smooth Muscle 

Contraction 

The regulation of contractile activity as a result of 

chan~es in the intracellul~r ca2+ concentration is well 

established for all types,of muscles (2_). However, the 

·ca2 +-dependent regulat9ry mechanisms associated with the 

contractile proteins that control muscle activity are_not· 



Fig. 2. Autonomic Innervation of the Iris-Ciliary Body 

Taken from Abdel-Latif,' A.A~ 1983. 

The Iris-Ciliary Body.· In Biochemistry of the 

Eye.· R.E. Anderson, ed. (13). 
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identical for ~ach muscle type and in the case of smooth 

muscle are an area of active research. 

a. Skeletal and Cardiac Muscle Contraction 

17 

In skeletal and cardiac muscle, contraction involves 

the ·formation of cycling cross-bridges. between thick 

(myosin-co~taining) and thin (actin-containing) filaments, 

·and the actin-dependent activation of the. myos~n ATPase. In 

-this sliding filament model the control by ca2+ is exert~d 

via the thin filament proteins, troponin and tropomyosin. 

At resting ca2+ concentrations (<0.1 uM). tropomyosin 

occupies a position on actin that prevents myosin from 

'attaching to the thin filament; tropomyosin is held in this 

.inhibitory position_by troponin. Upon excitation of the 

muscle there is a release of ca2+ from the SR. The 

resulting increase in intracellular ca2+ leads to an 

association between ca2+ and troponin producing a 

conformational shift in tropomyosin-that relieves it from 

its inhibitory position. Actin then forms cross-bridges 

with myosin which s~im~lates myosin ATP.ase activity and 

promotes force generation. Thus, skeletal and cardiac muscle 

contraction is a thin filament .(tropohin-tropomyosin) 

regulated process involving cycling cross-bridges between 

actin and myosin (2-4). 
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b. Smooth Muscle Contraction 

Since ca2+ was·also shown to play a key role in smooth 

muscle contraction {18,19), it was postulated that a similar 

ca2+-activated thin filament regulated actin-myosin cross

bridge mechanism operated in smooth muscle. However, it 

soon became apparent that a number of striking differences 

exist between muscle types, and that a distinct ca2+_ 

regulatory mechanism is) involved in smooth muscle 

contraction. 1) Smooth muscle displays a biphasic 

contraction {an ·initial immediate increase followed by a 

slowly developing, sustained response) as compared to the 

monophasic, rapid contractile response observed in skeletal 

muscle. 2) Removal of extracellular ca2+ has little effec.t 

on skeletal muscle activity, but removal of ca2+ leads to a 

decrease in contractility in most smooth muscle. 

3) Troponin is not present in smooth muscle.. 4) In 

skeletal ·muscl.e, myosin- actin interaction leads to ATP 

hydrolysis and concomitantly to contraction. In contrast, 

in smooth muscle actin-myosin interaction does· not result in 

ATP hydroiysis, i.e., a complex of only smooth muscle actin 

and myosin has no ATPase act~ vi ty.. Thus,. the function of 

the regulatory proteins in skeletal and cardiac muscle is to 

inhibit an active complex between actin-myosin in the 

absence of ca2+, while in smooth muscle this actin-myosin 

complex must be activated in the presence of ca2+ 

{ 2-4) • 
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study into the identity of this activating mechanism 

led to the enunciation of the phosphorylation ~heory: acti-

vation in smooth muscle is achieved as a result of the phos-

phorylation of the 20 kDa light chains of myosin which leads 

to an actin-dependent stimulation of myosin ATPase (2-4,24). 

ca2+~dependent phosphorylation of MLC allows myosin to 

interact with actin to bring about contraction by forming 

cycling myosin-actin cross-bridges. Therefo~e, unlike 

skeletal and cardiac muscle, smooth muscle·contractiori is a 

ca2+-activated thick filament regulated process involving 

protein phosphorylation. 

3. Protein Phosphorylation 

a. Overview 

The contr61 of many metabolic pathways by reversible, 

co~alent modification of key regulatory enzymes is an im-
-

portant type of biochemical mechanism involved in numerous 

biological processes. One kind of covalent modification, 

phosphorylation, involves two types of enzymes, termed 

protein kinases· and phosphoprotein phosp~atases, which are 

responsible for protein phosphorylation and 

dephosphorylation, respectively. Protein kinases are· 

phosphotransfer~ses responsible for the transfer of the 

~-P04 group of ATP to the hydroxyl group of a serine, 

threonine, or tyrosine residue of an acceptor substrate 

protein while phosphoprotein phosphatases catalyze the 
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reverse reaction. As early as the 1950's, the inter

conversion of key regulatory proteins by these two types of 

enzymes provided a biochemical basis for explaining the 

metabolic effects_of epinephrine on glycogen metabolism in 

muscle as described by the Caris (20). The discovery of 

cyclic-AMP by Sutherland (21), the subsequent discovery of 

cyclic AMP-dependent protein kinase (22) and the 

development of the s_econd messenger hypothesis by Robinson 

et al. (23) further substantiated the importance of such 

protein modifi6ations in cellular regulation. Since that 

time many types of protein kinases have been demonstrated in 

numerous tissues and each kinase is-classified according to 

the regulatory agent that activates it. Those that are 

activated by cyclic AMP, by cyclic GMP, or by- ca2+ are 

referred to as_cyclic AMP-dependent, cyclic GMP-dependent 

or ca2+-dependent protein kinases, respectively. 

b. ca2+-oependent Phosphorylation of the 20 

kDa Light Chain of Myosin 

i. _Myosin- Light Chain Kinase CMLCK) 

As discussed previously, smooth muscle contraction 

involves-the ca2+-dependent phosphorylation of the 20 kDa 

MLC. This phosphorylation of MLC is preferentially 

-catalyzed by a specific ca2+-dependent protein kinase termed 

myosin l'ight chain kinase (MLCK) , which also requires the 

ca2+-binding protein calmodulin (CaM) for its activity. The 
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schem~ of events for activation of smooth muscle 

contraction by MLC phosphorylation can be outlined as 

follows (2,24): 1) excitation of the muscle causes an 

increase in the intracellular ca2+ concentration, resu~ting 

in the formation of a ca2+-caM complex in which there are 

four ca2+ bound to a single CaM molecule. 2) The ca2+-caM 

complex then interacts with the MLCK to form the active 

ternary complex of the kinase. 3) Phosphorylation of the 20 

kDa MLC occurs. Each of the two 20 kDa light chains of the 

myosin molecule are phosphorylated on a serine 19 residue 

located near the N-terminus of the molecule. 4) 

Phosphorylation of the MLC allows actin to interact with 

myosin with subsequent activation of the myosin ATPase and 

formation of cycling cross-bridgese This event initiates 

the contractile process and as long as the intracellular 

ca2+ concentration remains elevated the myosin remains 

phosphorylated and muscle activity is maintained. 5) When 

the ca2+ level is reduced the MLCK is inactivated and a 

specific phosphatase dephosphorylates myosin resulting in 

muscle relaxation. 

Alt~ough the phosphorylation theory for smooth muscle 

activation is now generally accepted, recent experimental 

evidence has revealed several shortcomings. First, the 

model predicts that the strength and duration of contraction 

should correlate directly with both the intracellular ca2+ 

concentration and the extent of MLC phosphorylated. While 
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good correlations between MLC phosphorylation and muscle 

contraction have been demonstrated (25-31), studies in which 

the intracellular ca2+ concentration was measured have shown 

that following muscle excitation there is an immediate and 

rapid rise in c~2+ but that this is tr~nsient, lasting only 

2-5 minutes (32,33). The ca2+ concentration then returns to 

slightly greater than basal values even though the muscle 

remains fully contracted. Second, it has been demonstrated 

that MLC.can be phosphorylated on multiple sites other than 

the serine 19 residue, and these phosphorylations are 

catalyzed by protein kinases other than MLCK (34-~2). 

These.data suggest that the ca2+-caM-dependent activation of 

MLCK may no~ be the o'nly ca2+-dependent regulatory mechanism 

in smooth muscle contraction. A second ca2+-dependent 

mechanism, more sensitive to ca2+ than the initial 

activation of MLCK, may be required during the sustained 

phase of contraction 'when the intracell~l~r ca2+ 

concentration falls back close to its basal value. The 

existence of multiple phosphorylation. sites on MLC is 

suggestive of regulation via other protein kinases. While 

a distinct mechanism has not been identified as the mediator 

of this second ca2+-dependent step there is some evidence 

implicating the ca2+-phospholipid-depehdent protein kinase c 

(6,38-45). 
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ii. Protein Kinase C CPKC) 

Protein kinase c is another type of c~2+-dependent 

protein kinase which was originally discovered in brain by 

Ni_shizuka and ~oworkers (46)·. It has since been found to be 

widely distributed "in most tissues and organs, including 

smooth muscle (47).· In platelets, brain and certain smooth 

muscles, its activity is more than ten times greater than 

that of cyclic AMP-dependent protein kinase (48). PKC 

exists in two forms: a ca2+-insensitive form and a ca2+_ 

sensitive one which also requires diacylglycerol and 

phospholipid as activating cofactors. 

The diacylglycerol (DG) requirement· for PKC 

activation is specific. All DGs with an unsaturated fatty 

acid in either-the· first or second position are potent 

activators of PKC (49), while those containing_saturated 

fatty acyl chains are less effective~ The ability to 

activate PKC is also dependent on acyl chain length.; the 

shorter the saturated acyl chain· the more potent the DG is 

in enzyme activation. However, the acyl chain must be 

sufficiently long (hydrophobic) so a~ to allow the DG 

molecule to partition or anchor into a biological membrane . . 

(50,51). Alternatively, certain phorbol ester tumor 

promoters can substitute for DG in the activation of PKC 

(52). These compounds have proven of vaiue in probing PKC 

f·unction in th.e intact cell since they are permea~le to 

meiDbranes and directly activate PKC. 
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The phospholipid requirement for PKC activation also 

shows specificity in that phosphatidylserine (PS) is the 

most effective activator of the enzyme (46). While the 

anionic phospholipids, such as phosphatidic acid and the 

phosphoinositides, are nearly as effective as PS, 

phosphatidylglycerol, phosphatidylethanolamine and 

phosphatidylcholine are all unable to elicit enzyme 

activation. The precise nature of the lipid-enzyme 

interaction is unknown; however, the asymmetric localization 

of the anionic phospholipids in the cytoplasmic leaflet of 

the bilayer appears to favor PKC activatione 

PKC phosphorylates ~ broad range of cellular proteins 

(54). It often shares the same substrate prot~ins with 

cyclic AMP-dependent protein kinase, although analysis of 

the phosphorylating sites indicates that the two enz¥roes 

show different cat·alytic properties and that e~ch re.cognizes 

specific seryl and threonyl residues. .Recently, PKC has 

been shown to phosphorylate the 20 kDa light chain of myosin 

in vitro (38-42) and in the intact cell in response to 

phorbol ester activation (45,55,56). The in vitro studies 

revealed that there are five potential phosphorylation sites 

on MLC located within the first 19 N~terminal residues. PKC 

catalyzes the phosphorylation of three of these sites 

(threon,tne 9 ,· serine 1 and serine 2) ( 38) , while MLCK. 

catalyzes the phosphorylation of the other two (serine 19 

and threonine 18) (37). In addition, phosphorylation of 
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these sites by the two kinases was shown to have different 

effects on the activity of the myosin ATPase. The 

physiological relevance of multiple phosphorylation sites on 

MLC remains to be established; however, they raise the 

possibility that contractile activity in smooth muscle is 

modulated by either MLCK andjor PKC-induced site specific 

phosphorylation of MLC. 

studies on vascular (57,58) and tracheal (6,59) muscle 

furt~~r implicate a role for PKC in mediating smooth muscle 

contraction. Pharmacological activation of PKC with the 

phorbol ester, phorbol-12-myristate-13-acetate (PMA), 

induces a slowly developing yet sustained contractile 

response. The lag time observed in the development of this 

PMA-induced response can be shortened and contraction 

enhanced if an agent that increases ca2+-influx (ionomycin) 

is added in conjunction with the phorbol ester. Thus, the _ 

Ca~+-ionophore and the PKC activator adt synergistically in 

mediating smooth muscle contraction. If a correlation 

between the phosphorylation_and muscle contraction studies 

can be made, then it is not unreasonable to speculate that 

the synergistic effects of the ca2+-ionophore and the PKC 

activator occur at the MLC level. In such a scheme, the 

ca2+-ionophore would elicit the MLCK~induced phosphorylation 

of a specific site on MLC, while the phorbol ester would 

elicit the PKC-induced phosphorylation of an adjacent 
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specific site, the result of these combined phosphorylations 

being a prompt and sustained contractile responsec 

4. The Polyphosphoinositide CPPil Effect in Rabbit 

Iris Smooth Muscle 

a. overview 

In parallel with the studies on MLC phosphorylation and 

smooth muscle contraction, studies on inositol phospholipids 

and receptor function were undertaken in the 1950's by the 

Hokins (60,61). From these and subsequent studies it was 

postulated: 1) that activation of the ca2+-mobilizing 

muscarinic cholinergic and 6t.. 1-adrenergic receptors leads to 

a breakdown of phosphatidylinositol (PI) by a PI-specific 
I , 

phospholipase C into DG and· inositol pho"sphate (IP), 

(62,63), and 2) that this "PI effect" is responsible for 

coupling receptor occupancy to cellular response by , 

mobilization of ca2+ (64). Although the PI effect has been 

- demonstrated in a variet~ of tissue• (65,66), there is 

general agreement at the present time that activation of 

ca2+-mobilizing receptors provokes the rapid. hydrolysis of 

phosphatidylinositol 4, 5-biphospha,te (PIP2) and not PI ( 1). 

In this reaction PIP2 is hydrolyzed by the phosphodiesterase 

phospholipase c into inositol triphosphate (IP3) ~nd DG as 

illustrated in Fig. 3. Further it is thought that this 

·npolypho~phoinositide (PPI) effect" is the initial reaction 

in receptor-stimulated inositol lipid metabolism (1,7-9). · 



Fig. 3 Hydrolysis of Phosphatidylinositol 4.5-

biphosphate by Phospholipase c. 

Taken from Abdel-Latif, A.A., 1986e Calcium

mobilizing Receptors, Polyphosphoinositides and 

the Generation of Second Messen9ers. 

Pharmacological-Reviews 38:227-272. 
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The "PPI effect" was first characterized in the iris 

smooth muscle by Abdel-Latif and coworkers (10), and since 

that time has been extensively investigated (for review see 

Refs.1,11,67 and 68). It was demonstrated: 1) that the 

neurotransmitter acetylcholine· (ACh)-stimulated breakdown of 

PIP2.occurs at short time intervals (10,11) as compared to 

the PI effect reported in other tissues; 2) that PIP2 hydro

lysis is mediated through the muscarinic cholinergic (10,11) 

and o< 1 _;adrenergic ( 11, 69) receptors; 3) that the PPI effect 

can be demonstrated.in vivo in response to electrical stimu-
1 • 

lation of the sympathetic nerve of the eye (69); 4) that 

· there exists a close relationship ·between PIP2 hydrolysis 

and the contractile :r_-esponse of the iris (67,70); 5.)' that 

the loss of radioactivity from PIP2 ·in ·the iris muscle pre

labeled with myo-[ 3H] inositol,' following ACh stimulation, 

correlates well with the. release of IP3 , clearly 

demonstrating for the f~rst time that.the mechanism 

underlying the PPI effect is phosphodies~eratic cleavage of 

PIP2 into IP3 and DG (71). 

b. Distribution and- Metabolism of the 'Phospho-

inositides in Rabbit Iris 

The phosphoinositides have been de•onstrated in all 

eukaryotic membranes in which they have been investigated 

and have been shown __ to comprise only a small percentage of 

the total membrane phospholipid (1). In the·rabbit iris the 
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phosphoinositides account for approximately 5% of the total 

phospholipid. The bulk of this 5%, approximately 4.1%, is 

PI, while the PPii phosphatidylinositol 4-phosphate (PIP) 

and PIP2 , account for less than 1% of the total phospholipid 

in this tissue. In addition the PPI are localized predo~i

nantly in the cytoplasmic_leaflet of the plasma membrane, 

and have an extremely high metabolic turnover rate 

suggesting an important,biological role. 

The major pathways for b~osynthesis and~degradation of 

the phosphoinositides are_ depicted in Fig. 4. Briefly, 

external s~gnals act through phospholipase c to hydrolyze 

PIP2 into IP3 and DG. These two derived second messenger 

molecules are then directed through a sequence of reactions 

that prepare them to be rejoined, forming PI and, 

ultimately, remaking PIP2 • IP3 is degraded via sp~cific 

phosphatases to myo-inositol and inorganic phospha~e. DG 

is phosphorylated by ATP in the presence of the enzyme DG 

'kinase to form pho_sphatidic acid .(PA) which in the presence 

of cytidine triphosphate (CTP) forms CDP-DG. Biosynthesis 

of PI from CDP-DG and myo-inositol occurs at the endoplasmic 

reticulum (ER) from which i~ is transported to the plasma 

membrane by a specific "PI exchange protein". A 

charac~eristic of the phosphoinositides from animal tissues 

is that they contain predominantly 1-stearoyl-2-arachidonyl 

fatty acyl moieties on their sn-glycerol backbone (72). At 



Fig. 4·. PIP2 cycle: Pathways for Synthesis and 

Degradation of Phosphoinositides. 

Taken from Abdel-Lati£, A.A., 1986. Calcium-. 

mobilizing Receptors, Polyphosphoinositides 

and the Generation of Second Messengers. 

Pharmacological Reviews 38:227-272. 
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the plasma membrane, PI, ~IP, and PIP2 are interconvertible 

via the action of two kinases and two phosphatases. 

c. Synergistic Interaction Between 

Diacylglycerol and Inositol Trisphosphate 

Despite the fact that the PPI effect was first 

described in the iris smooth muscle a decade ago (10), it is 

only recently that a physiological function for this 

receptor-mediated event has begun to emerge (1,8,9,44). It 

is postulated that the two second messenger molecules 

derived from PIP2 hydrolysis, namely IP3 and DG, interact in 

a cooperative or synergistic fashion to elicit smooth muscle 

cohtraction. In this scheme, agonist-induced hydrolysis of 

PIP2 at the plasma membrane could elicit the following 

events: 1) release of IP3 , followed by ca2+ mobilization 

from·the SR, an increase in cytosolic free ca2+, activation 

of the MLCK by the ca2+-caM complex, phosphorylation of the 

MLC which in turn leads to muscle contraction; 2) formation 

of DG, followed by activation of PKC, phosphorylation of MLC' 

and subseciuently muscle contraction. Smooth muscle 

contraction, as previously discussed, consists of two 

phases: a fast "phasic'' component followed by a slower 

"tonic" coinpo.nent. This biphasic response has been 

attributed to a dual source of ca2+ (73-75) where it is 

thought that the phasic component is a result of in

tracellular ca2+ release, and the tonic component is a 
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consequence of extracellular ca2+ influx. It is possible 

that the IP3-induced ca2+ release from the SR is involved 

with the phasic response, while the DG activation of ?KC is 

associated with the tonic-response. The purpose of this 

study is to determine whether a synergistic interaction 

between the two branches of the PPI signalling system could 

be involved in the regulation of iris sphincter smooth 

muscle contraction and to demonstrate the coupled role of 

the PPI effect and MLC phosphorylation· as mediators of this 

contractile response. 



MATERIALS AND METHODS 

A. Materials 

1. Animals 

Eyes from albino rabbits of either sex weighing 

approximately 2 kg were obtained from a nearby 

slaughterhouse. The eyes were removed shortly after 
) 

sacrifice and were transported to the laboratory packed in 

ice. Bovine eyes were also obtained from a local 
I_ 

· slaughterhouse and processed in the same manner. 

2. Radioactive and Non-Radioactive Compounds 

Myo-( 3H] inositol (15.5 Cijmmol) and D-myo (2-JH)-

inosotol 1,4,5-trisphosphate (1 Cijmmol) were purchased from 

Amersham (Arlington Heights, IL) and .[32pi] o.rthophosphate, 

carrier free, was obtained either from NEN (Boston, MA) or 

ICN. (Irvine, CA). The gamma ATP prep kit was obtained from 
) 

Promega Biotec (Madisonr WI). CCh (carbamylcholine 

chloride)., atropine sulfate and the various phorbol esters 

were obtained from-Sigma .(St. Louis, MO). Ionomycin was 

purchased from Calbiochem (San Diego, CA) and H-7 [1-(5-

isoquinolinesulfonyl)-2-methylpiperazine] was obtained from 

Seikagaku America (St. PetersbUrg, FL). 

Electrophoresis grade acrylamide, bis-acrylamide, 

N,N,N',N'-tetramethylenediamine (TEMED), ammonium sulfate, 

33 
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sodium dodecyl sulfate (SDS)_, Coomassie brilliant blue, 

2-mercaptoetha_nol and glycine were obtained from Sigma (St. 

Louis, MO). Glacial acetic acid, methanol, ethanol, 

toluene, glycerol and Triton x-100 were purchased from 

Fisher Scientific (Pittsburgh, PA). Protein molecular 

weight 1markers were obtained from BRL (Rpckville, MD). 

DEAE cellulose (DE 52) and the Partisil 10 SAX HPLC

anion exchange column (25 em x 4 .. 6 mm) were purchased from 

Whatman, Inc. (Clifton, NJ). Sephadex G 150, protamine

agarose and Dowex 1 x 4 (formate form, 200-400 mesh) were 

obtained from Sigma (St. Louis,-MO)._ ·The phospholipids -were 

obt~ined from Avanti Polar Lipids (Birmingham, AL)o Lysine

rich histone H~1 (calf thymus type III-S), skeletal muscle 

myosin, skeletal muscle myosin light chains and the various 

diacylglycerols we-re purchased from Sigma. (St. Louis, MO). 

B. Methods 

1. Preparation of Iris Sphincter Muscle 

Following transport of the rabbit eyes to the 

laboratory the irises were removed and placed flat in a

Petri dish. With the use of a trephine (8 mm size), the 

sphincter muscle was dissected out and placed in a modified 

Krebs-Ringer bicarbonate buffer of the following composition 

- (mM) : NaCl, 118; NaHC03, 25 ;- KCl, 4. 7; KH2Po4 , 1. 2; MgS04 , 

1.2; cac12 , 1.25;_ cytidine, 1.6; and D-glucose, 10. The pH 

of the buffer was adjusted to 7.4 with 97% o2-3% co2 . 



2. Incubation of the Sphincter Muscle with Myo

[3HJinositol Phosphates 
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To prelabel the tissue'with myo-[3H] inositol the 

paired sphincters (from the same rabbit) were incubated at 

37°C in 1 ml of Krebs~Ringer bicarbonate buffer containing 

10 to 15 ~Ci of myo-[3H] inositol for 90 minutes. At this 

time the sphincters were washed four times with 3 ml of non

radioactive Krebs-Ringer buffer and then suspended singly 

(of the paired sphincters, one was used as a control and the 

other as experimental) in 1 ml of fresh nonradioactive 

buffer. LiCl was added, to a concentration of 10 mM, to 

each incubation and 10 minutes later t~e agonist, 

carbamylcholine chloride (CCh), was added as indicated and 

incubation continued for different time intervals. In 

experiments in which the antagonists were to be used, the 

sphincters were incubated with the antagonist for 5 minutes 

before ··the addition of the agonist. The incubations were 

stopped by the addition of 1 ml of 10% (W/V) TCA. 

3. Extraction and Analysis of Myo-rJ.HJ Inositol 

Phosphates 

The e·ffect of agonists or other pharmacological agents 

on hydrolysis of tissue phosphoinositides was assessed by 

monitoring the accumulation of 3H-labeled myo-inosit_oi phos

phates. The method used to extract and analyze the myo-

inositol phosphates was the same as described previously 
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(11). The tissues w_ere homogenized in 5% (W/V) TCA and the 

homogenate centrifuged at 3000 g for 15 minutes. The 

supernatant was removed and extracted five times with 4 ml 

of anhydrous diethylether, neutralized with 0.1 M NaOH and 

applied to a column containing 1 ml of Dowex 1 x 4 (formate 

form 200-400 mesh). The resin was washed with H2o until no 

free myo-[ 3H] inositol was detected in the eluate. The 

columns were then washed sequentially with 15 ml of 0.2M 

ammonium formate-0.1M formic acid, 12 ml of O.SM ammonium 

formate-0.1M formic acid, and 15 ml of 1 M ammonium formate-

0.1M formic acid to selectively elute.IP, IP2 and IP3 . 

Inasmuch as this method does not separate the two isomers of 

IP3 , namely inositol-1,3,4-trisphosphate and inositol 

1,4,5-trisphosphate (76,77)~ the radioactivity recovered in 

the IP3 fraction represented the combined radioactivities of 

the two isomers. Aliquots (1.5ml) from each fraction were 

mixed witti 8 ml of Triton X-100 containing scintillation 

fluid and counted by liquid scintillation spectrophotometry. 

Alternatively, in experiments where the resolution of the 

IP3 isomers' was re~ired, the neut·ralized tissue extract was 

analyzed by HPLC as described by Irvine et al. (76)e A 

mixture·of adenine nucleotides (0.5 ~mol) was added as 

internal standards and the extracts were chromatographed on 

a Partisil 10 SAX anion exchange column at a flow rat.e of 

1.25 mljmin. After an initial 10 minute washing period in 

H2o, the elution scheme consisted of a linear gradient of 
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ammonium formate (adjusted to pH 3.7 with phosphoric aqid). 

The gradient reached a concentration of 1 M after 24 

minutes. This concentration was maintained for an 

additional 10 minutes. Fractions were collected at 0.5 

minute intervals and counted as described above. In order 

to correct for any variations due to different amounts of 

tissue dissected the data were normalized to wet weight and 

also to the average lipid phosphorus content of the tissue. 

To extract the lipids, the TCA insoluble pellet from the 

above tissue homogenate was extracted once with chloroform

methanol-HCl (300:300:1.5 by volume) and once with 

chloroform-methanol-HCl (400:200:1.5 by volume). The two 

extracts were combined and then washed with methanol-0.1 N 

HCl. Aliquots of lipid extract were removed for deter

mination of inorganic phosphate by the method of Bartlett 

(78)e Both methods used for normalizing the ~ata yielded 

almost identical results. 

4. Measurement of 32p Incorporation into Iris 

Sphincter Phosphoproteins 

The method used to determine the phosphorylation of 

sphincter muscle proteins was as follows: the muscles were 

preincubated as pairs at 37°C in-1 ml of Krebs-Ringer buffer 

(pH 7.4) containing 50 ~Ci of 32pi for 75 minutes, a. period 

sufficient for equilibration of 32pi with intracellular ATP 

in the tissue. (79). The tissues were transferred singly 



(one sphincter of the pair was used ~s a control and the 

other experimental)_ to fresh 1 ml Krebs-Ringer buffer 

containing 50 ~Ci of 32pi and incubation continued for an 

additional 15 minutes. After this total 90 minute 

preincubation, CCh or phorbol esters were added and 

incubation continued for various time intervalsG In 

experiments in which the antagonists were used (atropine 

sulfate or H-7), the tissue was incubated with the drug for 

~ minutes prior to addition of the agonist. The reaction 

was stopped by immersion of the tissue in a methanol-dry ice 

slurry at -8o0 c. The tissue was then homogenized in ice

cold 5% (W/V) TCA and the homogenate centrifuged at 6000 g 

for 15 seconds. The supernatant was removed and analyzed 

for inositol phosphates (see below) and the pelleted 

material was solubilized in 200 ul of SDS-containing "final 

sample buffer" (80) by boiling for 30 minutes in sealed 

tubes. Protein was ·determined by the method of Lowry et al. 

(81), and aliquots containing 100~150 ug of proteins were 

separated by 80S-polyacrylamide gel electrophoresis (SDS

PAGE) (80;82)_. The get was fixed, stained with Coomassie 

brilliant blue, destained and dried under vacuum. 

Autoradiography was performed by exposing the dried gel to 

Kodak XRP-5 film. The molecular weights of various protein 

bands were estimated by comparing their mobilities during 

electrophoresis with the mobilities of standard proteins of 

known molecular weights run in the same gel. The 
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radioactive band corresponding to MLC was cut from the dried 

gel and counted by liquid scintillation spectrophotometry. 

The molecular weights in kDa of the standard proteins were 

as follows: 200, myosin; 94.7, phosphorylase b;.68, bovine 

serum albumin; 4 3 , ovalbumin; 2 5 • 7 , o< -chymotrypsinogen; 

18.5,3?-lactoglobulin; and 14.3 cytochrome c. 

5. Extraction and Analysis of 32pi-Labeled Myo

Inositol. Phosphates 

The TCA-soluble fraction, from the above step, was 

extracted five times with 4 ml of anhydrous diethylether, 

then neutralized with 0.5 N NaOH to pH 7.0 and lyophilized 

under vacuum. ·The dried extracts were resuspended in 100 ul 

of H2o and a·liquots (5-10.ul) were spotted, .along.with IP3 

·and adenine nucleotide standards onto Whatman No. 1 paper 

and electrophoresed in 0.1 M sodium oxalate buffer~ pH 1.5 

at 4000 v·for 90 minutes in a Gilson HVE according to the 

method of Agranoff et al. (83,84) (Fig. 5). Identification 

of ·the 32P-labele~ inositol phosphates was based on the 

migration.of known standards in the same electrophoretic 

run, and confirmed by HPLC. Briefly, the dried Whatman 

paper strips were superimposed to their respective 

autoradiographs and·the spots corresponding to the inositol 

phosphates were cut from the paper strip. Each individual 

spot of paper was suspended in 1 ml of H2o to elute the 

radioactive material and the labelled H2o extract was then 



Fig.5. Autoradiogram. After Inositol Phosphate 

Separation by High Voltage Electrophoresis. 

Iris sphincter muscles were incubated in pairs 

in 1 ml of Krebs-Ringer -bicarbonate buffer 

containing 50 ilci;mi 32.pi for 90 min. At this 

time the tis.sues were incubated singly; one of 

the pair was used as control and the other was 

incubated with 50UM CCh for 1·min. The 

incubations were terminated; and the 

radiolabeled inositol phosphates were extracted 

and-analyzed by high voltage electrophoresis 

(HVE) as described under."Methods." 32p-

Radioactivity (cpmjmg total tissue proteins) in 

IP3 were: 90,935 (control) and 119,305 (CCh). 
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analyzed by HPLC as described in "M.ethods" section B-:'3 of 

this study. Both methods of identif~cation yielded similar 

results and confirmed the identity of ~he inositol 

phosphates. 

6. Measurement of Contraction Response in the Iris 

Sphincter Muscle. 

For measurement of the contraction response the iris 

sphincter was cut from.each eye by the method of Kern (85). 

The paired sphincters were mounted individually in 

separate organ baths (20 ml) containing Krebs-Ringer buffer 

of the same composition as.used for the biochemical studies .. 

A mixture of 97% o2-3% co2 was bubbled continuously through 

the buffer maintained at 37°c. The tissue was. allowed to 

equilibrate for 90. minutes under a resting tension of 50 mg. 

During this period the medium was replaced with fresh Krebs

Ringer buffer every 30 minutes. After equilibration of the 

tissue the agonist was added and changes in isometric 

tension were monitored continuously using a Grass FT-03 

force transducer connected to a Grass d.c. amplifier. In 

'experiments in which the effect of antagonists were. 

investig~ted, the drug was added 5 minutes before the 

addition of the agonist. 
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7. Preparation of Microsomal and Cytosolic Fractions 

from Rabbit Iris. 

The~ethods of homogenization, subcellular 

fractionation and assessing the purity of the preparations 

were essentially ~s previously reported (17). Briefly, the 

rabbit irises were rinsed with ice cold Krebs-Ringer 

bicarbon~te buffer (pH 7.4), blotted gently and placed in 10 

volumes of sucrose buffer (300 mM sucrose; 2 mM EDTA·; 10 mM 

EGTA; 20 mM Tris-HCl, pH 7.4). The-homogenization and all 

subsequent procedures were performed at 4°C.. .The muscles 

were minced with scissors and homogenized 4 times for 30 

seconds with a Super Dispax tissue mizer model SDT-182 

(Tekmar Co.) at 2/3 maximum speed. The homogenate was 

centrifuged at 1,200 g for 10 minutes and the resultant 

supernatant was_spun at 10,000 g for 30 minutes to pellet 

the mitochondrial fraction. The supernatant from the 

mitochondrial pellet was then centrifuged at 100,000 g for 

90 minutes. The resul~an~ peilet represented the microsomal 

fraction while the supernatant represented the· cytosolic 

fraction and was used.as the crude extract source for PKC 

purification. 

8. Purification of Protein Kinase c from Rabbit Iris. 

The 100,000 g cytosolic fraction from a rabbit iris 

homogenate was used as the source of PKC. The 100,000 g 



43 

fraction was applied to a DEAE~52 cellulose column (16 x 2.5 

em) previously equilibrated with buff~r A (20 mM Tris-HCl, 

pH 7.5; 2 mM EDTA; 2 mM EGTA; 50 mM 2-mercaptoet~anol). The 

column was washed with 500 ml of the same buffer solution 

and the enzyme was eluted with a 500 ml linear gradient from 

o to 0.4 M NaCl in buffer A. A flow rate of 65 ml/hr was 

employed and 10 ml fractions were collectede The fractions 

were analyzed spectrophotometrically.at 280 nm for protein 

content· and assayed for PKC activity (see below). The 

fractions displaying PKC activity were pooled and 

concentrated by Amicon ultrafiltration with a PM-10 filter. 

The concentiate ( 3 ml) was then applied to a Sephadex G-150 

molecular sieve column (94 x 1.8 em) previously 

equilibrated with buffer B (20 mM Tris-HCl, pH 7.5; 0.5 mM 

EGTA; 0.5 mM EDTA; 50 mM 2-mercaptoethanol). Elution of the 

enzyme was carried out with the same buffer at a flow rate 

of 9 ml/hr whiie collecting 2e5 ml fractions. These 

fractions were again.analyzed for·protein content at 280 nm 

and for PKC activity. The active fractions were pooled and 

concentrated to app~oximately 1 ml by ultrafiltration as 

described above. The enzyme con9entrate was applied to a 

protamine-agarose substrate,affinity column (10 ml) pre

equilibrated with buffer B containing 0.1 M NaCl. The 

column was· washed with 3 column volumes of buffer B 

containing 0 .1M NaCl ·fol·lowed by 7 column volumes of buffer 

B containing 0.5 M NaCl. PKC was then eluted with a 160 ml 
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linear gradient from 0.5 to 1.5. M NaCl in buffer B 

containing 10 mM MgC1 2 and 1 mM ATP. Fractions were 

monitored at 280 nm for protein content and assayed for PKC 

activity. The peak of PKC activity was pooled and 

concentrated by ultrafiltration to a concentration of 

approximately 20 ngjml, adjusted to 30% (V/V) glycerol and 

stored at -70°C. Activity remains stable for several months 

under these conditions. 

9. Purification of Myosin Light Chain from Bovine 

Iris. 

The preparation of myosin light chain (MLC) from bovine 

iris was performed by minor modification of the methods 

. reported for turkey gizzard (86,87). Fresh bovine irises 

were homogenized with a tissuemizer in 6 volumes of buffer 

(20 mM Tris-HCl, pH 6.8; 40 mM ·KCl; 1 mM MgC1 2 ; 1 mM 

dithiothreitol; 5 mM EGTA; 75 mg/liter phenylmethyl

sulfonylfluoride (PMSF); 100 mgjliter streptomycin sulfate; 

0.05% Triton X-100). The homogenate was centrifuged at 

15,000 g for 15 minutes. The pellet was suspended with the 

aid of the tissuemizer in the same homogenization buffer 

without the Triton X-100. The suspension ~as again 

centrifuged at 15,.000 g for 15 minutes.and the su~ernatant 

discarded. This last step was repeated one more time with 

the resulting pellet representing washed myofibrils. 
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Actomyosin was extracted from the washed myofibrils with 6 

volumes of a buffer containing 40 mM Tris-HCl, pH 7.2; 40 mM 

KCl; 2 mM EGTA; 10 mM ATP; and 100 mgjliter streptomycin 

sulfate. After stirring overnight at 4°C the mixture was 

centrifuged at 13,000 g for 45 minutes. The supernatant was 

made 20 mM with respect to cac12 by the slow addition of 1 M 

cac12 while maintaining the pH at 7.2. The resulting 

precipitate of actomyosin was centrifuged at 13,000 g for 45 

minutes. The precipitate was suspended in 100 ml of cold 

(4°C) H2o and solid _guanidine-He! and mercaptoethanol were 

added to bring the final concentr.ation to 5 M and 10 mM 

respectively in a total volume of 250 ml .. -This mixture was 

allowed to stir overnight and the myosin heavy chains were 

precipitated out by the slow add~tion of 250 ml of cold 

(4°C) H2o, followed by 1 liter of cold (4°C) 95% ethanol. 

The precipitate was centrifuged at 13,000 g for 45 minutes 

and the resultant supernatant, containing the light chains 

of myosin, was concentrated by removing the ethanol with a 

rotary evaporator. The remaining aqueous solution was dia

lyzed against three 10 liter changes of 1 mM EDTA, 0.1 mM 

EGTA, pH 7.0 to remove the guanidine and then lyophilized. 

The lyophilized-powder was solubilized in 25 mM Tris~HCl, pH 

, 7. 4·; 1 mM EGTA to a concentration of approximately 10 mgjml 

and frozen at -7o0 c. 
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10. Assay of Protein Kinase C Activity 

PKC activity was assayed by a minor modification of the 

method of Takai et al. (46). 'Briefly, PKC was measured by 

incorporation of 32pi from [~-32p] ATP into lysine-rich 

histone H-1 or iris MLC. Unless otherwise stated, the 

standard reaction mixture (total volume 100-Al) contained 25 

mM Tris-HCl, pH 7.4; 1 mM EGTA; 10 mM MgC12; 400 UM [~-32p] 

ATP (4- 6 x 105 cpmjnmol); 50 ug histone H-1; io ~g 

phosphatidylserine (PS); 1 ug diolein (DG); 100 ~free 

ca2+; and 0.5-2 pg of enzyme protein. PS and DG were 

dissolved in chloroform and prior to use the chlo~oform was 

evaporated under N2 and the residue suspended in 25 mM Tris

HCl buffer,.pH 7.4 containing 1 mM.EGTA by sanification for 

3-4 minutes using a Heat-system ultrasonicator model W140D, 

and then added to the reaction mixture. The reaction was 

initiated by the addition of [~-32p] ATP, carried out for 3 

minutes at ~7°C and stopped by the addition of 1 ml of 25% 
1 

(W/V) TCA. The acid precipitable protein was collected on a 

Gelman GA6-S filter (pore size .45 urn) and washed 3 times 

with 25% (W/V) TCA. The _radioactivity of the filter was 

determinecl-by liquid scintillation spectrophotometry._ Free 

ca2+ con~entration in the reaction mixture was maintained 

with ca2+/EGTA (1 mM) buffers as described by Godt and 

Lindle,Y· (88). The incorporation of [~-32p] ATP was linear 

during the course of the reaction and activity was 

proportional to the enzyme concentration._ PKC activity was 
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expressed as the stimulated activity (pmol 32p transferred 

mg protein-1·min-1) in the presence of ca2+, DG and PS as 

compared to the basal activity (1 mM EGTA). 

11. Calculations and Statistical Analysis 

The data from the biochemical and pharmacological 

studies were expressed as percentage-of the maximum response 

observed in the presence of maximally effective 
~ 

concentration of agonist. Dose-~esponse curves for muscle 

contraction were constructed by cumulative addition of the 

agonist in the organ bath. The concentration of the agonist 

was increased only after the previous contraction had 

stabilized. Ec50 value is defined as the concentration of 

the agonist that produces 50% of the maximum response. 

T1; 2 value is the time at which 50% of the mamimal response 

is achieved. Statistical evaluation of the data was done by 

student's test for paired observations. When the 

probability (P) was smaller than .. 05 the values were 

considered to be significantly different. 



RESULTS 

A. Correlative Studies on Inositol Trisphosphate 

Accumulation. Myosin Light Chain Phosphorylation 

and Coritraction in Rabbit Iris Sphincter. 

1. Effect of Carbachol on Myo-Inositol Phosphate 

Accumulation. Protein Phosphorylation and on 

Muscle Contraction 

Incubation of the sphincter, prelabeled.with myo-( 3H] 

inositol, in a nonradioactive medium resulted in 

accumulation of radiolabeled IP, IP2 and IP3 indicating 

breakdown of inositol containing phosphdlipids. In·these 

experiments 10 mM LiCl was used to inhibit IP phosphatase 

(89) which was found by Berridge et al. (90) to facilit~te 

the measQrement of inositol phosphates. LiCl (10 mM) had no 

effect on contraction in this smooth muscle (data not 

shown). As depicted in Fig. 6, addition of the agonist CCh 

to the tissue for i.minute caused an approximately 239% 

increase in the amount of radiolabeled 1,4,5 isomer of lP3 

(peak VII) relative to control control. There was little 

change in the radioactivity of IP (peak II), IP2 (peak IV) 

and the 1,3,4 isomer of IP3 (peak VI). Under .identical 

conditions the agonist also increased the muscle tension in 

48 



Fig. 6. Elution Profile of [dHJ-labeled Inositol 

Phosphates Separated by HPLC. 

Iris sphincter muscles prelabeled with myo-[3H]. 

inositol were incubated in the presence and 

absence of 50 liM CCh for 1 minute. The 

incubations were terminated, the muscles were 

homogenized, and the extracts were analyzed ~y 

HPLC as described.under "Methods"~ 

I, glycerophosphoinositol; ~I, IP; III, 

glycerophosphoinositol monopho~phat~; IV, IP2 ; 

V,.glycerophosphoinositol biphosphate; VI, 

1,3,4-IPJ; VII, 1,4,5-IPJ. 
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the iris sphincter from an initial value of 3.2 ± 0.2 to 

·14.0 ± 0.9 mgjmg wet tissue. 

50 

When the sphincter muscle was incubated under similar 

experimental conditions in 32pi-containing buffer the tissue 

incorporated the label into several phosphoproteins ranging 

in molecular weights from 200 to 15 kDa (Fig. 7). Addition 

of CCh consistently increased the 32pi incorporat_ion into 

the 20 kDa protein, identified as MLC, by about 35-40% of 

that of the control (Fig. 7). The radioactivity of other 

phosphoproteins remained relatively unaffected. The 

agonist-stimulated increase in 3~pi labeling of MLC was 

blocked by atropine, thus demon~trating that the CCh aptian 

on MLC phosphorylation is mediated through muscarinic 

cholinergic receptors~ Addition of atropine to the 

sphincter muscle inhibited not only the -·CCh-induced MLC 

phosphorylation,· but- also·inhibited CCh-induced IP3 

accumulation and muscle contraction. This inhibition was 

overcome by increasing·the concentration of CCh, suggesting 

competitive antagonism by atropine (data not shown). 

In as much as it was previously demonstrated that ac

cumulation of IP3 , and not that of IP2 or IP, is the initial 

event following muscarinic receptor activation in rabbit 

iris (11), it was decided to monitor IP3 levels as an index 

of PIP2 hydrolysis in the following correlative studies in 

the iris sphincter muscle. 



Fig. 7. 

j 

Autoradiogram, After Protein Separation by 50S

Polyacrylamide Gel Electrophoresis. 

Iris sphincter muscles were incubated for 90 

minutes in Krebs-Ringer bicarbonate.buffer 

containing 50 uCi/ml 32pi. Atropine (0.1 ~) 

was added 5 minutes before addition of CCh (50 

~) or PDBU (200 nM), and the incubations 

continued for 2 minutes in the case of CCh and 

25 minutes for PDBu. Incubations were 

terminated and analyzed as described under 

"Methods". 32P-Radioactivities (cpmjmg of 

total tissue proteins) in MLC were: lane 1, 

7448; lane 2, 10256;. lane 3, 7336; lane 4, 

7624; lane 5, 9536; lane 6,· 9480. 
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2. Dose-Response Effect of Carbachol 

To demonstrate a correlation between the biochemical 

and pharmacological responses in the iris sphincter, the 

dose-response effect of CCh on IP3 accumulation, MLC phos

phorylation and muscle contraction-were investigated (Fig. 

8). The agonist increased the accumulation of IP3 , MLC 

phosphorylation and muscle contraction in a dose-dependent 

manner, e~erting its maximal_ effects between 20 and 50 ~M. 

There is a good correlation between the dose-response curves 

·for IP3 accumulation and MLC phosphorylation; the E.c50 for 

both responses were 2.5 and 4.5 uM, respectively (Fig. 8). 

However, the dose-response curve for muscle contraction was 

to the left of that of the_ biochemical response curves with 

an Ec50 of o-. 6 llM. 

3.- Time Course of Carbachol-Induced Effects 

Further evidence for a possible correlation between 

agonist-induced PIP2 breakdown, MLC phosphorylation and 

muscle contraction is provided by the time-course experiment 

shown in Fig.9. CCh ·induced a rapid increase in IP3 

accumulation with a corresponding increase-in MLC 

phosphorylation and muscle contraction. As shown in Fig. 9, 

when the sphincter muscle was exposed to CCh, the level of 

IP3 increased immediately without any lag period. Thus, 

there was a significant increase in IP3 accumulation by CCh 

within 5 seconds of incubation, and this continued to 



Fig. 8. Dose-Response Effect of CCh on IP3 

Accumulation, MLC Phosphorylation and Muscle 

contraction in the Iris.· Sphincter. 

For IP3 determinations the sphinc.ter muscles 

prelabeled with myo-(3H] inositol were 

incubated with different concentrations of CCh 

for 1 minute. The radiolabeled inositol 

phosphates were extracted and analyzed by 

anion-exchange chromatography with Dowex as 

described under "Methods". Phosphorylation of 

MLC in the absence and presence of. CCh was 

determined ~s described in legend to Fig. 7 and 

·under "Methods 11 • Muscle contraction 

measurements were.analyzed as described under 

"Methods". The data are mean± SE of three to 

six experiments conducted in triplicate. 
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Fig. 9. Time ·course of ·cch-induced IP3. Accumulation, 

MLC Phosphorylation and Muscle Contraction in 

the Iris Sphincter. 

Experiments were conducted as described in the 

legends to Fig. 7 and 8 andlunder "Methods". 

The concentration of CCh used was 50 uM. The 

data are mean ± SE of three separate 

· experiments, each conducted in triplicat~. 
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increase steadily Until it reached a maximal level in about 

2 minutes. Concomitant with these changes in IP3 , MLC 

phosphorylation was also increased rapidly upon stimulation 

by the agonist, and similarly, it reached its maximum in 2 

minutes. In contrast to IP3 accumulation and MLC phos

phorylation, there was a delay of about 10 to 15 seconds in 

the initiation of muscle contraction by the agonist {data 

not shown). Once initiated, however, contraction increased 

rapidly during the phasic component of the c;:ontractile re

sponse, and this was followed by· a slightly !.ower 

contraction during the tonic component. The tissue remained 

contracted in the latter slow phase for several minutes,·· 

during which .tinie the IP3 level also remained elevated·. 

The T1; 2 values for IP3 accumulation, MLC phosphorylation 

and muscle contraction were 36, 16 and 16 seconds, 

respectively. Part of the lag period observed in the 

contractile response is ·due to the time it takes for CCh to 

diffuse in the organ chamber; however, a part of it could 

also reflect the time it takes for IP3 to diffuse through 

the cytopiasmto reach the· SR and mobilize ca2+ required for 

initiation of muscle contraction. 

4. Temperature Effect 

Another approach which was used to investigate the 

relationship between the biochemical· and pharmacological 

responses was to study the effec.ts of lowered the 
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temperature on CCh-induced IP3 accumulation, MLC 

phosphorylation and muscle contraction. In these 

experiments, 32pi-labeled inositol phosphates were analyzed 

by high voltage paper electrophore~is as described under 

''Methods". The labeling with 32pi, instead of· 3H-inositol, 

was done in order to facilitate the-correlative studies on 

MLC phosphorylation and I-P3 accumulation at low 

temperature. Further, the use of 32pi has the added 

advantage of enabling measurement·of both MLC 

phosp~orylation and IP3 accumulation in the same tissue 

under the same experimental conditions. The preincubations 

were conduct~d for 90 minutes at 37°C. The sphincter 

muscles were then transferred to fresh incubation medium.of 

the same composition and the temperature lowered to 4°C (7-

10 minutes). The agonist was added and the biochemical and 

pharmacological responses were measured.· The decrease in 

the basai 32pi radioactivities in IP3 arid MLC ~t the lower 

temperature was a:pout 5% of that obtained at 37°C (see 

legend to Fig. 10). Addition of CCh at 4°C resulted in a 

lower accumulation ?f IP3 and MLC phosphorylation (Fig. 10) 

as compared_ to those obtained at 37oc (Fig. 9)c In 

~ddition, .agonist-induced muscle contraction developed even 

.more slowly, and.the time course curve was shifted to the 

right of IP3 accumulation and MLC phosphorylation (Fig. 10). 

Thus, the ~1; 2 value~ ~or IP3 accumulation, MLC 

phosphorylation and muse!~ contraction by CCh were 75, 49, 



Fig. 10. Effect of Lowering Temperature on 32p-rp3 

Accumulation. MLC Phosphorylation and Muscle 

Contraction. 

Experimental conditions were those described 

under Fig. 7 and 9, except that before the 

addition of CCh (50 uM) the_ tempera~ur~ of the 

incubation mixture was lowered from 3"7°C to 4°C 

by immersion in ice-cold water bath. 32p-rp3 

was separated by HVE as described in Fig. 5Q 

The.basal values for 32p-r~dioactivities in IP3 

and MLC were (cpmjmg of.pro~ein): 90,935 and 
I 

7040 at 37°C, respectively, and 85,961 and 6672 

at 4°C, resJ;>_ectively. The data are mean ± SE 

of two separate experiments conducted in 

."triplicate. 
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102 seconds, respectively (Fig. 10). After incubation for 1 

minute with CCh at 4°C the stimulatory effects of the 

agonist on IP3 accumulation, MLC phosphorylation and muscle 

contraction were reduced by 65, 47 and 53%, respectively, 

as compared to the corresponding values obtained at 37°C.· 

On the basis of these data it can be concluded that there is 

a positive correlation between.the Cch-induced IP3 

accumulation, MLC phosphorylation·and muscle contraction and 

that the biochemical responses may precede the 

pharmacological response. 

5. Time Course of the Effect of ca2+ on carbachol 

Induced Effects 

I~ order for IP3 to be involved in the mobilization of 

ca2+ from intracellular stores, its release by the agonist 

must not be influenced drastically by altera~io~s of ca2+ 

concentrations in the incubation medium. To investigate-the 

effects of the cation, the time course effect of ca2+ on 

CCh-induced IP3 accumulation MLC phosphorylation and muscle 

contraction was studied (Fig. 11). CCh-induced IP3 

accumulation in ca2+-free medium was rapid and followed a 

time course similar to that observed in the presence of the 

cation (Fig. 9). In contrast, CCh-induced MLC 

phosphorylation .and muscle contraction were rapid only 

during the first 30 seconde of incubation; the rates then 

declined rapidly, and the tissue returned· to basal levels in 



Fig. 11. Time Course of the Effect of ca2+ on CCh

induced IP3 Accumulation, MLC Phosphorylation 

and Muscle Contraction. 

Iris sphincter muscles prelabeled with myo

[3H]-inositol or 32pi for 9P minutes were 

washed 4 times with 4 ml of nonradioactive 

ca2+-free Krebs-Ringer bicarbonate buffer and 

then suspended in 1 ml of the ca2+-free buffer. 

CCh (50 uM) was added for the times indicated. 

The IP3 and MLC analyses.were performed as 

described under "Methods". In contraction. 

experiments, after the 90 minute equilibration 

time in Kre~s-Ringer buffer, the tissue was 

washed .rapidly with ca2+-free Krebs-Ringer 

buffer and_ then exposed to cqh (50 PM) in the 

ca2+ free buffer. The·data are mean± SE of 

two separate experiments conducted in 

triplicate. 
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2 minutes. Addition of ca2+ to the organ bath caused a slow 

but progressive increase in tension, and the muscle 

developed maximal contraction in about 10 minutes. 

Similarly, addition of the cation brought about a rapid 

increase in MLC phosphorylation. These data su~gest that 

the IP3 .generated as a result of the agonist-stimulated 

PIP2 hydrolysis could release ca2+ from intracellular stores 

and that the increase in. intracellular ca2+ concentration is 

sufficient to in1tiat~ phasic contraction.· The loss of this 

intracellularly mobilized ca2+, in the absence of an 

extracellular ca2+ gradient, could account for the rapid 

decline in the initial phase o_f MLC phosphoryl~tion and 

muscle contraction. The data also indicate that a second 

ca2+-dependent step, one that requires mobilization of ex

tracellular ca2+, is essential for sustained MLC 

phosphorylation and cont~action in the iris~ sphincter 

muscle. 

6. Dose-Response Effect of Phorbol Dibutyrate 

To determine whether or not the DG-PKC branch of the 

PPI response might play a role in mediating the 

extracellular ca2+~dependent sustained phase of MLC 

phosphorylation and muscle contraction, the effects of 

phorbol esters (DG analogs) were investigated. Addition of 

the phorbol ester, phorbol-12-myristate-13 acetate (PMA; 100 

and 200 nM), for time intervals ranging from 5 seconds to 60 
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minutes, failed to induce IP3 accumulation, MLC 

phosphorylation or muscle contraction. In contrast, 

addition of phorbol 12,13-dibutyrate (PDBu) induced MLC 

phosphorylation and muscle contraction in a dose-dependent 

manner over a concentration range of 10-200 nM (Fig. 12 and 

Fig. 7 for autoradiogram of MLC phosphorylation). These 

PDBu-induced responses were found to be completely dependent 

on extracellular .ca2+. Thus, in the absence of the cation, 

PDBu failed to stimulate MLC phosphorylation or to induce " 

·muscle contraction (Fig. 12). As can be seen in Fig. 7, 

addition of 200 nM PDBu caused an increase in MLC phosphory-

lation by about 25-30% of that of the control. This PDBu

induced MLC phosphorylationwas insensit.ive to atropine, 

supporting the vie~ that these DG analogs bypass receptor

mediated events and directly activate PKC. PDBu.had no sig-

nificant effect on basal IP3 levels; however, it inhibited 

CCh-stimtilated IP3 accumulation in this smooth muscle (not 

shown). 

7.· Time Course of Phorbol Dibutyrate-Induced Effects 

Time course studies revealed that, after an initial lag 

period of 10-15 minutes, PDBu (200 nM) progressively 

·increased both MLC phosphorylation and contraction. These 
. . 

effects were maximal at about 35 minutes (Fig. 13). Maximum 

effects exerted by PDBu were about 60-65% of that obtained 

with CCh (Table I). The «-isomer of PDBu, 4 o<.-PDBu, which 



Fig. 12. Dose-Response Effect of.PDBu on MLC 

Phosphorylation and Muscle Contraction in the 

Iris Sphincter. 

Phosphorylation of MLC in the absence and 

presence of PDBu was determined as described in 

leg.end to Fig. 7 and under "Methods", except 

that some incubations were performed in ca2+_ 

free Krebs-Ringer buffer. Muscle contraction 

measurements were analyzed as d~scribed· under 

"Methods". The data are mean± SE of three 

experiments _conducted in triplicate. 
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Fig. 13. , Time course of PDBu-induced MLC Phosphorylation 

and Contraction in the Iris Sphincter. 

Experiments were conducted as described in the 

legend to Fig. 8 and under "Methods". The 

concentration of PDBu used was 200 nM. The 

data are mean ± SE of three experimeft~s, 

c~nducted in triplicate. 
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TABLE I. Effect of cch; Ionomycin and Phorbol Esters on 

MLC Phosphoryiation and Muscle Contraction in 

the.Iris Sphincter. 



Addition 

SO ,JJM CCh 

5 }.1M Ionomycin 

200 nM PDBu 

200 nM PMA 

200 nM 4~- PDBu 

5 ~M Ionomycin + 
200 nM PDBu 

TABLE I 

MLC Phosphorylation 
(t control) 

139 ± 1.4 

132 ± 1.1 

126 ± 1.2 

101 ± 1.0 

100 ± 0.6 

133 ± 1.2 

64 

Muscle contraction 

·(mg tension/mg 
wet weight) 

141)0 ± 0.9 

6.5 ± 0.9 

8.3 ± 0.6 

3.2 ± 0.2 

3.7 ± 0.6 

11.0 ± 1.3 

Experiments were conducted as described in the legend to Figure 
12 and under "Methods". Data are mean± SE of three experimen~a. 
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has been shown to be inactive in PKC activation (52), was 

without effect on MLC phosphorylation and contraction in the 

iris sphincter (Table I). 

a. Synergistic Effect of Phorbol ·Dibutyrate and 

Ionomycin 

Addition of the ca2+-ionophore, ionomycin (5 uM), to 

the iris sphincter incr_eased both MLC phosphorylation and 

muscle contraction, and when added in the presence of PDBu 

(200 nM), there was a 69% increase in contraction (Table 1). 

Time-course studies revealed that addition of·the 

cationophore ind~ced a s~ow but progressive contractile 

response in the iris sphincter (Fig. 14). Further, addition 

of ionomycin and PDBu together augmented the rapidity of 

contraction and the resulting response more closely 

resembled that seen with CCh than with either drug used 

separately (Fig. 14). The T1; 2 values for the increase in 

tension by ionomycin, PDBu, ionomycin plus PDBu and CCh were 

24 minutes, 27 minutes, 8 minutes and 11 seconds, 

respectively (Fig. ~4) •. 

-
9. Effect of Protein Kinase c Inhibitor H-7 

Further support for the role of PKC ·in mediating the 
i 

sustained phase. of contraction in the iris sphincter comes 

from the studies on the effect of the· PKC inhibitor, H-7, on 

PDBu-and CCh-induced MLC phosphorylation and contraction. 



Fig. 14. Time Course of CCh-. Ionomycin- and/or PDBu

induced Contraction in the Iris Sphincter. 

Experiments were conducted as described in the 

legend to Fig. 8 and under "Methods". All 

additions were at time·= o. These experimental 

results are ~ypical of 5 similar·experiments. 
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As can be seen in Fig. 15, pretreatment of the tissue with 

H~7 for 10 minutes resulted in a dose-dependent attenuation 

of CCh-stimulated MLC phosphorylation and contraction, while 

completely inhibiting the PDBu-induced effects. At 25 uM 

concentration H-7 inhibited the CCh-induced MLC 

phosphorylation and contraction by 12 and 25%, 

respectively, and inhibited the PDBu-ind~ced responses by 80 

and 83%, respectively. 

Having implicated a role for PKC-induced MLC phosphory

lation during the sustained phase of rabbit iris sphincter 

contraction, it was next decided to purify PKC from this 

smooth muscle and to characterize its properties employing 

isolated MLC prepared from the same tissue as-substrate. 

B. Purification of Protein Kinase c from Rabbit Iris 

Sequential chromatography by anion-exchange (DEAE; Fig. 

16), gel-filtration (Sephadex G-150; Fige 17) and substrate

affinity (protamine-agarose; Fig. 18) resulted in an ap

proximately 250 to 300 fold purification of.PKC from rabbit 

iris muscle. Table II summarizes the results obtained with 

this three column purification procedure. The specific ac

tivity of PKC in the 100,000 g fraction (crude extract) was 

1.2 nmoljmg protein/min as compared to 322 nmoljmg 

protein/min for the purified enzyme. The yielq from 715 mg 

of protein in the crude extract, which corresponds to about · 

45 g of irises, was approximately 400 ug, representing an 



Fig. 15. Dose-Response Effect of H-7 on CCh-induced and 

PDBu-induced MLC Phosphorylation and 

Contraction in the Iris Sphinctere 

Experiments were conducted as described in the 

legend to Fig. 8 and under "Methods". H-7 was 

added 10 minutes prior to the addition of CCh 

(50 uM) or_PDBU (200 nM). The data are mean·± 

SE of three separate experiments conducted in 

triplicate. 
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Fig. 16. DEAE-cellulose Chromatography of Iris Soluble 

Proteins. 

The linear gradient of NaCl was o to 400 mM. 

The flow rate was 65 mljhr and the fraction 

size was 10 mlc A portion (50 ul) from each 

fraction was assayed for PKC activity as 

described under "Methods". Representative of 

2 different chromatograms. 
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Fig. 17. Sephadex G-150 Chromatography of Iris Protein 

Kinase c. 

Fractions 10 through 24 from the DEAE column 

wer~ pooled, concentrated and applied to a 

Sephadex G-150 column. Elution was carried out 

at a flow rate of 9 ml/hr and the fraction size 

was 2.5 ml. A portion of each fraction (50 ~1) 

was assayed for PKC activity as described under 

"Methods". Representative of .2 different 

chromatograms. 
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Fig. 18. Protamine-Agarose Chromatography of.Iris 

Protein Kinase c. 

Fractions 20 through 32 from th~ Sephadex G-150 

column were pooled, concentrated and applied ·to 

a protamine-agarose affinity column (10 ml)Q 

The linear gradient of NaCl was 0.5 - 1.5 M 

containing 10 mM MgC1 2 and 1 mM ATP. The flow 

rate was 25 ml/hr and the fraction size was 2.0 

ml. A portion (10 ul) of .each fraction was 

assayed for PKC as described under. "Methods". 

Representat~ve of 2 different chromatograms. 
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Table II. Purification of Protein Kinase c from Rabbit 

Iris Smooth Muscle. 

The chromatographic purification steps and the 

method of assay of PKC, using histone H-1 as 

substrate, were the same as described under 

·"Methods". Enzyme activity· was calculated as 

the difference between activities obtained in 

the presence of PS/DG/Ca2+ as compared to.the 

basal activity (1 mM EGTA). 



Step Protein 
(mg) 

Crude extract 715 
(100,000 g 
supernatant) 

DEAE-52 46 

Sephadex G 150 9.5 

Protamine~Agarose 0.4 

TABLE II 

Activity Specific 
(nmol/min) Activity 

880 1.23 

681 14.8 

eo a !53.5 

129 322 

Yield 
(%) 

100 

77 

58 

15 

Purification 
(fold) 

1 

12 

43 

262 

'-J 
N 



activity yield of 15%, which is comparable to yields 

described for the purification of the enzyme from brain 

using protamine-agarose (91,92). 
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Upon SDS-polyacrylamide gel electrophoresis the 

purified .enzyme exhibited a single, broad Coomassie blue 

band of approximately 80 kDa (Fig. 19A). No other 

contaminating proteins were visualized by Coomassie 

staining. Further, autoradiography of an aliquot of PKC 

autophosphorylated in the presence of [~-32p] ATP revealed 

the presence of orily an 80 kDa protein and no other 

phosphorylated proteins (Fig. 19B). It is of particular 

interest to note the presence of a doublet protein in this 

80 kDa region. 

c. Characterization of Protein Kinase c 

1. Effect of Phosphatidylserine, Diacylglycerol, 

Phorbol Ester and ca2+ on Protein Kinase c 

Activity 

Isolated MLC was prepared from bovine iris according to 

the methods of Perrie and Perry .(86) and Adelstein and Kle~ 

(~7). As can be seen in Fig. 20A, purified MLC migrated in 

SDS-PAGE as two ·bands, a 2 o kDa specie.s and an 18. 5 kDa 

species. Studies on the effects of the PKC cofactors PS, DG 

and ca2+ on iris MLC phosphorylation indicated that all 

three are required for maximal activation of the enzyme 

(Fig. 20B). The.increase in PKC activity by ca2+, PS, ca2+ 
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Fig. 19. 80S-Polyacrylamide Gel Electrophoresis ·patterns 

at Different Stages.of the Purification of Iris 

Protein Kinase c. 

A) Coomassie stain of proteins from the 

-100,000 g (crude extract), 70 ug (lane 1); 

DEAE-cellulose, 52 ~g (lane 2) ; ·sephadex 

G~150, 25 ~g (lane 3); protamine-agarose, 

5 ~g (lane 4)~ 

B) Autoradiogram of autophosphorylated.PKC • 

. PKC was incubated with [~-32P]ATP in the 

absence (lan~ 1) and presence (lane 2) of 

100 uM .ca2+, 100 ~g/ml PS and 10 ~g/ml DG 

for 3 minutes at 37°C, and then electro

phoresed as described under "Methods". 
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Fig. 20. 80S-Polyacrylamide Gel. Electrophoresis Showing 

ca2+ and Pho-spholipid-Stimulated 

Phosphorylation of Iris_MLC. 

A) Cooma~sie stain of purified iris MLC. 

B) Autoradiogram of the 20 kDa MLC 

phosphorylated in the absenqe or presence 

of ca2+ (100 uM); PS (100 ugjml); DG (10 

ugjm1). The reaction was carried out with 

3 o }.1M iris MLC and 5. o rig._ of enzyme 

protein for 3 minutes at 37°C •. The 

product was analyzed by 12% SDS-PAGE as 

described under "Methods". 32p-

radioactivities (cpm) in the 20 kDa MLC 

band were 17,265, lane 1; 21,990, lane 2; 

43,700, lane 3; 167,174, lane 4; and 

208,309, lane 5. 
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and PS, and ca2+ + PS + DG were found to be 27, 153, 868 and 

1210% of the control (Lane 1), respectively. Thus, the 

kinase is dependent on ca2+, PS and DG to catalyze the 

transfer of phosphate fromATP to the 20 kDa species of iris 

MLC (Fig. 20B). 

The initial rates of phosphorylation by PKC of histone 

H-1 and iris MLC were studied over a wide range of substrate 

concentrations (Fig. 21). The activity of the enzyme 

increased as a function of substrate concentra-tion, and in 

each case a hyperbolic curve was obt.ained, with maximum 

activity at about 30 liM MLC and 5 .·0 uM histone H-1. · The 

apparent affinities (Km) of PKC were determined by 

. Lineweaver-Burke analysis to be 16.6 liM for MLC-(Fig. 21A) 

and 3.0 ~for histone H-1 (Fig. 21B). The ·Km of PKC for 

ATP as ·a phosphate donor was determined to be 9.4 uM (data 

not shown). Time course of phosphorylation of.the iris MLC 

demonstrated that at 90 minutes (37°C) PKC could incorporate 

approximately 1.3 mol of phosp~ate per mol of 20 kDa MLC 

(data n6t shown). These kinetic data indicated that histone 

H-1 is a better substrate for PKC ·than isolated iris MLC 

(3.0 vs 16.6 UM). 

2. Substrate Specificity of Iris Protein Kinase c 

The preference of iris PKC for histone H-1 as a 

sub$trate is shown in Table 3. Using equal amounts (30 ug) 

of each protein substrate, PKC activity was 100% for histone 



Fig. 21. Iris Protein Kinase c Activity as a Function of 

Iris Muscle MLC and Histone H~1. 

PKC activity was assayed as described under 

"Methods" except that the concentrations of 

iris muscle MLC and histone H-1 were as 

indicated. The data are mean ± SE of three 

experiments conducted in triplicate. Insets: 

reciprocal plots of the data given in the 

_figures. 
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Protein Substrate 

Histone H-1 

MLC * 
(Turkey gizzard) 

MLC 

(Bovine iris) 

MLC 

(Skeletal muscle) 

Myosin 

(Skeletal muscle) 

TABLE Ill 

PKC Activity 

(nmol/mg/min) 

266 t 9.0 

133 t 2.0 

110 t 2.2 

5.6 ± 0.5 

3.5 ± 0.3 

78 

Relative Activity 

1.00 

o.so 

-0.41 

0.02 

0.015 



H-1, 50% for turkey gizzard MLC, 41% for iris MLC, 2% for 

rabbit skeletal MLC and 1.5% for rabbit skeletal myosin. 
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These findings are similar to previous reports in which 

histone H-1 is by far the most effective substrate for PKC 

(93), but perhaps most importantly, demonstrate that only 

MLC isolated from smooth muscle serves as substrate for the 

enzyme. 

3. Activation of Protein Kinase c by Phosphatidyl 

.serine, Diacylglycerol and Phorbol Ester as a 

Function of Free ca2+ Concentration 
( 

-To characterize the regulation of iris MLC 

phosphorylation by PKC the effects of the PKC cofactors PS, 

DG and ca2+ were studied. As reported with PKC from other 

tissues (93~95), PS alone, ca2+ alone or DG alone did not· 

activate PKC to phosphorylate MLC. Only high concentrations 

of PS (>20 ugjml) caused minimal activation of the enzyme. 

As shown in Fig. 22, in the absence of the phospholipid, 

ca2+-had no etfect 6n PKC activity. However, in the 

presence of 50 ugjml PS, ca2+ increased enzyme activity by 3 

fold, with half maximal activation occurring at 

approximately 10 llM free ca2+ and maximal activation 

occurring at approximately 50 llM free. ca2+. At 10-UM free 

ca2+ and in the presence of PS the rate of 32pi incorporated 

from [~-32p] ATP into iris MLC was about 126 nmole, and this 

increased by 61 and 65% upon addition of DG and PDBu, 



Fig. 22. Iris Protein Kinase c Activation by PS. DG and 

PDBu as a Function of Free ca2+ Concentration. 

Phosphorylation of iris muscle MLC {30 uM) in 

the absence or presence of 50 ugjml PS, 10 

ngjml DG, and 100 nM PDBu was conducted as 

described under "Methods". The free ca2+ 

concentrations were calculated as described by 

Godt and Lindley {88) using 1 mM EGTA buffer. 

The data are mean± SE of three separate· 

experiments _conducted in triplicate. 
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respectively. Further, adding DG to the combination of 

ca2+ + PS resulted not only in a potentiation of maximal 

enzyme activation, but also reduced the ca2+ requirement of 

the enzyme causing a leftward shift of the ca2+ dose

response curve (Fig. 22). In the presence of DG, half

maximal activation occurred at approximately 3 UM free ca2+, 

or more than a 50% reduction in the Ka for ca2+ (10 _uM vs 

3 uM). Similarly, in the presence of PDBu half-maximal 

enzyme activation occurred at a):>out 2 .JlM free ca2+ (Fig .. 

22) • 

4_. Phospholipid Specificity for Protein Kinase .c 

Stimulation 

To determine the specificity of the phospholipid 

requirement for PKC activation and iris MLC phosphorylation 

the effect of various other phospholipids was investigated 

(Fig. 23). PS was ·the most active phospholipid when assayed 

in the presence of 10 ug/ml DG .and 100 uM free ca2+; 

stimulatin9 PKC activity 10-fold. This was followed by 

phosphatidic acid (8-fold), PIP2 (7.6-fold), PI (7.3-fold) 

and phosphatidylglycerol (3.7-fold). 

Phosphatidylethanolamine and phosphatidylcholine were least 

effective in stimulating enzyme activity. These results 

demonstrate a requirement for a negatively charged 

phospholipid for optimal phosphorylation of MLC by PKC. 



Fig. 23. Effects of Major Phospholipids on Iris Protein 

Kinase C Activity. 

100 ugjml of each phospholipid was added to an 

incubation mixture containing 10 ~gjml DG and 

100 uM ca2+ (control) and assayed as described 

under "Methods" using 30 ~iris muscle-MLC as 

substrate. 

PA, phosphatidic acid; PI,phosphatidylinositol; 

PG,. phosphatidylglycerol; PE,· phosphatidyl

ethanolamine; PC, phosphatidylcholine. · The 

data are me~n ± SE of three separate 

experiments performed in duplicate. 
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5·. Diacylglycerol and Phorbol Ester Specificity for 

Protein Kinase C Stimulation 

To investigate the specificity of the DG molecule on 

PKC activation and iris MLC phosphorylation the effect of DG 

analogs containing various fatty acid moieties and phorbol 

esters were determined (Fig. 24). When assayed in the 

presence of 10 uM free ca2+ and 50 ngjml PS, 1-stearoyl-2-

arachidonylglycerol was the most potent diacylglycerol, 

stimulating PKC activity by 255% of that of the control. 

This was followed by 1,2-dioleoyl (218%), 1,2-dioctanoyl 

(191%) and 1-oleoyl-2-acetoylglycerol (168%)o Of the phorbol 

esters investigated, PMA was the most potent .activator with 

a stimulatory effect of 240% of that of the control (Fig. 

24), followed by PDBu (206%) and phorbol 12,13-diacetate PDA 

(160%). The inactive stereoisomer, ·4-~-phorbol was 

ineffective in activating PKC. 

6. Effect of Protein Kinase C Inhibitor H-7 on 

Protein Kinase c Activity 

H-7 has previously been described as a·potent and·spec

ific inhibitor of PKC (96). Fig. 25 shows that H-7 

inhibited iris muscle MLC phosphorylation by PKC in a dose

dependent manner with an rc50 of 10 AM· 



Fig. 24~ Effects of Various Diacylqlycerols and Phorbol. 

Esters on Iris Protein Kinase C Activity. 

10 .ugjml of each diacylglycerol analog and 100 

nM of each phorbol ester were added to an 

incubation containing 50 ~gjml PS and 10 ~ 

ca2+ (control) and assayed as described .under 

"Methods" using 30 .uM iris muscle MLC as 

substrate. 

PMA, phorbol-12-myristate-13-acetate; PDBu, 

phorbol~ 12,13-dibutyrate; PDA, phorbol-12,13-

diacetate. 

The data ar~ mean ± SE of three separate 

experiments performed in duplicate. 
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Fig. 25. Effect of H-7 on Iris Protein Kinase c 

Activity .. 

PKC was a~sayed as described in "Methods" 

except that H-7 [1-5(-isoquinolinesulfonyl)-2-

methylpiperazine] was added to the incubation 

mixture 1 minute prior to the addition of [~-

·32P]ATP. The data are mean ± SE of three 

experiments conducted in duplicate. 
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DISCUSSION 

A. Correlative studies on Inositol Trisphosphate 

Accumulation, Myosin Light Chain Phosphorylation and 

Contract.ion in Rabbit Iris Sphincter Muscle 

A synergistic interaction between IP3 and DG, the two 

arms of the PPI cycle, has been suggested to play an import-

ant role in various physiological processes including smooth 

mtiscle contraction (1,8,9,44)~ In this scheme, depicted in 

Fig. 26, agonist-stimulated hydrolysis· of PIP2 at the sar

colemma could bring about the following: 1) release of IP3,, 

followed by ca2+ mobilization from the SR, an increase in 

cytosolic free ca2+, activation of MLCK to phosphorylate MLC 

on its specific site(s) which in turn leads to muscle con

traction; 2) formation of DG, followed-by activation of PKC 

to phosphorylate MLC on its own specific site(s) 

subsequently leading to muscle contraction. The kinetic 

studi~s presented o~ CCh-induced IP3 accumulation in the 

rabbit iris sphincter add further support to the hypothesis 

that in this tissue the agonist-stimulated hydrolysis of 

PIP2 into 1P3 and DG is in.volved in coupling the activation 

of ca2+-mobilizing receptors to muscle.contraction (11,67). 

This concept has now been strengthened by the-following 

results in the present work on the sphincter muscle: 
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Fige 26. Synergism Model for Smooth Muscle Contraction. 

Scheme of mechanisms by which ca2+-mobilizing 

agonists, such as muscarinic cholinerg~c and 

~1- adrenergic, could elicit contraction in 

iris smooth muscle. 
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1) addition of CCh resulted in a significant increase in 

IP3 accumulation, MLC phosphorylation and muscle contraction 

(Figs. 6,7,8). The finding that the CCh effects were 

blocked by the muscarinic antagonist, atropine, suggests 

that both the biochemical and pharmacological responses are 

controlled by muscarinic cholinergic receptors~ Further, 

this inhibition was overcome by increasing the CCh 

concentration, suggesting competitive inhibition by 

atropine. 2) Dose-response relationships between IP3 

accumulation, MLC phosphorylation and contrac·tion for CCh 

show a good correlation between the three responses (Fig.8). 

The observation that the dose-response curve for 

contraction (Ec50 = 0.6 llM) was to the left of those for IP3 

accumulation (Ec50 = 2.5 ~) and MLC phosphorylation 

(Ec50 = 4.5 ~) could be attributed to the presence of 

spare receptors in this tissue and that occupancy of a small 

fraction of the receptors, resulting in only a small 

increase in IP3 , is sufficient to elicit a_maximal 

contractile response. The presence of spare muscarinic 

cholinergic receptors in the iris.smoo'th muscle has been 

report~d (97) and more recently studies comparing total 

receptor occupancy with biochemical and pharmacological 

responses in the rabbit iris sphincter suggest that there 

may be spare muscarinic cholinergic receptors-in t~is smooth 

.muscle (31). ·Further evidence for a close relationship 

between ·agonist-stimulated PIP2 hydrolysis, MLC 
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phosphorylation and muscle contraction is provided by the 

time course and temperature experiments. The initiation of 

CCh-induced PIP2 breakdown, as measured by IP3 accumulation,· 

was rapid and this was accompanied by an equally rapid 

phosphorylation of MLC (Fig. 9). However, in contrast to 

the biochemical responses there was always a delay (10-15 

seconds) in the initiation of contraction by the agonist. 

If PIP2 breakdo~n does precede contraction, and if IP3 is to 

function as a second messenger in releasing ca2+ from in-

tracellular stores, then part of the lag period may be due 

to diffusion of the IP3 from the plasma membrane to the SR. 

·A causal relationship between PIP2 breakdown and contraction 

became more evident, however, when the correlation between 

the three responses was investigated a·t low temperatures. 

Thus at 4°C the contractile response was considerably slower 

than that observed at 37°C (T1;~ values 102 seconds as 

compared to 16 seconds), and the corresponding time course 

curves for IP3 accumulation and MLC phosphorylation ~ere 

shifted significantly to the left of that of the 

pharmacological response (Fig. 10). These data indicate 

that the biochemical responses precede muscle contraction in 

this tissue. The effects of temperature on the three 

responses could occur at any number of sites in the pathway 

leading from receptor activation to muscle response. 

studies on the effect of cooling from 35 to 20°C in the 

45ca2+-exchange and on the contractile response of rabbit 



ear artery revealed that the amplitude of contraction 

induced by K+ depolarization at 20°c is only 60% of that 

observed at 37°C (98). Cooling induced a 2-4 fold 

reduction·in the 45ca-efflux rate. A reduction in 

90 

temperature from· 3 o t'o 10°c inhibited ·both the uptake of 

ca2+ into intestinal smooth mus~le microsomes and the rate 
.. . 

of ca2+ . release f.rom the microsomes to ·the external. medium 

(99). · In another stuqy the effect of temperature on fully 

activated MLCK at·various aqded concentrations of KCl showed 

that catalysis is markedly temperature dependent (100). 

The time course studies on the effect of ca2+ on the three 

responses revealed that the presence of the cation is not 

essential for PIP2 hydrolysis. However, in the absence of 

ca2+, the CCh-induced MLC phosphorylation and muscle 

contraction were rapid only during the first 30 seconds of 

incubation, then declined rapidly (Fig. 11). Addition of 

· ca2+ t'o the medium brought ab<:>ut a rapid increase in MLC 

phosphorylation and·in muscle contraction~. These data 

suggest that ~he IP3 -in~uce~ ca2+ release from the SR is 

involved in the phasic component of the contractile response 

and that mobilization of extracellular ca2+ is essential for 

a sustained MLC phosphorylation and muscle contraction. In 

support of these conclusions ,it has been reported that in 

rabbit main pulmonary artery IP3 mobilized ca2+ was capable 

of maintaining muscle contraction for only ·two minutes 

(101). In dog iris sphincter muscle it was shown that the 
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resting tension is reduced and the CCh-induced contractions 

were not observed in ca2+-free buff~rs (102), and very 

recently, in isolated gastric smooth muscle cells stoichio

metry of contraction and ca2+ mobilization by IP3 has been 

demonstrated (103). 

The studies on determining whether or not the DG-PKC 

branch of the PIP2 cycle mediates the extracellular ca2+~ 

dependent sustained phase of agonist-induced smooth muscle 

contraction revealed that the phorbol ester PDBu, but not 

· PMA, induced MLC phosphorylation and contraction in a dose 

and time-dependent manner (Figs. 12,13). PDBu, in the con

centration range of 10 to 200 nM, can ·elicit a slowly 

developing, yet progressive and sustained contractile 

response in the iris sphincter (Fig. 13). The PDBu-induced 

contractile response is accompanied by an increase in MLC 

phosphorylation (Fig. 7), while no significant effect of the 

phorbol ester was observed on basal IP3 levels. The 

observed effects of PDBu are specific since the inactive 

isomer 4 -PDBu had no effect on MLC-phosphorylation and 

contraction in thi~ tissue (Table I). The differential 

effects of phorbol esters in the intact sphincter could be 

due to the possibility that the iris sphincter is permeable 

to PDBu but not to PMA. This differential effect of phorbol 

esters has been reported in other tissues: in porcine 

coronary artery (104) and in skinned vascular smooth muscle 

(5) PDBu induced more rapid contraction than did PMA. Both 
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PDBu-induced MLC phosphorylation and contraction were found 

to be totally dependent on the presence of extracellUlar 

ca2+ (Fig. 12), a finding similar to that shown in Fig. 11 

for the CCh effects on the sustained phase of contraction. 

Thus, given the facts that the sustained phase of.the 

contractile. response, elicited by both PDBu and CCh, is 

~ependent on extracellular ca2+ and that the phorbol esters 

activate PKC in a manner analogous to DG (52), the data 

. presented strongly suggest the involvement of PKC in the 

tonic component of muscle contraction. The time course 

effects elicited by drugs which activate either the IP3-

ca2+-caM (ionomycin) or the DG-PKC (PDBu) pathways, and the 

synergism resulting from their combined action further sup

port a role for PKC·in. regulating muscle contraction (Fig. 

14). The studies with the PKC antagonist, H-7, show that 

while a complete inhibition of PDBu-induced responses is 

achieved its effects on the CCh-induced responses are only 

attenuated (Fig. 15). This observation further implicates a 

role for PKC in regulating PDBu-induced muscle contraction; 

however, it also s~ggests that for CCh-induced muscle re

sponses the c~2+-caM dependent pathway is also involved. 

The precise role of PDBu-induced MLC phosphorylation in 

the iris sphincter remains to be elucidated. PKC has prev

iously been shown to phosphorylate smooth muscle MLc· on a 

site(s) distinct from that phosphorylated·by MLCK (38-42). 

Perhaps contractile activity in the iris sphincter is ··· 



93 

regulated l?Y eitherMLCK andjor PKC-induced site-specific 

phosphorylation of MLC. Others have shown that PDBu-induced 

contraction in smooth muscle is associated with lower levels 

of MLC phosphorylation than that observed with CCh (5,59). 

In the present study maximal PDBu-induced MLC 

phosphorylation represen~s only 60-65% of that observed with 

CCh (Table I, Fig. 15), implying that phosphorylation of MLC 

in response to CCh addition requires the activation of both 

·MLCK and PKC. While the detailed mechanisms through which 

MLC phosphorylation regulates smooth muscle ·contraction must 

await further research, the phorbol ester studies presented 

here substantiate the proposed role of PKC in mediating the 

sustained phase of the contractile response in the iris 

sphincter smooth muscle. 

B. Purification of Protein Kinase c from Rabbit Iris 

PKC was purified·from rabbit iris smooth muscle by a 

comparatively simple three-step procedure resulting in a 

262-fold purification and a 15% yield (Table II). The 

crucial purificati~n step involved substrate~affinity 

chromatography of the enzyme on protamine-agarose. 

Protamine serves as a ca2+-phospholipid independent 

substrate for PKC and the tight binding of the enzyme to 

this matrix enables other contaminating proteins to be 

removed by low salt washes prior to elution of PKC (92). 

Elution of the active enz¥me from the protamine-agarose 
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column occurs at high ionic strength and in the presence of 

ATP and Mg2+. When ATP and Mg2+ are added the prota~ine is 

phosphorylated and the ·enz.yme released (91) .• 

A specific activity of 1.23 nmoljmgjmin for the 

100,000 g crude extract of the iris homogenate compares more· 

closely with the activity of PKC observed in brain,_ thought 

to be the richest source of the enzyme, than that seen in 

other smooth muscles (48). The neuroectodermal origin of 

the rabbit iris, as compared to the mesenchymal origin of 

other smooth mu_scle, could account for the abundance of PKC 

in the iris. A specific activity of j22 nmoljmgjmin for the 

purified enzyme compares favorably with the activity of the 

enzyme purified from pig spleen and rat brain (105,106), but 

is lower than that reported for rabbit kidney and bovine 

brain (107,92). Moreover,.the 15% yield of PKC obtained 

from the iris muscle is similar to yields described for the 

purification of the enzyme from brain using protamine

agarose (91,92). 

SDS-polyacrylamide gel electrophoresis of the enzyme 

revealed a single Qand with a molecular weight of 80 kDa 

(Fig. 19A). When an aliquot of the enzyme was 

autophosphorylated, in the presence of [~-32P]ATP and PKC 

activators, a doublet protein became visible in the 80 kDa 

region (Fig. 19B). This doublet prote~n has previously been 

attributed to the existence of two distinct isoforms of PKC 

in rat brain (108). Further, molecular studies indicate the 
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presence of at least three isoforms of PKC in rat and bovine 

brain (109,110). Possibly the doublet protein observed here 

represents different isoforms of rabbit iris PKC. 

c. Characterization of Iris Protein Kinase C Using Iris 

Myosin Light Chain as Substrate 

Characterization studies of rabbit iris PKC show that 

the enzyme is activated by ca2+, ps·and.DG. When added in

dividually these cofactors have little effect on iris MLC 

phosphorylation (Fig. 20B). As with other PKC preparations 

the preferred substrate was histone H-1, although the MLC 

proteins purified from the iris and turkey gizzard were 40-

50% as effective as histone H-1 (Table III)e In contrast, 

neither MLC prepared from rabbit skeletal muscle nor whole 

myosin obtained from the same tissue served as substrates 

for the iris enzyme. These observations demonstrate 

substrate specificity for smooth muscle PKC. The Km values 

of iris PKC for ATP, histone H-1 and iris MLC were found to 

be 9.3, 3.0 and 16.6 .uM, respectively (Fig. 21). These 

values are compara:Qle to the Km values of other PKC 

preparations for ATP, histone H-1 and turkey gizzard MLC of 

6.0, 3.6 and 28.6 .uM, respectively (40,48). 

The ca2+ concentrations required for maximal activation 

of the enzyme are dependent on the presence of PS and can be 

decreased by either diolein or PDBu (Fig. 22). Half maximal 

activation of the enzyme (Ka) occurred at 10 AM free ca2+ in 



96 

the presence of PS. When diolein was added the Ka of the 

enzyme for ca2+ was decreased by greater than 50% and half 

maximal activation occurred at 3.0 uM free ca2+. PDBu could. 

substitute for DG and lower the ca2+ requirement of the 

enzyme. In the presence of PS, PDBu decreased the Ka for· 

_ca2+ by 5-fold and half maximal activation occurred at 2.0 

uM free ca2+. 

The findings on the relative potencies of various phos

pholipids (Fig. 23), diacylglycerol and phorbol esters (Fig. 

24) in ~ctivating iris PKC are in general agreement with 

those reported in other tissues (111)". PS was the most 

active of the phospholipids tested, although other acidic 

phospholipids were also potent activators of iris PKC. It 

is not clear which of these phospholipids is essential in 

the activation of PKC in vivo. The results indicate a 

requirement for a negatively charged head group and this is 

in accord with the enzyme activation model of Bell (53). 

According to this, four negatively charged PS molecules bind 

a single ca2+ ion to form a ca2+-ps complex on the 

cytoplasmic leafle~ of the bilayer. PKC binds to this 

complex and ·is activated only following the binding of DG. 

If, as the model depicts, the sole function of the 

phospholipid is to bind ca2+ and to anchor this ca2+_ 

phospholipid complex in the membrane then other anionic 

phospholipids, such as phosphatidic acid and the 

phosphoinositides, could serve as potential regulators of 
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PKC activity. The ability of DG to activate PKC PY 

increasing its affinity for ca2+ has been shown to be 

dependent on the structural specificity of the fatty acyl 

moieties esterified to the diacylglycerol (49-51). To 

determine the specificity of the fatty acyl moieties, the 

effects of various diacylglycerols and phorbol esters on MLC 

phosphorylation by PKC were investigated (Fig. 24). The 

results show that 1-stearoyl-2~arachidonylglycerol was the 

most potent in enzyme activation followed by diolein, 

dioctanoyl and OAG, respectively. Recently Go et al. (51) 

also observed that 1-stearoyl-2-arachidonyl-glycerol was 

most potent in activation of brain PKC, although other 

diacylglycerols having naturally occurring fatty acids were 

almost equally effective in activation of the enzyme. 

1-Stearoyl-2-arachidonylglycerol is the major DG formed 

from receptor-stimulated PIP2 hydrolysis (72) and the 

finding that this species of DG is the most potent activator 

of PKC is in accord with the hypothesis that PIP2 and its 

derived second messengers·are involved in smooth muscle 

contraction. Of t~e phorbol esters tested PMA was the most 

active, followed by PDBu and PDA. As expected the inactive 

stereoisomer 4 c<- phorbol was ineffective in activating the 

enzyme. In the intact iris sphincter muscle PMA was 
-

ineffective in eliciting MLC phosphorylation and contrac~ion 

as compared to PDBu and it was suggested that this 

differential effect of the phorbol esters was due to 
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permeability differences. This interpretation ~s now 

supported by the present findings which-demonstrate that 

both PMA and PDBu are equally effective in stimulating PKC 

. activity. 



SUMMARY 

In smooth muscle, activation of ca2+-mobilizing 

receptprs leads first to the rapid-breakdown of PIP2 into 

· IP3 and DG, and second to a contractile response which is 

mediated through an increase in the intracellular ca2+ 

concentration. To determine whether there is a causal 

relationship between PIP2 breakdown and contraction, 

correlative studies were conducted ·on the effects of CCh on 

PIP2 breakdown, measured as IP3 accum~lation, MLC 

phosphorylation and mu$cle contraction in the rabbit iris 

sphincter smooth muscle. The effects of time, temperature, 

atropine antagonism, ca2+ and the PKC activators on the 

three measured responses were also investigated. Further, 

PKC was purified from the rabbit iris and its properties 

characterized employing as substrate MLC prepared from the 

same tissue. The data obtained can be summarized as 

follows: 1) Dose~response studies for IP3 accumulation, MLC 

phosphorylation and contraction reveal~d a close correlation 

between these responses. 2) Data on atropine antagonism 

showed that the three measured responses are competitively 

inhibited by the muscarinic antagonist. 3) Time course 

studies conducted at low temperature showed that the CCh

induced IP3 accumulation and MLC phosphorylation precede 

99 
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contraction. 4). The effect of ca2+ on the .th+ee measured 

~responses showed that IP3 release may mediate the phasic 

component of CCh-induced contraction and that extracellular 

ca2+ is essential for sustained MLC phosphorylation and 

tonic contraction. _5) PDBu, but not PMA, induced MLC phos

phorylation and muscle contraction in a dose- and time

depend·ent manner and these effects were inhibited by the PKC 

antagonist, H-7. PDBu and ionomycin acted synergistically 

to elicit contraction •. 6) Purified iris muscle PKC was 

shown to have a mqlecular weight of 80 kDa, and could 

effectively employ iris MLC as substrate with an apparent Km 

of 16.6 uM .. 7) The enzyme was shown to be dependent on 

ca2+, PS and DG for its activity. Half-maximal activation 

(Ka) in the presence of ca2+ and PS occurred at 1 x 10-5M 

free ca2+. When DG or PDBu were added in the presence of 

ca2+ and PS, the Ka for ca2+ was reduced to 3 x 10-6M and 

2 x 10-6M, respectively. 8) The phospholipid and DG 

requirement· for iris muscle PKC was shown to be specific, in 

that PS was the most effective phospholipid in enzyme 

activation, and 1-~tearoyl-2-arachidonylglycerol was the 

most potent activator of the various DG analogs assayed. 

These data indicate that contractions induced by CCh in the 

iris sphincter smooth muscle may· be explained on the basis 

of enhanced PIP2 hydrolysis and its derived second 

messengers. The IP3· branch of the PIP2 cycle, . through 

intracellular ca2+-mobilization, is involved in the phasic 
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component of the contractile response, while DG, through 

the activation of PKC, plays a regulatory role during the 

tonic phase of smooth muscle contraction. 
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