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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Endothelium-abhängige Vasorelaxation ist von grosser pharmakologischer

Bedeutung bei der Therapie von Coronarspasmen und Angina pectoris mittels

Nitrovasodilatoren. Neuere Arbeiten schlagen einen cGMP-abhängigen

Mechanismus vor, um die Effekte der Nitrovasodilatoren auf glatte Muskulatur zu

erklären. Dabei soll die Ca-Pumpe der Plasmamembran durch cGMP-abhängige

Phosphorylierung stimuliert werden [Popescu, L.M., Panoiu, C., Hinescu, M., und

Nutu, O. (1985) Eur. J. Pharmacol. 107, 393-394, Furukawa, K., und Nakamura, H.

(1987) J. Biochem. !Q1, 287-290). Diese Hypothese wurde an einer Sarkolemma­

Präparation aus glatter Muskulatur der Aorta thoracica (Schwein) überprüft. In den

Aetomyosin-extrahierten Membranen konnte sowohl eine ATP-abhängige Ca­

Pumpe als auch eine cGMP-abhängige Kinase (G-Kinase) Aktiyität nachgewiesen

werden. Die Molekularmasse des Hauptsubstrates (G1) der G-Kinase and

dasjenige der Ca-Pumpe wurden miteinander verglichen. Die elektrophoretische

Analyse des phosphorylierten Zwischenproduktes der Ca-ATPase und des G1­

Phosphoproteins zeig1e, dass diese zwei Proteine nicht identisch sind. Die

Resultate wurden durch die Verwendung zweier anderer Methoden (1251_

Calmodulin Overlay und immunologischer Vergleich mit der Erythrozyten Ca­

ATPase) bestätigt. Mögliche Effekte einer cGMP-abhängigen Phosphorylierung

von Membran-Proteinen auf die Ca-Aufnahme sarkolemmaler Vesikel wurden

ebenfalls in Betracht gezogen. Es stellte sich jedoch heraus, dass die cGMP­

abhängige Phosphorylierung der Substrate der G-Kinase extrem

temperaturempfindlich ist, was zu einem niedrigen steady-state Wert der G1­

Phosphorylierung bei 370 C führt. Diese Schwierigkeit konnte durch die

Verwendung von ATP[yS) zur Phosphorylierung überwunden werden. Die cGMP­

abhängige Thiophosphorylierung führte jedoch zu keiner Stimulation der Ca­

Aufnahme in Membranvesikel. Diese Resultate zeigen, dass die Ca-Pumpe der

Plasmamembran glatter Muskulatur weder ein Substrat der G-Kinase ist noch

durch einen cGMP-abhängigen Mechanismus reguliert wird. Frühere Publikationen,

die eine direkte cGMP-abhängige Modulation der Ca-Pumpe postulierten, müssen

deshalb neu interpretiert werden.

Offenbar stellt G1 ein unbekanntes Substrat der G-Kinase dar, obwohl seine

Phosphorylierung schon vor mehreren Jahren beschrieben wurde. Im zweiten Teil
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der Arbeit wurden deshalb die physiko-chemischen und biochemischen

Eigenschaften des G1-Phosphoproteins näher untersucht. Kupferphenanthrolin­

katalysierte Oxidation von G1 in sarkolemmalen Membranen und in einer

solubilisierten Fraktion ergab, dass G1 in situ als Oligomer vor1iegt. G1-0ligomere

konnten zusätzlich mit einer sedimentierbaren Spezies oxidativ vernetzt werden.

Letztere wurde durch 2-dimensionale (nichtreduziertlreduziert) SDS-PAGE als

Aktin identifiziert, welches vermu1lich membrangebundenes Aktin repräsentiert. Im

weiteren zeigten Experimente mit DNase I Affinitätschromatographie, dass ein Teil

von G1 spezifisch zusammen mit Aktin angereichert werden konnte. G1 wurde nur

unter bestimmten Bedingungen durch nicht-ionische Detergentien solubilisiert.

Interessanterweise waren hohe Salzkonzentrationen oder millimolare ATP­

Konzentrationen zu dessen Solubilisation durch Triton X-1QO notwendig. Ein

ähnliches Verhalten wurde für einen Komplex von Calmodulin und einem 110 kDa

Protein aus isolierten Bürstensaum-Mikrovilli beschrieben [Verner. und Bretscher

(1985) J. Cell Biol. 100, 1455-1465]. Obwohl sich G1 und 110K-CaM in

verschiedener Hinsicht unterscheiden, lassen Aktinbindung und ähnliche

Solubilisations-Eigenschaften auf eine mögliche Rolle von G1 in der Interaktion von

Zellmembran und Zytoskelet1 schliessen. Diese könnte im Kontraktions­

Relaxations-Zyklus durch einen cGMP-abhängigen Mechanismus reguliert werden.
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SUMMARY

SUMMARY

Endothelium-dependent vasorelaxation is 01 great pharmacological importance in

the treatment 01 coronary spasms and angina pectoris by nitrovasodilators. Recent

work suggests the involvement 01 a cyclic GMP-dependent phosphorylation 01 the

sarcolemmal Ca-pump, inducing stimulation 01 Ca2+-extrusion as the mechanism

01 vasodilation [Popescu, L.M., Panoiu, C., Hinescu, M., and Nutu, O. (1985) Eur.

J. Pharmacol. 107,393-394, Furukawa, K., and Nakamura, H. (1987) J. Biochem.

101, 287-290]. This hypothesis has been tested on a smooth muscle sarcolemma

preparation Irom pig thoracic aorta. The isolated membrane preparation showed

ATP-dependent Ca-uptake as weil as cGMP-dependent protein kinase (G-kinase)

activity. The molecular masses 01 the major protein substrate eil the G-kinase, G1,

and that 01 the plasmalemmal Ca-pump were compared. Electrophoretic analysis 01

the phosphorylated intermediate 01 the sarcolemmal Ca-ATPase and the Gl

phosphoprotein showed that these two proteins are not identical. The results were

confirmed by using a 1251-ealmodulin overlay technique and an antibody against

the human erythrocyte Ca-ATPase. Ca-uptake experiments with prephosphorylated

membrane-vesicles were carried out to elucidate possible effects '01 cGMP­

dependent phosphorylation 01 membrane proteins on the activity 01 the Ca-pump.

The cGMP-dependent phosphorylation was lound to be extremely sensitive to

temperature leading to a very low steady state phosphorylation level at 370 C. The

difliculty was overcome by using ATP[yS], which produced maximal and stable

thiophosphorylation 01 G1 during the Ca-uptake experiments at 370 C. However,

the cGMP-dependent thiophosphorylation lailed to influence the Ca-uptake

properties 01 sarcolemmal vesicles. The results have thus shown that the Ca-pump

01 smooth museie plasma membrane is not a direct target 01 the cGMP-dependent

protein kinase and is not regulated by the cGMP-dependent phosphorylation 01

membrane proteins. Earlier reports in support 01 the hypothesis suggesting a direct

modulation 01 the Ca-pump by cGMP must therelore be reinterpreted.

G1 is a hitherto unidentilied substrate 01 the G-kinase, although its presence in

smooth muscle sarcolemma has been known lor many years. Since it represents

the major target 01 the G-kinase in smooth muscle sarcolemma its physico-

3
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chemical and biochemical properties were investigated. Cupric phenanthroline­

catalyzed oxidation of G1 in sarcolemmal membranes and in a soluble fraction

revealed that G1 constitutes an oligomeric structure. In addition, the G1-0ligomer

could be oxidatively crosslinked to a sedimentable moiety. The latter was identified

by 2-<:limensional (nonreduced/reduced) SOS-PAGE as actin that is presumably

attached to the sarcolemmal membranes in vivo. Furthenmore, ONase I affinity

chromatography demonstrated that a fraction of G1 directly interacted with actin,

since it was specifically coeluted with actin from the column. G1 could be

solubilized by non-ionic detergents only under very special conditions.

Solubilization with Triton X-1QO occurred only in the presence of high salt

concentrations or millimolar concentrations of ATP. A similar behaviour has been

recently observed for a complex of calmodulin and a protein of 110 kOa isolated

from brush border microvilli [Verner and Bretscher (1985) J. Cell Biol. 100, 1455­

1465). This complex was shown to be involved in the lateral interaction of the

microvillus F-actin bundles with the plasma membrane. G1 and the 110K-CaM

complex differ in several respects. However, the actin-binding property and the

similar solubility properties suggest a possible roje of G1 in the plasmamembrane­

cytoskeleton interaction in smooth muscle cells, which may be regulated by cGMP­

dependent phosphorylation during the contraction-relaxation cycle.

4
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I. INTRODUCTION

1. GENERAL ASPECTS OF SMOOTH MUSCLE

1.1 Morphology

1.1.1 Smooth museie tlssue

Smooth muscle is lound in the organs 01 the gastrointestinal duct, in blood vessels,

in the bronchial tree, in organs 01 the reproductive system and in other inner hollow

organs. The vascular organs are usually composed of several smooth muscle

layers embedded between the tunica intima covered by the endothelium at the

luminal face and by connective tissue at the distal side. Because there is no

supporting skeleton (as for skeletal muscle), smooth muscle itself must provide

same stability to perform wol1<, and the individual cells have to wol1< in a coordinate

way. The lalter feature is provided by a mechanical and, in most cases, also an

electrical coupling between the cells. The morphological complication in smooth

muscle that individual cells are separated from each other by extracellular matrix

components is overcome by the formation of cell to cell junctions at distinct points.

Four different types of contacts have been described: intermediate contacts, close

contacts, interdigitations and gap junctions. The function of these cell contacts is

either to mechanically couple the cells (intermediate contacts) or to electrically

couple them (gap junctions or close contacts in smooth muscle tissues lacking gap

junctions). Interdigitations, Le. small reciprocal serrations of the cell membranes 01

two neighbouring cells are often observed in contracted tissue where the cell

surfaces are ruffled. The function of this cell contact type, however, is unknown.

Gap junctions are dynamic structures that can be identified in electron micrographs

by their typical seven layered structure formed ,by the electron dense cell

membranes facing each other and three electron-translucent plus two electron­

dense lines in between of them. They are present in most but not all smooth

muscle types. One of these exceptions, the myometrium, shows gap junctions only

5
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when it is active during parturition. Gap junctions were shown to be necessary for

the electrical coupling of cells (Bennett et al., 1978).

1.1.2 The smooth museie cell

Smooth muscie cells are spindie shaped mononucleated cells of about 500 �~�m in

length and a maximum diameter of 5 - 10 �~�m�. During contraction the diameter of

the cells increases while the cell volume remains constant, which is about 3500

�~�m�3 in intestinal muscie but may be as large as 21 000 �~�m�3 in the myometrium.

They are organized in bundles and show a more or less defined orientation in a

single smooth muscle layer.

About 5% of the cell volume is occupied by the sarcoplasmic reticulum and another

5% by the mitochondria. The smooth sarcoplasmic reticulum is the storage site for

the internal Ca and is located just beneath the plasma membrane. It consists of

different functional subdomains concerning their role in Ca-mobilization. Caffeine

sensitive as weil as histamine sensitive stores can be distinguished. Mitochondria

are probably not involved in the physiological control of [Ca2+)i, because their

affinity is too low [apparent Km about 17 �~�m in bovine pulmonary artery (Vallieres

et al. , 1975)) compared to the maximum Ca-levels reached during contraction (1

�~�M�)�.

1.1.3 The contractile apparatus

The contractile apparatus is composed of thin and thick filaments, which provide

the structural requirements for a sliding filament mechanism for contraction. The

actin filaments are approximatively 8 nm in diameter and about 3 - 30 �~�m long

(Fay et al., 1982, Squire, 1981). They consist of a double strand of F-actin, the

polymerization product of the 42 kDa G-actin, and tropomyosin, a dimeric

elongated protein made of a 36 and a 39 kDa subunit, which interacts with the F­

actin in a Ca-dependent way. About 15 thin filaments associate with a thick

filament to form a sarcomer-like structure, spanning the cell in a diagonal manner.

The thin filaments are either fixed to the cell membrane in so-called attachment

patches, which are thought to serve in the mechanical linking of the cells to each

other, or they insert into dense bodies, a functional correlate to the Z-disks in

striated muscle. Contrary to striated muscle, the thin filament lacks troponin

6
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conferring Ca-sensitivity to the contractile apparatus. Instead of this, another Ca­

dependent regulatory system is associated with the thin filament: the caldesmon­

CaM system (see 2.2.2).

Myosin. the other major constituent of the contractile apparatus is a dimer of about

470 kDa and contains two regulatory 20 kDa and two 17 kDa light chains

necessary for Mg-ATPase activity. The 20 kDa light chains binds 1 mol/mol Ca and

are phosphorylated by a specific kinase, the myosin light chain kinase, associated

with the contractile apparatus. The thick filament consists of bundles of myosin

molecules that are arranged in an antiparallel ·side-polar" manner. This structural

feature is unique for smooth muscie and means that all myosin heads on one side

of the thick filament are oriented oppositely to the myosin heads on the other side

of the filament. The structural and functional consequences of the different

arrangement are striking, as compared to striated muscJe fibres: a) smooth muscie

cells may contract up to 1/4 (taenia coli: 450 11m to 115 11m) of their originallength

because the thin filament can slide far beyond the thick filament, b) The area where

actin and myosin overlap is constant during contraction, so that maximum force

can be developed over a wide range of length, c) The repetitive unit of the

sarcomer-like structure is much longer, Le. there are less cyciing crossbridges per

unit in length. This is one of the reasons why the energy consumption to maintain a

given force is much lower.

Myosin filaments are absent on either side of the dense bodies reveiling an I-band­

like appearance of the contractile apparatus near the dense boclies and an

anisotropie band in some distance to them. The arrangement of the dense bodies,

however, is not as strict as the Z-disks in striated museie resulting in the lack of a

striated appearance of smooth muscie under the light microscope.

1.1.4 The cytoskeleton

The cytoskeleton is operationally defined as a network of proteins that are not

solubilized from cells by nonionic detergents (Branton et al., 1981). Smooth museie

contains large quantities of gelsolin, filamin and desmin. These proteins are

constituents of the 10 nm intermediate filaments that are also fairly abundant in

nonmuscie cells but are practically absent in striated muscle cells. Together with

actin microfilaments they form the filamin-actin-desmin (FAD) domain. There is

7
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considerable evidence of an interaction between the contractile apparatus and the

intermediate filaments. In electron micrographs thin (actin) filaments and

intermediate filaments that do not run in parallel to the thin filaments can be

visualized to meet at distrnct points, the dense bOOies. Recently, Bennett et al.

(1988) presented evidence for contractile zones in smooth muscle cells that may
reflect the organization of the underlying cytoskeleton: By immunofluorescence

staining of contracting cells (taenia coli) the authors showed that phosphorylated

myosin becomes enriched in 16 transverse zones per cell. Although in some cases

not all contractile zones were activated (no myosin phosphorylation) there was a

goOO fit of the immunofluorescent stain into a common pattern. The authors

hypothesized that the 16 zones reflect the positions of dense bodies where

movement of myosin becomes arrested. As the "silent" (nonphosphorylated)

contractile zones also appear to undergo shortening during contraction a coupling

mechanism between the contractile zones was postulated. This observation is of

great importance towards a better understanding of the latch state (see 1.3.5). For

instance, it has been suggested (Small et al. , 1986, and Rasmussen et al. , 1987)

that intermediate filaments could mechanically fix the length of a (contracted) cell in

order to maintain a given force. Indeed, the slowly increasing phosphorylation of

the FAD domain components desmin (vimentin in vascular smooth muscle) and

synemin has been observed in tracheal smooth muscle upon carbachol stimulation

(Park and Rasmussen, 1986). On the other hand, the treatment of the same

muscle with the protein kinase C activator phorbol dibutyrate induces a slow

contraction. Although no myosin light chain phosphorylation could be detected

under these conditions the same proteins of the FAD domain appeared to be

phosphorylated after long periods of time as observed after prolongued carbachol

treatment. An interrelationship between smooth muscle contraction and the

intermediate filament network seems therefore to be very likely.

1.2 Neural and humoral interaction with smooth museie

1.2.1 Sympathetic Innervation and catecholamines

Adrenergic nerves terminate in vascular smooth museie at the adventitio-medial

border (Le. at distances from the target cells ranging fram 80 nm in small vessels

up to 1 �~�m in large elastic arteries). The endothelium is not innervated, although a

8
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few exeeptions (e.g. rabbit facial vein) may exist. The asymmetrieal loeation of

nerves eould provide the basis for a dual regulation of vascular smooth muscle by

eateeholamines originating from the circulation or from neurons (Burnstoek, 1980).

This asymmetry could result in a balance between the humoral and neural control

of the vaseular smooth muscle. The eatecholamine action on smooth muscle is

mediated by different subtypes of adrenoeeptors. Noradrenaline may act either on

(t-1 or on (t-2 reeeptors eausing eontraction, whereas the stimulation of ß-2

reeeptors by the same agonist is thought to induee relaxation. There are profound

differenees eoneerning the distribution of the receptor subtypes in various tissues,

the relative proportions between the (t- and ß-adrenoeeptors determining the type

of response of a eertain smooth muscle type. Even in the vascular type of smooth

muscle noradrenaline brings about either vasoconstriction (pulmonary aorta, rabbit

ear artery) or relaxation (small veins) due to the predominanee of either (t- or ß­

reeeptors, respeetively. The response of noradrenaline mayaiso depend on the

species (e.g. eat aorta does not relax upon ß-adrenergie stimulation) or on the age

of the organism (sensitivity to ß-adrenergie relaxation deereases with age, e.g. in

rat thoraeic aorta).

1.2.2 Chollnerglc Innervation and acetylcholine

Cholinergic nerves are usually identified on the basis of the histochemieal

demonstration of acetylcholinesterase and choline acetyltransferase. In vascular

smooth muscle such as aorta they are confined to the border between the tuniea

externa (adventitia) and the tuniea media, however, it is not dear whether these

nerves terminate close to muscle cells, exclusively, (mediating direct contraction)

or also on adrenergic neurons (mediating indirect relaxation by inhibiting

noradrenalin release from adrenergie nerve terminals). Since both sites contain

musearinie reeeptors that are not different from eaeh other, both types of

innervation are feasible. According to the present knowledge (Lee, 1985),

eholinergic nerves neither penetrate the smooth musde layer of vascular beds nor

do they innervate the endothelial layer. One possible meehanism of eholinergie

vasorelaxation is therefore likely to occur through the inhibition of contraction. In

vitro, on the other hand, acetylcholine may play. a dual role inducing either

vasorelaxation or eontraction depending on the presence or absence of

endothelium, respectively (Furchgott and lawadzki, 1980). This suggests a

meehanism where vasorelaxation mayaiso be mediated by musearinic reeeptors in
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the endothelium, although it is unclear how the neurotransmitter reaches its

receptor in situ. The question whether the endothelium dependent vasorelaxation

induced by acetylcholine in vitro has also its physiological analogies or whether

acetylcholine action in vivo may be explained exclusively by a mechanism where

acetylcholine acts on presynaptic muscarinic receptors remains to be answered.

1.2.3 Purlnerglc nerves end ATP

Neurons of the purinergic type are found throughout the gastrointestinal tract. They

are characterized by their content of large (200 nm) electron-dense vesicles, when

visualized by electronmicroscopy of glutaraldehyde fixated thin sections. These

vesicles contain ATP, a sympathetic neurotransmitter that may be of greater

importance in the gastrointestinal tract than the catecholamines in antagonizing

cholinergic excitatory nerves. Purinergic nerves are also present in the lung and

most probably in the cardiovascular system. Vascular smooth muscle contains P2

purinergic receptors as demonstrated in the rabbit ear artery. Unlike in the

intestine, nervous stimulation of purinergic receptors in the vascular bed produces

a potent contractile response that is mediated by Ca-influx via a receptor operated

Ca-channel (for details see chapter 2.1.1).

1.3 Contractility of smooth museie

Smooth muscle contractility must be divided into three different stages. Initiation of

contraction, steady state ("Iatch state") and relaxation. Each of these stages has its

special features (Fig. 1). Contraction is initiated by the rise of [Ca2+li from resting

levels of about 0.1 11M 10 Ilmolar levels. Concomitantly, there is a rapid transient

increase of myosin light chain phosphorylation that falls to nearly initial values

within minutes. The extent of the initial MLC phosphorylation is variable and

correlates with the later steady state isometrie tension (Silver and StulI, 1983).

Contraction force remains still nearly maximal although myosin light chain is again

largely dephosphorylated and the initial [Ca2+li is reduced to an intermediate level

of about 0.6 11M. In parallel to the decrease of MLC phosphorylation level, the

shortening velocity, reflecting the crossbridge cycling rate, is drastically reduced.

These characteristics define a steady state level that continues untit a relaxing
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signal reaches the muscle. Finally, relaxation is induced by the decrease 01 [Ca2+]i

Irom intermediate to basal levels.

OS 152S J5W
TmelrN-lJ

Figure 1 Relationship between [Ca2+]i

(detected by aequorin luminescence

ULmax), MLCK-phosphorylation,

shortening velocity, and lorce during

and after K-induced membrane

depolarization in hog carotid artery.

(From Rüegg, 1986)

1.3.1 Dependence of contracllon on [Ca2+]1

Contraction 01 smooth muscle can be stimulated by two different pathways

depending on the smooth muscle type: spontaneously active smooth muscles

(phasic smooth muscle such as intestinal or myometrium) develop action potentials

in distinct pacemaker cells. The action potential is transmitted to other cells by gap

junctions providing a coordinate contraction of the whole muscie. In larger blood

vessels, sympathetic stimulation triggers membrane depolarization. Voltage

sensitive Ca-channels are then opened leading to activation of the myofilaments by

the increasing [Ca2+li. However, the so-ealled electromechanical coupling of

smooth muscle is not obligatory for the onset of force development. Some smooth

muscle types are activated without a change in membrane potential. This non­

electric type of stimulation - also termed pharmacomechanical coupling - is found

for instance in the interaction of sympathetic agonists with a-1 receptors. This

pathway ultimately leads to Ca-mobilization from the sarcoplasmic reticulum.

Another example of pharmacomechanical coupling is given by acetylcholine which

acts on coronary arteries rising [Ca2+li by opening receptor operated Ca;:hannels

on the cell membrane (Ito et al., 1979).
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lherefore, the common step undertying the activation of the different smooth

museie types is an increase of [Ca2+1i that may or may not be dependent on

membrane depolarization. lhis unifying principle, however, has been seriously

challenged by the recent' discovery that the 21-amino acid residue endothelium

derived vasoconstrictor peptide endothelin (Yanagisawa et al. , 1988) can cause

contraction of porcine coronary artery in a Ca-independent way (Kodama et al.,

1989). Obviously, there must be other key events in the control of smooth museie

contractility that may act in parallel to the Ca-dependent mechanisms or could even

replace them.

1.3.2 The crossbridge cycle

lhe energy required for the work performed during contraction is provided by the

hydrolysis of ATP during the cycling of crossbridges. According to Seilers (1985) a

reaction cycle starts with the binding of AlP to the myosin filament that is still

attached to the actin filament from the previous cycle. lhe binding of AlP rapidly

detaches actin from myosin. Subsequentiy, AlP is hydrolyzed inducing a structural

change that allows the reattachment of actin to myosin. The resulting actomyosin­

ADP-eomplex, which is thought to be force generating, may exist several hundred

milliseconds, because the subsequent dissociation into ADP and actomyosin is

very slow and �i�~ actually rate limiting of the entire cycle. As a consequence, the

cycling rate of the smooth muscle crossbridges is about 50 times slower than in

striated muscle.

1.3.3 The obligatory role of MLC phosphorylation

Smooth museie contraction is regulated by a covalent regulatory system: lhe key

event, which is necessary for the activation of smooth museie but has only

regulatory function in striated muscle, is the phosphorylation of the 20 kDa myosin

light chains (Sobieszek, 1977) at the Ser-19 residue (Maita et al. , 1981). This

phosphate group is transferred by the myosin light chain kinase .(MLCK), a

Ca2+/calmodulin dependent protein kinase that is very specific for the myosin light

chain. The Ca-dependence of contraction seems to be limited to the

Ca2+/calmodulin activation of the MLCK. As it has been demonstrated in vitro

(Chacko, 1981), activation of the myosin ATPase by actin only requires the

phosphorylation of the myosin 20 kDa light chain but not the presence of Ca. lhus,
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the regulation 01 smooth muscle is essentially myosin-linked and not primarily

dependent on the Ca-dependent activation of the thin filament as in striated

muscle. The mechanism underlying myosin linked regulation probably affects the

rate-limiting step of the ATP-hydrolysis during crossbridge cycling. Seilers (1985)

and Marston (1982) lound that after dephosphorylation of myosin the interaction

between actin and myosin is greatly reduced and the dissociation of ADP from

actomyosin is inhibited. This model implies that phosphorylation of the myosin light

chain leads to a disinhibition of the contractile apparatus. Earfier experiments have

shown that a myosin preparation from molluscs was fully activated even in the

absence 01 Ca, when the regulatory myosin light chains were removed by EDTA

treatment (Szent-Györgyi and Szentkiralyi, 1973). The subsequent addition of the

vertebrate smooth muscle nonphosphorylated 20 kDa regulatory light chain

reversed this activation (Kendrick-Jones and Scholey, 1981).

1.3.4 Phaslc and tonic smooth museie

Smooth muscle may be divided into two different types based on the contractile

answer to a stimulus. "Phasic" smooth muscle (portal vein, ileum, taenia coli, etc.)

respond with a transient contraction whereas in "tonic" smooth muscle (arteries)

contraction persists for a lang time after the stimulus has ceased and is not

dependent on Ca-influx lrom the extracellular space. The existence 01 different

regulatory mechanisms involved in Ca-contraction coupling in these two smooth

muscle types is currently discussed (Weisbrodt and Murphy, 1985, Himpens et al.,

1988). The hypothesis has been introduced that in tonic smooth muscle myosin

light chain phosphorylation could be partially replaced by a cooperative mechanism

where a few phosphorylated crossbridges would allow nonphosphorylated

crossbridges to interact with the thin filament. This hypothesis could certainly shed

new light on the possible mechanisms involved in smooth muscle regulation, since

it has been known for a long time, that contraction in tonic smooth muscle may weil

persist whereas the degree 01 phosphorylation of the myosin light chains is steadily

decreasing after the initial maximum (see Rg. 1).

1.3.5 The latch state

A special feature 01 smooth muscle is the "Iatch-state" that occurs under conditions

of prolongued contraction. It is characterized by a lowered energy-consumption and
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slowed shortening velocity compared to initial values, whereas the isometric force

remains constant. This may be of particular importance in tonic smooth muscle

where contraction may last from several minutes to hours. The mechanistic

explanation for this behaviour is a decreased dissociation rate for the actomyosin­

ADP-eomplex lowering the overall cycling rate. How the velocity of crossbridge

cycling is regulated is still a matter of debate. Certainly, the decreased level of

myosin light chain phosphorylation proportionally alters the average crossbridge

cycling rate (DiIIon et a1., 1981, Seilers et al., 1985). But also Ca.<Jependent

mechanisms may playa rote because a slightly increased [Ca2+li is required to

maintain contraction during latch state. Additionally, structural modifications of the

filaments such as the proposed crosslinking of actin and myosin by caldesmon (see

below) may support latch state (Ikebe and Reardon, 1988).
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2. REGULATORY MECHANISMS OF SMOOTH MUSCLE

CONTRACTILITY

2.1 Control of [Ca2+]i

2.1.1 Role of catlon channels

The origin of the excitatory Ca may be from the intracellular stores or from the

extracellular fluid, depending on the type of stimulation: Noradrenalin aeting on a-1

receptors causes the produetion of the second messenger 1P3 that mobilizes Ca

from the sarcoplasmic reticulum (MicheIl et al., 1981, Suematsu et aI., 1984). 1P3 is

released from the cell membrane by phospholipase C cleaving the membrane lipid

phosphatidylinositol diphosphate into 1P3 and a diacylglycerol moiety. Whereas the

latter remains localized to the plasma membrane and stimulates protein kinase C

the former binds to the IP3 receptor on the sarcoplasmic reticulum and opens the

Ca-release channels by a mechanism involving a GTP-binding protein (Saida and

Van Breemen, 1987).

a-2 receptor stimulation, on the other hand, triggers Ca-influx into the myoplasm.

Ca-influx mayaiso be stimulated by acetylcholine via opening of Na-ehanneis. The

influx of Na causes membrane depolarization and the aetivation of potential

sensitive Ca-ehannels (phasic smooth muscle). Altematively, in many vascular

smooth muscles that are eleetrically inexcitable, acetylcholine aets via the opening

of receptor-operated Ca-channels. Benham and Tsien (1987) demonstrated in

rabbit ear vascular smooth muscle cells a receptor operated Ca-channel that is

aetivated by the neurotransmitter ATP in a direet (Le. no second messenger

involved) manner. Using the patch c1amp technique it was shown that this type of

Ca-channel could even be aetivated when the potential was highly negative. Thus,

this channel might be operational even under conditions of membrane

hyperpolarization, while Ca-influx through voltage dependent Ca-channels is

inhibited.

ß-adrenergic relaxation of smooth muscle may be mediated by the aetivation of an

M-eurrent,· Le. a muscarine-sensitive, vOltage-sensitive K+-outward current, whicti

leads to hyperpolarization of the cell membrane (Sims et al., 1988). The M-eurrent
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is possibly regulated by a cAMP-dependent phosphorylation process, because

both, the application of membrane permeable cAMP analogs and l3-adrenergic

stimulation induce M-currents in voltage clamped gastric smooth muscle cells.

However, cAMP-dependent mechanisms do not obligatorily inhibit Ca-influx.

Alternatively, l3-adrenergic stimulation of the A-kinase may reduce the Ca­

sensitivity of the contractile apparatus (see below) while the [Ca2+li is not affected

(Morgan and Morgan, 1984) or while Ca-influx is even increased (Felbel et al.,

1988, Takuwa et a1., 1988).

2.1.2Role of Ca-pumps

Two ATP driven Ca-pumps with different cellular locations control the [Ca2+li. A

100 kDa pump is localized in the sarcoplasmic reticulum pumping Ca from the

cytoplasm into the intracellular Ca-storage site. Raeymaekers and Hasselbach

(1981) estimated that this transport process is about 100-times slower than that of

sarcoplasmic reticulum vesicles trom skeletal muscle. The number ot Ca-pumps,

as deduced trom the incorporation ot hydroxylamine sensitive phosphate into the

sarcoplasmic reticulum, is also lower by a tactor of 100, suggesting that the

decreased density of pumps accounts tor the slow Ca-accumulation into the

sarcoplasmic reticulum. The slowness of Ca-uptake may be one of the reasons

why smooth �m�~�s�c�l�e relaxation is such slow, but other factors (myosin light chain

dephosphorylation) must also be taken into account.

The efflux of Ca is controlled by the 130 kDa plasma membrane Ca-pump, first

isolated by Wuytack et al. (1981). The plasma membrane Ca-pump, which is

activated by calmodulin or acidic phospholipids, is homologous to the isoenzymes

trom erythrocytes and striated muscle sarcolemma. The heart sarcolemma Ca­

ATPase has been shown to be regulated by a phosphorylation process (Caroni and

Caratoli, 1981). In analogy, a stimulatory phosphorylation ot the smooth muscle

Ca-pump by a cGMP-dependent mechanism has been hypothesized by several

laboratories (Popescu et al., 1985, Furukawa and Nakamura, 1987) to explain how

increased cGMP levels (e.g. induced by nitrovasodilators) could lead to a decrease

in [Ca2+li. Howevei, no conclusive evidence to; a cGMP-dependent

phosphorylation ot the plasma membrane Ca-pump under physiological conditions

has been presented.
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2.2 Protein phosphorylation and Ca-sensitivity

2.2.1 Phosphorylatlon of myosin light chaln kinase

In all smooth muscle types, ß-adrenergic relaxation is mediated by the cAMP

second messenger system, as it was first described for tracheal smooth muscle

(DeLanerolle, 1984). ß-receptors are coupled to Gs proteins which activate the

synthesis of cAMP through the stimulation of the adenylate cyclase. The

subsequent activation of the cAMP-dependent protein kinase (A-kinase) by its

dissociation into the regulatory subunit dimer and the two catalytic subunits

praduces the phosphorylation of the myosin light chain kinase (MLCK) and

probably other targets involved in the regulation of Ca-homeostasis of the cell and

of the Ca-sensitivity of the contractile apparatus. MLCK, a 130 kD Ca2+/caJmodulin

regulated enzyme associated with the myofibrills, is thought to play a key role in

smooth muscle contraction, since phosphorylation of the 20 �k�D�~ myosin light chain

appears to be obligatory for the initiation of contraction. Therefore, this enzyme has

attracted broad attention concerning potential rales in the regulation of contractility.

In fact, MLCK can be phosphorylated by various protein kinases on several sites.

In the absence but not in the presence of Ca2+/calmodulin, the A-kinase

phosphorylates site A. The result of the phosphorylation process is a decreased

affinity for Ca2+/calmodulin, thus providing a possible mechanism for relaxation

(Nishikawa et a1., 1984). !kebe et al. (1985) and Nishikawa et al. (1985) also

reported on a protein kinase C dependent phosphorylation of MLCK. Although

different sites are phosphorylated by PK-C and A-kinase, the functional effects of

PK-C-dependent phosphorylation resemble those of the A-kinase. Whereas A­

kinase may phosphorylate an additional site (site B) in the absence as weil as in

the presence of Ca2+/calmodulin the G-kinase only phosphorylates this site in the

absence of Ca2+/calmodulin. Both, cAMP and cGMP-dependent phosphorylation

of site B. however. do not alter Ca2+/calmodulin dependent activation properties of

MLCK. Cyclic GMP mediated relaxation must therefore occur via other targets of

the G-kinase than MLCK (see below).

Cyclic AMP-stimulated relaxation of skinned taenia coli is steeply dependent on the

Ca2+-concentration in the range between 0.8 IlM (small relaxing effect) and 0.5

IlM (more than 70% relaxation) (Meisheri and Rüegg, 1983). The effect also

depends on the CaM concentration: At CaM concentrations higher than 0.2 IlM'

(Le. at physiological CaM concentrations) the cAMP induced relaxation is
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ineffective because the MLCK can only be phosphorylated in the absence 01

Ca2+/calmodulin. These lindings mean that [Ca2+li must decrease below a certain

(intermediate) level belore relaxation may occur. Under normal conditions, this

postulate is luillilied because [Ca2+li rapidly lalls back to an intermediate level after

initiation 01 contraction (see 1.3). If this is not the case, cAMP mediated processes

(e.g. phosphorylation 01 phospholamban) may help lowering the [Ca2+li and thus

act biphasically. In conclusion, there is good evidence, for a concerted action 01

cAMP on [Ca2+li and on the Ca sensitivity 01 the contractile apparatus.

2.2.2 Phosphorylation 01 caldesmon

Besides the key role 01 crossbridge phosphorylation in smooth muscle activation, a

thin lilament dependent regulatory mechanism may lurther determine the actual

state 01 contraction. Ca-sensitivity 01 the thin Iilament is conlerred by caldesmon, a

major actin and CaM binding protein present also in other muscle and nonmuscle

tissues. Chicken gizzard caldesmon is a dimer composed 01 one 135 kDa and one

140 kDa subunit (Bretscher, 1984). Vascular smooth muscle caldesmon has a

higher molecular mass (2 x 149 kDa) and shows also some additional

physicochemical differencies to the chicken gizzard isolorm (Clark et al., 1986).

Yet, the lunctional roles 01 the two isoforms seems to be similar, Le. the regulation

01 the interaction 01 actin and tropomyosin (Marston and Lehmann, 1985): In the

absence 01 Ca2+/calmodulin, caldesmon lorms with actin and tropomyosin a

ternary complex which inhibits the actomyosin Mg-ATPase. At Ca2+­

concentrations above 0.1 IlM and in the presence of CaM caldesmon interacts

with CaM and releases the inhibition on the actomyosin Mg-ATPase. If the myosin

light chains are phosphorylated contraction will be initiated.

In vitra, the inhibitory action 01 caldesmon can be released by PK-C dependent or

Ca2+/calmodulin dependent phosphorylation 01 the regulator (Ngai and Walsh,

1987). Moreover, Ngai and Walsh (1984) have shown that CaM binding to

caldesmon only occurs il caldesmon is Ca2+/calmodulin dependently

phosphorylated. The impact 01 this observation is that although phosphorylation 01

caldesmon emd its Ca-dependent binding to CaM are synergistic eftects, there is an

absolute dominance 01 Ca-dependent phosphorylation over Ca-dependent

activation 01 the contractile apparatus. Indeed, caldesmon was lound to become

phosphorylated during contraction 01 intact smooth muscle indicating Cl
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physiological role in smooth muscle contraction or in the maintenance of

contraction (Park and Rasmussen, 1986). Therefore, in analogy to MLC

phosphorylation, the phosphorylation of caldesmon is necessary for contraction.

However, MLC phosphorylation is required for the onset of contraction, whereas

caldesmon phosphorylation is needed to keep the contractile apparatus under the

control of [Ca2+]i during the late phase of contraction (latch state).

Recently, Ikebe and Reardon (1987) suggested that caldesmon may be involved in

the latch-bridge state by crosslinking actin filaments to myosin filaments at low

Ca2+/calmodulin concentrations. In tonic smooth muscle force may not be

maintained exclusively by slowly cycling crossbridges but could also be the result

of a structural "lock up". This possibility raises the question on how structural

features (organization of the contractile apparatus and the cytoskeleton) might be

affeeted by phosphorylation. Up to date it is not known whether phosphorylation­

changes of caldesmon in the "lock up" state could give rise to relaxation, nor has it

been investigated whether phosphorylation of structural elements (desmin,

intermediate filament proteins) might induce relaxation.

2.3 The cyclic GMP second messenger system and its
involvement in smooth museie relaxation

2.3.1 Actlvatlon of Guanylate Cyclase

Nitrovasodilators such as nitroglycerine and sodium nitroprusside are used in the

treatment of heart altacks caused by spasms of the coronary arteries. These

substances aet via the release of nitric oxide (Arnold et al., 1977). The

observations that these compounds stimulate guanylate cyclase (Gerzer et al. ,

1981) and raise the cGMP level (Galvas and DiSalvo, 1983) were consistent with

earlier reports describing smooth muscle relaxation by the membrane-permeable

cGMP analog 8-Br-eGMP (Schultz et al., 1979) and strongly suggest that G-kinase

dependent phosphorylation can lead to vascular smooth muscJe relaxation. Further

evidences for an important role 01 the cGMP seco,nd messenger system were

obtained lrom studies on intact smooth muscle strips. Acetylcholine induces

contraetion in all nonvascular smooth muscle by a mechanism requiring Ca-release

Irom intracellular stores (phasic contraetion) or Ca-inllux (tonic contraction). In
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isolated vascular smooth muscle, however, acetylcholine may act through

muscarinic receptors either on the endothelial cells or on muscle cells, producing

relaxation or contraction, respectively (Furchgon and lawadzki, 1980). The

relaxing effect of the agonist is due to the Ca-dependent production in the

endothelium of a labile humoral factor with a highly lipophilic character, the

endothelium derived relaxing factor (EDRF). EDRF is thought to diffuse into the

underlying smooth muscie, where it activates the guanylate cyclase pathway,

shown to be involved in relaxation (Rapoport and Murad, 1983). Many chemically

different mediators have been proposed as candidates for EDRF. Initial

experiments provided evidences for a role of arachidonic acid or its metabolites.

Experiments with a large number of vascular beds from different species revealed

that quinacrine, an inhibitor of phospholipase A2, prevented endothelium

dependent relaxation, whereas melittin, known to activate phospholipase A2, had

the opposite effect. From these experiments, however, it was not clear, whether

arachidonic acid stimulates the EDRF synthesis or whether it is aprecursor for

EDRF. Moreover, Rubanyi and Vanhouene (1985) showed that acetylcholine and

arachidonic acid released a nonprostaglandin relaxing factor from coronary artery.

This indicates that arachidonic acid may rather stimulate the EDRF synthesis

andlor release than directly be involved in EDRF metabolism.

Recently, a comparative bioassay with EDRF and nitric oxide has unequivocally

shown that these !wo relaxing principles are identical (Palmer et al., 1987). Nitric

oxide is synthesized in the endothelial cells from L-arginine in a yet unknown

manner (Palmer et al., 1988, Sakuma et al. , 1988) and activates the ferrous heme

containing, soluble form of the guanylate cyciase in smooth muscle cells through

the formation of a nitrosyl heme adduct of the enzyme. This leads to a

conformational change at the nearby catalytic site that may explain the stimulatory

effect of nitric oxide to soluble guanylate cyciase (Ignarro et al., 1984).

The concentration of cGMP may also be raised by an endothelium independent

mechanism. Winquist et al. (1984) and Waldman et al. (1984) have shown that the

atrial natriuretic peptide (ANP), a 28 amino acid peptide hormone released from the

atrium, selectively stimulates a membrane bound form of guanylate cYciase. Two

distinct receptors have been identified so far. One of them, a 130 kDa

transmembrane glycoprotein (ANP-B receptor) contains a guanylate cyclase
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activity, which is located on an intracellular domain of the ANP receptor (Kuno et

al., 1986). The more abundant 66 kDa ANP-C receptor has been implicated to play

a role in the clearance or buffering of the peptide hormone (Maack et al., 1987).

2.3.2Cycllc GMP-dependent protein kinase

The cGMP-dependent protein kinase (G-kinase) was discovered in 1970 by Kuo

and Greengard and was shown to be located in highest concentrations in tissues

with a high content of smooth muscle cells. It is found in the soluble and in the

particulate (Le. membrane) fraction of smooth muscle tissues. Peptide mapping of

the soluble and particulate form of the kinase suggests that their overall structure is

very similar (Casnellie et al., 1980). The particulate form of the G-kinase is not an

integral membrane protein but rather bound to membranes by electrostatic forces

(Casnellie et al., 1980) and may represent up to 25% of the total G-kinase content

of vascular smooth museie (Ives et al., 1980). The peculiar finding, that G-kinase

mayaiso be located in· the nucleus ls probably the resurt of binding of the highly

negatively charged kinase (pi = 5.4) to nuclear proteins.

Unlike the heterotetrameric A-kinase the G-kinase is a homodimer composed of

two 76 kDa subunits of a known primary sequence (Takio et al., 1984). Each 01 the

subunits contains a cataly1ic and a regulatory domain and two distinguishable

cGMP binding sites (Hofmann et al. , 1985). Cyclic GMP binding to these sites

shows positive cooperativity and activates the kinase. Autophosphorylation of the

amino terminus results in the loss of positive cooperativity and in an increased

sensitivity to cAMP (Lincoln et al. , 1988). The same domain also contains the

dimerization site and was shown to control the cataly1ic activity. A 65 kDa fragment

obtained by tryptic c1eavage of the soluble lung enzyme was fully active in the

absence of cGMP, although 2 mol cGMP per mol fragment could be bound

noncooperatively (Heil et al., 1987). Thus, the amino terminus seems to regulate

the cooperativity of cGMP binding and to inhibit the enzyme in the absence of

cGMP, probably by a pseudosubstrate mechanism (Wolfe et al., 1989).

With the exception of a monomeric, membrane anchored form of the G-kinase

(type 11) found in intestinal brush borders (DeJonge, 1981) all of the G-kinases

characterized so far are of the homodimeric type I. Considerable differences,

however, exist concerning the distribution of the a and ß isoforms of the type I
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enzyme in the various smooth muscle tissues. Aorta contains both, the a and ß
isozyme, whereas in lung only the a isozyme can be detected. Interestingly, Wolfe

et al. (1989) purified from bovine aorta a monomeric form presumably derived from

the type I ßisozyme by endogenous proteolysis during purification. In contrast to

the tryptic fragment obtained from the lung (type ja) isozyme, the monomeric G­

kinase undergoes autophosphorylation and is still cGMP-dependently regulated.

From this novel finding it was concluded that cGMP-dependent activation of the G­

kinase may not be due to the release 01 inhibitory interactions between the two

subunits (Lincoln and Corbin, 1983) but rather that each subunit is regulated

individually by an intramolecular interaction between the catalytic and regulatory

domain.

2.3.3 Substrates of the cyclic GMP-dependent protein kinase

Phospholamban, a low molecular weight (25 kDa) pentameric protein initially lound

in cardiac sarcoplasmic reticulum by Tada et al. (1975) undergoes cAMP­

dependent phosphorylation and is also a substrate lor the Ca2+/calmodulin

dependent kinase (LePeuch et al., 1979) and lor the PK-C (Iwasa and Hosey, 1984

and Movsesian et al. , 1984). When phosphorylated by the A-kinase its inhibitory

ellect on the Ca-uptake into the sarcoplasmic reticulum is released (Kirchberger et

al., 1986). �R�e�c�~�n�t�l�y�, phospholamban has been identilied also in some smooth

muscles (Raeymaekers and Jones, 1986). Based on the linding that

phospholamban can also be phosphorylated by the G-kinase, Raeymaekers et al.

(1988) suggested that in tonic smooth muscle cGMP mediated vasorelaxation

could result, at least in part, lrom an increased rate 01 Ca-reuptake into the

sarcoplasmic reticulum. In cardiac sarcoplasmic reticulum this stimulation is caused

by a decrease 01 the Ca2+·concentration needed lor half maximal stimulation 01 the

Ca-pump. In smooth museie the eHects are much less pronounced and the

physiological significance 01 this putative mechanism may be questioned.

Phospholamban and MLCK are the only identified substrates 01 the G-kinase.

Other cGMP-dependent phosphoproteins, however, were· detected . in a large

vaiieiy 01 organs (icil in smooth muscle tissue, e. g. in the gastrointesiinal system

and the urogenital tract (Casnellie and Greengard, 1974), in vascular smooth

muscle (Ives et al, 1980), or in other cells 01 mesenchymal origin such as platelets

(Waldmann et al, 1986). The subcellular location 01 these proteins eorresponds te
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that 01 the marker enzymes for plasma membranes and endoplasmic reticulum.

Extractability studies using detergents and high salt concentrations revealed that

they are intrinsically associated with membranes (Casnellie et al., 1980).

From the original linding that these proteins were phosphorylated at much lower

cGMP than cAMP concentrations (20 - 30 nM vs. 300 - 500 nM, respectively) it was

concluded, that these proteins represent specilic substrates 01 a membrane bound

G-kinase copurilying during smooth muscle membrane preparation. Experiments

showing inhibition 01 the cGMP as weil as the cAMP stimulation 01 phosphate

incorporation into these proteins by a specilic antibody to the G-kinase, while the

A-kinase inhibitor (Whitehouse and Walsh, 1983) did not affect cAMP stimulated

phosphorylation (Parks et al., 1987) supported the notion that these proteins are

indeed substrates Irom the G-kinase and not Irom the A-kinase. These substrates

were therelore termed GO (240 kDa), G1 (130 kDa), and G2 (86 kDa) to indicate

their cGMP-dependent phosphorylation.

Due to their relatively low abundance none 01 these G-substrates has been isolated

yet. They have only been revealed on the basis 01 their radioactive labeling. G1,

the most intensely labeled G-substrate in plasma membrane preparations is lound

at a level 01 about 0.5 - 5 pmol/mg membrane protein (Ives et al. , 1980, Parks et al,

1987). The characterization and identilication 01 these G-kinase substrates is 01

particular interest. because the knowledge about G-kinase mediated events could

be used in the treatment 01 hypertension and cardiac lailure.
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3. AIMS OF THE STUDY

At the time when this sludy was started, several laboratories suggested that

vascular smooth muscle relaxation induced by nitrovasodilators was mediated by a

cGMP-dependent stimulation 01 the 130 kDa sarcolemmal Ca2+-extrusion pump.

This hypothesis was based on the measurements 01 the Ca-ATPase aetivities

either 01 smooth muscle sarcolemma or 01 the isolated enzyme. However, no direct

demonstration of the cGMP-effect on the Ca2+-transporting aetivity of the Ca-pump

was available to support this hypothesis.

The first aim of the study was to prepare inverted sarcolemmal vesicles from

vascular smooth muscle that were able to actively accumulate Ca2+ using the

sarcolemmal Ca-pump. In this system, the possible implications of the cGMP­

dependent phosphorylation-process in the regulation of Ca-transport across the

plasma membrane should be evaluated. However, in the course 01 the study, it was

demonstrated that cGMP-dependent membrane phosphorylation did not result in

the phosphorylation 01 the Ca-pump. Instead, another membrane protein with a

slightly lower molecular mass (120 kDa) became phosphorylated, without effeets

on the Ca2+-transporting activity 01 the sarcolemmal vesicles. The second aim

suggested by these lindings, was to characterize this cGMP-dependent protein

concerning hitherto unknown aspects 01 smooth muscle cell physiology.
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ATP

ATP[yS)

BSA

[Ca2+)i

CaM

CAPS

CHAPS

CTAB

CuPh
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OOC
on
EOTA

EGTA

eMS

G-kinase
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GCI

GTP

Hepes
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MLC/MLCK

PMSF

PPi

SOS

SOS-PAGE

TCA

Tris
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ABBREVIATIONS

11. ABBREVIATIONS

cyclic AMP-dependent protein kinase

adenosine S'-triphosphate

adenosine S'-[y-thio]triphosphate

bovine serum albumin

intracellular Ca-concentration

calmodulin

3-[cyclohexylamino]-1-propanesulfonic acid

3-[(3-cholamidopropyl)dimethylammonio)-1-propanesulfonate

cetyltriethylammonium bromide

cupric phenanthroline

deoxyribonuclease I

deoxycholic acid sodium salt

1,4-dithio-OL-threitol

ethylenediaminetetraacetic acid

ethyleneglycol-bis-(ß-aminoethyl ether)-N,N,N',N'-tetraacetic

acid

actomyosin-extracted microsomes

cyclic GMP-dependent protein kinase

substrates of the G-kinase

guanidine hydrochloride

guanosine S'-triphosphate

4-(hydroxyethyl)-1-piperazine-ethanesulfonic acid

3-isobutyl-1-methylxanthine

myosin light chain/myosin light chain kinase

phenylmethylsulfonyl fluoride

pyrophosphate

sodium dodecyl sulfate

SOS-polyacrylamide gel electrophoresis

trichloroacetic acid

tris(hydroxymethyl)aminomethane

Triton X-1QO
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111. MATERIALS AND METHODS

1. MATERIALS

[y-32p]ATP (triethylammonium salt, 3000 Ci/mmol), [35S]ATP["(S] (600 Ci/mmol),

[21,22-3H]ouabain (42 Cilmmol) and 45CaCI2 (2mCilml) were lram Amersham

International, England; Adenosine 5'-[y-thio]triphosphate tetralithium salt,

leupeptin-hemisullate, sodium ethylmercurithiosalicylate, L-eysteine, dodecylsullate

sodium salt (SOS), oligomycin [mixture 01 oligomycin A, Band C (60:30:10)],

deoxycholic acid sodium salt, guanidine hydrachloride and di-sodium­

dihydragenpyraphosphate were lram Fluka, Buchs, Switzerland; dodecylsulfate

lithium salt (25% aqueous solution) was lram Serva, Heidelberg, FRG; Triton X­

100, CHAPS, ONase I (bovine pancreas, type IV), 3-isobutyl-1-methylxanthine

(IBMX), aprotinin (Iram bovine lung), soybean trypsin inhibitor, trypsin (TPCK­

treated), and a-Chymotrypsin (type VII, TLCK treated) were fram Sigma chemical

Co., SI. Louis, MO, USA; acrylamide, polyacrylamide and NN'­

methylenebisacrylamide were from BOH Chemicals LTO, Poole, England; SOS­

PAGE molecular weight standards (high range, low range and prestained) and goat

anti rabbit IgG (horseradish peraxidase-Iabeled) were from Bio Rad, Richmond,

CA, USA; dextran T 10 and CNBr-activated Sepharase 4B were lram Pharmacia

AB, Uppsala, Sweden; [1,1 O]phenanthraline was fram Merck, Oarmstadl, FRG. The

affinity purilied antibody against the human erythrocyte Ca-ATPase (AB 84.3-a)

and 1251-CaM were kind gifts fram Ors. S. Mathews and J. Krebs fram this

laboratory, respectively. Affinity purilied polyclonal anti-MLCK-antibody was kindly

pravided by Dr. P.K. Ngai, Ciba Geigy Ud., Basel, Switzerland; antisera against

chicken gizzard vinculin and the integrin-ß-subunit were kindly pravided by Drs. V.

Niggli, University of Berne, Berne, Switzerland, and S. Johannson, University 01

Uppsala, Uppsala, Sweden, respectively. Calmodulin was prepared lram bovine

brain according to the method 01 Gopalakrishna and Anderson (1982)as modilied

by Guerini et al. (1984). All other reagents were of the highest purity grade

available.
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2. METHODS

2.1 Preparative methods

2.1.1 Preparation of actomyosln-extracted mlcrosomes (eMS) from pig aorta

Pig thoracic aortae were obtained from a local slaughterhouse and placed in

icecold 0.9% (wlv) NaCI solution immediately after dissection. All subsequent steps

were carried out at 40 C, if not stated otherwise. The aortae were opened

lengthwise and washed in NaCt solution. Then they were frozen in liquid nitrogen

and stored for 24 hrs at -700 C. This pretreatment facilitated the preparation of the

medial layer, however, storage for more than one day was avoided, since the G­

kinase activity was alleeted. For one preparation 8 to 10 aortae were thawed in

0.9% (wlv) NaCI and the endothelium and the tunica externa were stripped oll. The

remaining smooth muscle tissue (approximately 12 g/aorta) was cut into small

pieces and partially homogenized with a Polytron (type PTA 20 S, Kinematica

GmbH, Kriens, Switzertand) at half maximal speed (2 bursts of 15 s) in 5 volumes

01 a medium containing 50 mM KCI, 10 mM Tris-HCI (pH 7.4), 1mM dithiothreitol, 1

mM K-EDTA, 0.5 mM PMSF, 10 mgll soybean trypsin inhibitor and 20 mgll

leupeptin. The slurry was further homogenized with a tissue grinder 01 the Potter­

Elvehjem-type (Braun Melsungen, BAD) with a loose-fitting teIIon pestle (10

strokes) and filtered through 4 layers 01 gauze. The filtrate was homogenized again

using a tightly fitting pestle (10 strokes). The resulting homogenate was centrifuged

tor 10 min at 800 x 9 to obtain the postnuclear supernatant (PNS) traction.

Contaminating mitochondria were removed by centrifuging the PNS at 8000 x 9 tor

10 min (8000 x 9 pellet). The crude microsomal Iraction (cMS) was obtained after

centrilugation 01 the 8000 x 9 supernatant tor 1 hour at 100'000 x g. Actomyosin

was extracted according to Sharma and Bhalla (1986) in a buller composed of 250

mM sucrose, 2 mM Tris-HCI (pH 6.8), 0.2 mM CaCI2, 0.5 mM Na-ATP, 0.25 mM

dithiothreitol, 0.1 mM PMSF, 20 mgll leupeptin. After two extraction cycles, the

microsomi,lI pellet was resuspended in a medium containing 250 mM sucrose, 10

mM imidazole-HCI (pH 7.0) (storage buller) and oentriluged again in order to

remove ATP. The final pellet was resuspended in storage buller (approximately 8

mg/mi). These membranes, referred to as extracted microsomes (eMS), were
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either used for gradient pUrification, subjected to calmodulin depletion or frozen in

liquid nitrogen and stored at -700 C.

2.1.2 Purification of sarcolemma by sucrose/dextran density-gradient

centrifugation

Extracted microsomes were further purified by isopycnic centrifugation using the

gradient system described by Chamberlain et al. (1983) for the separation 01

sarcoplasmic reticulum. About 30 mg of eMS (5 ml) were layered on top 01 a 31 ml

linear density gradient (10-26% (wlv) sucrose and 5-7% (wlv) dextran T 10). 2 ml

containing 30% (wlv) sucrose and 7.5% (wlv) dextran T 10 were used as cushion.

All gradient solutions contained 650 mM KCI, 10 mM imidazole-HCI (pH 6.7), 0.5

mM dithiothreitol and 0.1 mM PMSF (bulfer B). Centrifugation was carried out

overnight in a Beckman SW 28 swinging bucket rotor at 140'000 x gmax. Fractions

were collected from top to ballom: fraction A (6 ml), containing 1 sharp band,

fraction B (13 ml), containing the lighter part of a wide band appearing in the middle

01 the gradient, fraction C (12 ml), containing the heavier part of the wide band and

fraction 0 (2 ml), containing the band forming at the interphase between the

gradient and the cushion. The pellet was discarded because 01 its insolubility. The

collected Iractions were diluted with buffer Band centriluged for 1 hour at 140000 x

gmax. The resultant pellets were resuspended in storage bulfer. Occasionally

fraction A and B' were combined. These membranes are referred to as fraction NB

in the text.

2.1.3 Purification of sarcolemma by discontinuous sucrose density-gradient

centrifugation

A low ionic strength sucrose step gradient was prepared according to Kwan (1983).

Briefly, 3 ml 01 a bulfer containing 10 mM Hepes-KOH (pH 7.4), 1 mM on and

60%, 40%, 30%, 15%, 8% sucrose, respectively, were placed in Beckman SW 28.1

Ultra-Clear centrifuge tubes. Extracted microsomes (up to 10 mg or 1..5 mi/tube)

were loaded on the gradient at the 8%/15% -interphase and centrifuged overnight at

140'000 x gmax. Fractions were collected from the 15%/30%-interphase (F2),

30%/40%-interphase (F3), 40%-phase (F4) (not always obtained), and the

40%/60%-interphase (F5) by placing a stainless steel needle just below the visible

bands and pumping out the fractions with a peristaltic pump. The Iractions were
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diluted with storage buffer and centrifuged for 45 min at 150'000 x g. The pellets

were then resuspended in the same buffer and stored at -700 C.

2.1.4 Calmodulin depletion of sarcolemmal membranes

Ex1racted micrasomes were diluted 1OO-fold in buffer B containing 2 mM EGTA and

incubated for 60 min at 40 C under stirring. Oepleted eMS were recovered by

centrifugation for 1 h at 100000 x 9 and resuspended in storage butter. They were

frazen in liquid nitrogen and stored at -700 C.

CaM-depleted gradient Iractions were obtained in a similar way by diluting the

collected Iractions lram the gradient 1:1 with buffer B containing 4 mM EGTA.

2.1.5 Preparation of MLCK

A crude Iraction 01 smooth muscle MLCK was prepared essentially as described

(Ngai et al. , 1984). Briefly, 50 9 smooth muscle medial layer from pig aorta were

minced finely and homogenized in 200 ml buffer A (40 mM NaCI, 20 mM Tris-HCI,

pH 7.5, 1 mM MgCI2 1 mM OIT, 1 mM EGTA, 0.05% TX-100) using a Polytron

PTA 20S aggregate at hall maximal speed for 3 x 10 sec. The homogenate was

centriluged 10i 15 min at 17'000 x g. The pellet was resuspended in buffer A

without TX-100 and the homogenization and centrifugation procedures were

repeated 2 times. To extract MLCK, the washed pellet was then resuspended in a

butter containing 60 mM NaCI, 40 mM Tris-HCI, pH 7.5, 25 mM MgCI2, 1 mM OIT,

1 mM EGTA and homogenized and centrifuged as above. The ex1ract was filtered

through glass wool and stored at -700 C.

2.2 Marker enzyme assays

2.2.1 Na/K·ATPase

The presence of NalK-ATPase was assessed by determining the specific

[3H]ouabain binding capacity of partially solubilized membranes in the presence of

Na-ATP (OePover and Godfraind, 1979). Membranes were diluted in a Na-medium
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consisting 01150 mM NaCl, 5 mM MgCI2, 1 mM EGTA, 10 mM Tris-maleate (pH

7.4), 5 mM NaN3 to a linal concentration of 2.5 mg/mI. Solubilization was obtained

by incubating the suspension for 30 min at room temperature in the presence of

0.4% sodium deoxycholate. [3H)ouabain binding was measured by adding 20 111 of

solubilized membranes (50 l1g) to 80 111 Na-medium containing 0.011 l1M

[3H)ouabain (42 Ci/mmol) and 5 mM Na-ATP. The sampies were incubated for 1 h

at 370 C. After 30 min additional Na-ATP was added (5 mM) to ensure availability

01 Na-ATP. After 60 min the sampies were filtered through Millipore filters (0.22

�~�m�) and washed three times with 20 mM Tris-HCI (pH 7.0). The filters were

equilibrated in 3 ml scintillator 299TM (Packard, Downers Grove, IL, USA) and

counted after 3 h. Nonspecilic [3H)ouabain binding was measured using the same

protocol but with the addition of 1.0 l1M non labeled ouabain. Specific [3Hjouabain

binding was calculated by subtracting the nonspecific binding from the total binding.

2.2.25'-nucleotidase

5'-nucleotidase aetivity was measured colorimetrically determining inorganic Pi

released Irom Na-AMP (Aronson and Touster, 1974).

2.2.3 Cytochrom C oxidase

Cytochrome c oxidase assays were carried out according to Wharton and TzagaloH

(1967) using a Clark oxygen electrode.

2.3 Measurement of Ca2+-uptake

Ca2+-uptake was measured with a Millipore filtration method using 45Ca. If not

stated otherwise, the reaetion medium contained 100 mM KCI, 5 mM MgCI2, 50

mM Hepes-KOH (pH 7.0), 30 mM KPi, 1 mg/mi oligomycin, 0.1 mM 45CaCI2 (20

mCi/mmol), appropriate amounts of EGTA, calculated using the computer program

developed by Fabiato and Fabiato (1979), and 0.1 mg/mi membranes. The reaetion

was initiated by adding 2 mM K-ATP at 370 C and stopped after sequential

intervals of time by Millipore filtration (0.22 l1m pore size). The filters were washed

once with cold reaetion medium without oligomycin and 45CaCI2 but supplemented

with 2 mM EGTA and twice with the 45Ca-free medium without EGTA. The filters
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were counted in 3 ml 01 scintillator 299TM. Energy-independent Ca2+-uptake in the

absence 01 K-ATP was subtracted Irom total Ca2+-uptake to obtain net energy­

dependent uptake.

2.4 Detection of the phosphorylated intermediates of the Ca­
ATPases

Microsomal membranes (SO �~�g�) were phosphorylated at 40 C in 50 !!l 01 a

medium containing 100 mM KCI, 5 mM MgCI2, 20 mM Mops-KOH (pH 7.0) and

either 1 mM EGTA or 50 �~�M CaCI2' 50 �~�M LaCI3 was added when indicated.

Phosphorylation was started by adding 3 �~�M (10 Cilmmol) [y-32PJATP and

stopped after 5 s with 0.6 ml 01 8% (wlv) trichloroacetic acid. The denatured

proteins were collected by centriluging the reaction tubes in a Eppendorf centriluge

lor 10 min in the cold. The precipitate was redissolved in 60 ml electrophoresis

sampie butter containing 30 mM H3P04-UOH (pH 2.4), 10% (wlv) glycerol, 2.5 %

(wlv) liDS, 0.5 mg/mi dithiothreitol, 0.16 mg/mi bromophenol blue. After 30 min at

room temperature, the sampies were subjected to Fairbanks gel electrophoresis

(Fairbanks et al. , 1971). Alternatively, sampies were subjected to gel

electrophoresis by the method 01 Sarl<adi et al. (1986). In this latter case, sampies

were prepared by redissolving the precipitate in 50 �~�I of a sampie butter containing

150 mM Tris-HCI (pH 6.8), 10% (viv) glycerol, 2.5% (wlv) SOS, 0.5 mg/mi

dithiothreitol, 0.16 mg /ml bromophenol blue. Hydroxylaminolysis. was carried out

according to Wuytack et al. (1982).

2.5 Cyclic GMP-dependent phosphorylation of eMS

2.5.1 Analytlcal phosphorylatlon of eMS

Cyclic GMP-dependent phosphorylation was carried out according to a modification

of the method described by Casnellie et al. (1980). Microsomal protein was

phosphorylated at a concentration of 1 mg/mi in a me.dium containing 100 mM KCI,

50 mM Hepes-KOH (pH 7.0), 1 mM EGTA, 1 mM IBMX, 1 mM MgCI2, 0.5 �~�M

cGMP as indicated and 1 mM GTP. GTP was found to enhance phosphorylation at

low ATP concentrations, probably because it protected ATP from hydrolysis by Mg-
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ATPases (Kelley and Smith, 1987). Phosphorylation was initiated by the addition of
0.3 11M (50 Ci/mmol) ly-32pjATP and stopped after 30 s at 40 C by the addition of

0.6 ml of 8% (wlv) trichloroacetic acid or 0.5 mM ATP. After centrifugation, the

denatured proteins were processed for SDS-PAGE as described below.

Thiophosphorylation of eMS was carried out essentially as described above. The

reaction medium contained 100 mM EGTA and 100 11M ATPl)'Sj

(triethylammonium salt). The incubation time was extended to 10 min at 40 C. After

thiophosphorylation the sampies were diluted 1:20 into the Ca2+-uptake medium.

Alternatively, the thiophosphorylated sampies were centrifuged at 105'000 x 9 for 7

min (Beckman airfuge). The pellet was then resuspended in the phOSPhOrylation

medium and chase phosphorylation with ly-32p)ATP was carried out as described

for direct phosphorylation.

2.5.2Batch-phosphorylatlon of eMS with [35S)ATP[)'S)

For preparative use or when large amounts of identically phosphorylated eMS were

required, eMS were phosphorylated with l35SjATPl)'Sj and stored in aliquots at

-700 C. 6 mg eMS were diluted into a buffer containing 100 mM NaCI, 4 mM

MgCI2, 1 mM EGTA, 50 mM Hepes-NaOH (pH 7.0), 1 mM IBMX, 1 11M cGMP,

and 1 mM GTP to obtain a final protein concentration of 1 mg/mI. The

phosphorylation reaction was started by the addition of 4 11M ATP[)'Sj containing

1 mCi [35SjATP[)'Sj (specific activity 200 - 400 mCi/l1mol) (for details see below).

After 15 min at 40 C the phosphorylation of the membranes was completed by the

addition of 0.5 mM ATP[)'Sj and an additional incubation for 15 min. To remove

radioactive [35Sjthiophosphate from the membranes, the incubation mixture was

then diluted 2-fold with storage buffer and centrifuged at 140'000 x 9 for 40 min

using a Beckman Ti 60 rotor. The membranes were resuspended in 0.75 ml

storage buffer/mg eMS and could be stored at -700 C for several weeks. To obtain

maximal levels of 35S-incorporation into the G-substrates, it was important to

prepare a diluted [35SjATP[)'Sj solution prior to the addition to the membranes: 1

mCi (100111) [35SjATP[)'Sj were added to 90 111 10 11M ATP[)'Sj and 410 111

H20. This solution was added to the membranes while constantly· stirring the

suspension. Highar concantrations of the stock solution may hava led to rapid

ATP[)'Sj hydrolysis probably due to too high loeal concentrations while adding the

solution to the membranes.
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2.5.3 Cycllc GMP-dependent kinase assay

The activity of endogenous cGMP-dependent kinase in eMS and fraction A was

measured according to Waldmann et 81. (1986) using kemptide (Peninsula

Laboratories, Belmont, CA, USA) as a substrate.

2.6 Electroblotting technique and detection of proteins on
nitrocellulose replicates

2.6.1 Electrophoretlc transfer

After electrophoresis, proteins were electrophoretically transferred to nitrocellulose

(1-2 hrs at 250 mA in a Bio Rad Transblot Cell with a cooling device). The

nitrocellulose sheets were then saturated for 3 h at room temperature with PilNaCI

[140 mM NaCI, 10 mM NaPi (pH 7.0)] containing 2% defatted milk powder and

further processed or air-dried for storage.

2.6.2[1251]calmodulln overlay

[1 251]CaM overtay experiments were perforrned in a medium containing' [1251]CaM

(at a final concentration of approximately 150 Ci/mmol, 0.4 nM), 0.1 % defatted milk

powder and 0.5 mM CaCI2 or 5 mM EGTA. The nitrocellulose sheets were

incubated for 2 h at room temperature and washed afterwards 3 times for 10 min in

the appropropriate overtay medium without [1251]CaM. After drying, the blots were

sealed in plastic bags and exposed overnight to Kodak X-Omat AR 5 films with an

intensifying screen.

2.6.3 Immunodecoratlon

Immunodecoration was carried out on saturated blots, using the affinity purified

anti-(hE)-ATPase rabbit antibody (AB 84.3-a) at a di!ution of 1:100 in PilNaCI, 2%

defatted milk powder, 0.01 % sodium ethylmercurithiosalicylate. For the secondary

antibody reaction, goal anti rabbil conjugated hOlSe radish peroxidase was used

(dilution 1:1000) and cross-reacting bands were visualized with 0.5 mg/mi HRP

33



MATERIALS AND METHODS

Color Oevelopment Reagent (Bio Rad). The same protocol was used lor the

detection 01 MLCK, vinculin, and the integrin ß-subunit.

2.7 Proteolytic cleavage of sarcolemmal proteins

2.7.1 Tryptic cleavage

[35S)thiophosphorylated eMS were diluted to 1 mg/mi into a medium containing 20

mM Tris-HCI (pH 7.2), 1 mM on, 1 mM EOTA. A stock solution containing 1

mg/mi trypsin was prepared in the same buHer immediately belore use. 120 lil­

aliquots 01 diluted membranes were placed in Eppendorf tubes. 13 lil 01 a trypsin

stock solution (70 li9/ml) prepared in the same buHer was then placed carelully at

the wall 01 the tube. Cleavage was initiated by mixing the sampie. The reaetion was

stopped after the indicated time interval by the addition 01 9 lil 01 a solution

containing 2 mg/mi soybean trypsin inhibitor (molar ratio 01 soybean trypsin

inhibitor:trypsin = 3:1). Soluble peptides were separated Irom the membranes by

ultracentrifugation using a Beckman airfuge (105'000 x 9 lor 7 min). Both Iractions

were processed lor SOS-PAGE as described below.

2.7.2 Chymotryptic cleavage

[32P)phosphorylated eMS were diluted to 1 mg/mi into a medium containing 5 mM

EOTA, 5 mM NaPPi (pH 7.2), and 50 mM NaF to inhibit dephosphorylation. After

equilibration 01 the sampie at 250 C, chymotrypsin was added to the membranes

Irom a stock solution [0.1 mg/mi in 20 mM Tris-HCI (pH 7.8), 1 mM EOTA) to obtain

a final protease:protein ratio 01 1:120 (w/w), respectively. The proteolysis was

stopped after 5 min by the addition 01 10 mM onto inactivate chymotrypsin. To

separate soluble peptides Irom the membranes, the sampies were then processed

as described lor trypsin cleavage (see above).

2.8 Oxidative crossIinking of sarcolemmal proteins

Oxidative crosslinking was essentially carried out as described by Murphy (1976)

and Chiesi (1984). A stock solution 01 6 mM CUS04 and 20 mM
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[l,10]phenanthroline (CuPh) was prepared and stored at 40 C. Phosphorylated

eMS (4 mg/mi) were dilu1ed 4-fold (2-fold when the crosslinked eMS were

subjected to preparative 2-D gel electrophoresis) into abuHer containing 100 mM

NaCt, 10 mM Hepas-NaOH, pH 7.0 and equilibrated at 250 C. CuPh was then

added to obtain a final concentration of 150 11M or as indicated in the Rgures (the

concentrations given for CuPh refer to CUS04). The oxidation was stopped after 10

sec by the addition of 10 mM EOTA. The incubation mix1ure was placed on ice for

further experiments or processed for gel electrophoresis by the addition of

nonreducing sampie buHer. The TX-100/PPi-ex1ract of phosphorylated membranes

was crosslinked as eMS but for 5 min at 40 C.

2.9 Solubilization of sarcolemmal proteins

2.9.1 Analytlcal solublllzation procedure

The solubility properties of the G-substrates were examined by an

ultracentrifugation assay using a Beckman airfuge. Phosphorylated eMS were

diluted into storage buHer (2 mg/mi with 250 mM sucrose, 10 mM imidazol-HCI, pH

7.0) and 50 I1I-aliquots were placed into airfuge tubes and kept at 40 C. Reagents

were added from 10-fold concentrated stock solutions (pH 7.0) as indicated in the

Figures. Solubilization was performed for 5 min at 40 C by the addition of 0.65%

Triton X-1QO trom a 10% stock solution. Other detergents than Triton X-1QO were

added from 10-fold concentrated stock solu1ions as indicated. Soluble proteins

were then separated from nonsoluble material by ultracentrifugation (105'000 x 9

for 7 min). Both fractions were finally processed for SOS-PAGE as described

below.

2.9.2 Preparatlon of the TX-100/PPI extract

Phosphorylated eMS were diluted to 3 mg/mI with storage butter. Sodium

pyrophosphate (pH 7.0) was added from a stock solution to obtain a final

concentration of 50 mM. The membranes were then' solubilized by the addition of

0.65% TX-100 for 5 min at 40 C. The TX-1001PPi ex1ract was separated from

insoluble material by ultracentrifugation using a Beckman airfuge (105'000 x 9 for 7
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min) or a Beckman TL-100 tabletop ultracentriluge with a TL 100.1 rotor (230'000 x

9 lor 15 min), depending on the volume 01 the sampie.

2.9.3 5equentlal extractlon procedure

Phosphorylated eMS (4-5 mg/mi) were diluted into an equal volume 01 IF-buffer

containing 60 mM NaF, 60 mM imidazol-HCI (pH 7.8), 1 mM on and 4 mM

MgCI2. NaF was lound to slightly inhibit dephosphorylation 01 the membranes, on
was added to prevent oxidative damage (crosslinking) 01 the G-substrates,

probably occurring during the prolongued exposition 01 the membranes to TX-1 00,

and MgCI2 was included, because it was lound to inhibit the slight solubilization 01

the G-substrates, which was sometimes observed in the absence 01 PPi. To

solubilize the membrane proteins, 0.65% TX-100 was added lrom a 10% stock

solution and the solution (T1) was gently stirred lor 15 min at 40 C. The TX-100

soluble proteins were then separated Irom the insoluble material by

ultracerllrilugation in a Beckman TL 100 ultracentriluge using the TL 100.3 rotor

(250'000 x 9 lor 15 min). The supernatant Iraction (S1) was discarded and the

pellet Iraction (P1) was gently resuspended in IF-buffer containing 4mM EOTA

instead 01 MgCI2. P1 was then extracted by 10 mM ATP and 0.65% TX-100 to

obtain a soluble Iraction (S2) containing the G-substrates. The pellet Iraction (P2)

was discarded. The S2 Iraction was again subjected to ultracentrilugation using the

TL 100.1 rotor (400'000 x 9 lor 60 min) to linally obtain the soluble Iraction (S400)

containing G1 and G2, and the particulate Iraction (P400), which contains GO. If

required, the Iractions S2 and S400 could be stored at -700 C without affecting the

solubility 01 the G-substrates.

2.10 Extraction of cytoskeletal proteins

2.10.1 Acetic acid extraction

Extraction Irom aceton powder. An aceton powder lrom pig aorta smooth muscle

sarcolemma was prepared by a modilication 01 the method described by Hubbard

and Lazarides (1979). Phosphorylated membranes were extracted with 4 volumes

01 icecold aceton and stirred lor 1 hr at 40 C. After centrilugation lor 10 min at

15'000 x 9 the resulting pellet was resuspended in 400 �~�I H20 and extracted with
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4 ml aceton as described above. The pellet was extracted with acetone another

two times but without the addition of H20. The final pellet was allowed to dry at

room temperature and was stored at -200 C. Cytoskeletal proteins were extracted

from the aceton powder by incubating the powder with 1 M acetic acid for 1 hr at 40

C. The soluble and insoluble fractions were separated by centritugation and

processed tor SOS-PAGE as described below.

Extraction trom TX-l00 insoluble residue. A TX-l00 insoluble residue trom

sarcolemma was prepared by solubilizing phosphorylated eMS with 0.65% TX-l00

in a butter containing 250 mM sucrose, 10 mM imidazole-HCI (pH 7.0). After

incubation tor 10 min at 40 C the insoluble traction was collected by

ultracentritugation using a Beckman airfuge (100'000 x 9 tor 7 min). The insoluble

traction was washed once with H20. Acetic acid extraction was performed with 1 M

acetic acid as described tor the extraction ot the aceton powder (see above).

2.10.2 KI-extractlon

KI-extraction (1 M) ot the cytoskeleton was performed as described (Gimona et al.,

1987) using [35S]thiophosphorylated eMS. The extract was dialyzed ovemight

against 5 mM Tris-HCI (pH 7.6), 0.1 % (wlv) ll-mercaptoethanol, 1 mM PMSF and

then processed tor SOS-PAGE.

2.11 Affinity chromatography

2.11.1 Preparation of the DNase I afflnlty restn

Sepharose 4B-bound ONase I was prepared according to the manutacturers

instructions. Brietly, CNBr-activated Sepharase 4B was swollen in 1 mM HCI, and

washed with coupling butter (100 mM NaHC03). The resin was resuspended in

coupling butter (10 ml/g) containing 2.5 mg DNase I/g resin and incubated

overnight at 40 C. The resin was then allowed to settle and the supernatant was

removed tor the control ot the reaction (see below). 'To block unsaturated binding

sites, the resin was incubated with 0.2 M glycine (pH 8.0) tor 2 hrs at room

remperature, washed and stored at 40 C in 10 mM Tris-HCI (pH 7.5), 5 mM CaCI2,

0.02% NaN3. A contral resin was prepared identically but without ONase I. The
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binding 01 DNase I to the resin was controlled by electrophoretic analysis 01 an

aliquot 01 the coupling buHer belore the addition 01 the resin and after the

incubation.

2.11.2 DNase laffinlty chromatography of the TX-100/PPj extract

Acetate-buHer procedure. The TX-100/PPi extract lrom 4 mg

[35S)thiophosphorylated eMS (1.2 ml) was diluted 20-lold into acetate-buHer

containing 0.5 M sodium-acetate (pH 8.0), 30% (w/w) glycerol, 1 mM CaCI2, 1 mM

cysteine, 0.5 mM PMSF, 10 �~�g�/�m�l soybean trypsin inhibitor, 0.05% TX-100 and

incubated lor 2 hrs at 40 C. The material was then loaded onto a DNase I aHinity

column (1.5 ml bed volume) at 7.2 ml/hr. The column was then washed with 10

volumes 01 acetate-buHer and with 10 volumes 01 the same buHer containing 0.75

M guanidine chloride (until no further radioactivity eluted from the column). To

obtain the actin fraction, the column was finally eluted with acetate-buHer

containing 3 M guanidine chloride. A control column (no DNase I bound) was run in

parallel exactly as described for the ONase I column. 0.7 ml-fractions were

collected from each step and aliquots were counted in a Beckman LS 1801 13­
counter using a liquid scintillation cocktail. The radioactive fractions were pooled

and dialyzed ovemight against two changes of 500 ml 2 mM Tris-HCI (pH 8.0), 0.2

mM CaCI2, 0.2 mM ATP, 1 mM on,0.5 mM PMSF, 0.01% TX-100. The fractions

were then concEmtrated in centricon-10 devices (about 1 hr at 5'000 x g). Belore

the concentrated sampie was removed from the centricon device, 1% SOS was

added and the sampie was mixed repeatedly to ensure maximal recovery of actin

and radioactivity. Aliquots of the concentrate were then processed for SOS-PAGE

as described below.

Pyrophosphate-buffer procedure. The TX-100/PPi extract from 2 mg

[35S)thiophosphorylated eMS (0.6 ml) was dilu1ed 10-fold into a slightly modified

actin monomerization buHer (Bretscher und Weber, 1980) containing 10 mM Tris­

HCI (pH 8.0), 0.2 mM CaCI2, 0.2 mM AlP, 0.03% lX-1QO, 10 �~�g�/�m�l soybean

trypsin inhibitor, 0.5 mM PMSF (Cl-10 buHer) and dialyzed for 5 hrs at 40 C

against the same buffer. The pH was controlled and adjusted to 8.0, if necessary.

lhe dialyzate was then subjected to oxidation using the CuPh procedure (see

above). Two identical ONase I columns (1.5 ml bed volume) were loaded (7.2

ml/hr) with the oxidized TX-100/PPi extract. lhe columns were washed with 10
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volumes CT-10 buHer and 10 volumes 01 the same buHer containing 50 mM PPi

(pH 8.0) until the radioactivity in the lractions reached background levels. Column 1

was then eluted at a Ilow rate 014 mllhr with CT-10 buHer containing 50 mM PPj

and 10 mM OTT, whereas column 2 was treated identically but without OTT. To

obtain the actin Iraction, the columns were eluted with acetate-buHer containing 3

M guanidine chloride. 0.7 ml fractions were collected from each 01 the steps,

counted and processed as described above.

2.12 SOS-polyacrylamide gel electrophoresis (SOS-PAGE)

2.12.1 Sampie preparatlon for S05-PAGE

Aqueous solutions 01 membranes or proteins received 1/2 volume of a 3-fold

concentrated sampie buHer [30 mM NaPi (pH 7.0), 30% (wlv) glycerol, 7.5% (wlv)

SOS, 10 mM OTT, 0.5 mg/mi bromophenolblue) and were denaturated for 3 min at

950 C. If required, the sampIes were s10red at -200 C for future electrophoresis.

For the analysis of sampies under nonreducing conditions, OTT was omitted from

the sampie buHer.

Oiluted sampies of membranes or soluble peptides (obtained by ·proteolytic

treatment 01 membranes) or lractions Irom the ONase I columns were precipitated

by 8% (wlv) icecold TCA. The precipitate was washed with distilled H20, dissolved

in sampie buHer and incubated for 3 min at 950 C prior to electrophoresis. If the

protein content was very low, 5 Ilg BSA was included in the sampie to ensure

quantitative precipitation. Sampies that contained large amounts 01 TX-100 were

extracted once by 600 111 icecold aceton after TCA precipitation. The protein

precipitate was then allowed to dry before sampie buHer was added.

2.12.2 Gel systems

Lämmli-type gels. SOS polyacrylamide gel electrophoresis was carried out

according to Lämmli (1970). The stacking gel contained 5% (wlv) acrylamide and

0.125% (wlv) NN'-methylenebisacrylamide (acrylamide:bisacrylamide =40:1). The

acrylamide concentration of the running gel dependend on the specific conditions

of the experiments. If not stated otherwise, 10 cm gradient gels of 5-10% (wlv)
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acrylamide (aerylamide:bisaerylamide =40:1) were used. For the analysis of small

peptides obtained by proteoly1ie c1eavage of membrane proteins the gradient gel

eontained 8-15% acrylamide (aerylamide:bisaerylamide = 15:1). Electrophoresis

was performed overnight al 7.5 mA or for 3 h al 140 V at room temperature.

Aeidie gel systems. Fairbanks-type gels (Fairbanks et al., 1971) eontained 4% (wlv)

acrylamide and 0.15% (wlv) NN'-methylenebisaerylamide in the staeking gel and

5% (wlv) acrylamide and 0.19% (wlv) NN'-methylenebisaerylamide in the

separating gel. They were run overnight at 50 V at 40 C and proeessed for

autoradiography as deseribed below. Sarkadi-type gradient gels (Sarkadi et al. ,

1986) eontained 4% (wlv) acrylamide and 0.11 % (wlv) NN'­

methylenebisaerylamide in Ihe staeking gel and 5-10% (wlv) acrylamide and 0.13­

0.26% (wlv) NN'-methylenebisaerylamide in the separating gel. They were run for 2

hours at 40 mA at room temperature and were proeessed for autoradiography as

deseribed below.

2.12.3Protein stalnlng procedures and auloradiography

Coomassie blue staining. SDS-polyaerylamide gels were stained in 50% (viv)

methanol, 7.5% (viv) aeetie acid and 0.25% (wlv) Serva Blue R for 1 hr and

destained �o�v�e�r�~�i�g�h�t in 20% (viv) methanol, 7.5% (viv) aeetie acid. To regenerate

the destaining solution, it was mixed with ehareoal and passed through filter paper.

Silver impregnation method. Silver-staining of SDS-polyaerylamide gels was

performed aeeording to Merryl et aJ. (1981) with some modifieations (Soldati,

1985).

Autoradiography. After protein staining, the gels were dried [2-3 hrs at 800 C on

filter paper using a Zabona gel dryer (Zabona AG, Basel, Swilzerfand)) and

exposed overnight to Kodak X-Omat AR 5 films (Kodak, USA) with an inlensifying

sereen. When [35S)thiophosphorylated sampies were analyzed, the stained gel

(coomassie blue or silver impregnation) was immersed for 30 min in a fluorographie

agent (amplifyTM, Amersham Inlernalional, England) before drying. The dry gel

was then exposed as deseribed above but without an intensifying sereen.

40



MATERIALS AND METHODS

2.12.42-0 (nonreduced/reduced) SOS-PAGE

Analvtical 2-D SOS-PAGE. 8% Lämmli-type SOS gels with a 5% stacking gel were

prepared according to Lämmli (1970) and electrophoresis was carried out in the

absence of on. After completion of the first (nonreduced) run (130 V for 3.5 hrs)

the gel was dissected as described in Fig. 16. The gel slices were placed into

Eppendorf tubes containing 50 �~�I 3-fold concentrated sampie buffer

(supplemented with 10 mM OTT) and incubated for 30 min at room temperature

and for 3 min at 950 C. The gel slices were then fitted into the sampie chambers of

a second gel and overlayed with the incubation buffer. The second (reduced) run

was carried out under the same conditions as the nonreduced run. The gel was

stained and processed for autoradiography as described below.

Preparative 2-D (nonreducedlreducedl SOS-PAGE. 5 mm wide 8% SOS­

polyacrylamide gels were prepared as described above with a sampie chamber of

11 x 1.5 cm in the stacking gel. For one gel, 6 mg [35S]thiopl1osphorylated and

crosslinked eMS were denaturated for 3 min at 950 C in 1/2 volume 3-fold

concentrated sampie buffer without on.The nonreduced gel was then run at 70 V

for 2 hrs to obtain the crosslinked material, which remained in the stacking gel. The

stacking gel was cut off, placed in 3-fold concentrated sampie buffer containing 10

mM on and reduced for 30 min at room temperature and 5 min at 950 C. The

reduced stacking gel was placed on top of the stacking gel of a second 8% gel and

overlayed with the sampie buffer. For the detection of the approximate position of

the G1-band, a prestained mixture of standard proteins (Bio Rad) was run in

parallel on the same gel. After completion of the run (70 V for 30 min and 120 V for

about 4 hrs), a reference strip of the gel region around the position of the

prestained 130 kOa marker was cut off and sliced into 2 mm pieces. Subsequently,

the gel pieces were immersed in 300 Il! perhydrol and incubated for 15 min at 950

C. After the addition of 3 ml scintillation cocktail, the radioactivity in the gel slices

was detected. A 4 mm wide strip containing the maximum level of radioactivity was

then cut from the gel. Electroelution of the gel strips was carried out as described

below.

2.12.5 Electroelution of G1 from polyacrylamide gels

Electroelution of gel slices obtained by 2-D (nonreducedlreduced) preparative

SOS-PAGE were electroeluted in a Bio Rad model 422 electroeluter according 10
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the manutacturers instructions. Briefly, the gel slices trom 1 preparative gel were

placed into 3 glass tubes and eluted at 8 mAlglass tube tor 3 hrs. The eluate was

collected, concentrated using a centricon-10 device (Grace AG, Lausanne,

Switzerland) and stored at '-200 C in the presence ot 1 mM on.

2.13 Various methods

2.13.1 Amino acid analysis

Electroblotted proteins on PVOF membranes were hydrolyzed by incubating them

in 6 M HCI at 1600 C tor 30 min. The hydrolyzate was then subjected to amino acid

analysis using an Applied Biosystems model 420 A amino acid derivatizer.

2.13.2 Electroblottlng of proteins onto PVDF membranes and blot

sequenclng

For amino acid sequencing proteins were separated by SOS-PAGE and

electroblotted to polyvinyliden-difluoride-membranes (pore size 0.45 11m)

(Immobilon Transter Membranes, Milli-Gen, Bedtord, MA, USA) in 10% (viv)

methanol, 10 mM CAPS-NaOH (pH 11) tor 3 hrs at 40 C. Protein bands were

stained with Ponceau S in 20% (viv) methanol, 7.5% (viv) acetic acid, cut trom the

blot and destained in 20% (viv) methanol, 0.1 mM NaOH. Blot sequencing was

pertormed essentially as described by Matsudaira (1987) on agas-phase

sequenator model 470A (Applied Biosystems, Foster City, CA, USA).

2.13.3 Protein determination

Membrane protein was determined as described by Mar1<well et al. (1981) using

bovine serum albumine as standard.
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IV. REsULTs

1. ISOLATION AND CHARACTERIZATION OF SMOOTH MUsCLE

sARCOLEMMA

1.1 Enrichment of marker enzymes

The first aim of this study was to develop apreparation of vascular smooth muscle

sareolemma vesicles eapable of active Ca2+-accumulation. Smooth muscle plasma

membranes were prepared from pig aortae, obtained. from the local

slaughterhouse. The preparation of the sarcolemma was eharacterized by

measuring marker enzyme activities in the various fractions obtained by differential

eentrifugation of the tissue homogenate. As a referenee for the enriehment the post

nuclear supernatant (PNS) was chosen, Le. a fraction obtained after a low-g

eentrifugation of the tissue homogenate to remove tissue partieles, whole eells and

nuclear material. The tissue homogenate could not be taken as a referenee due to

its inhomogeneity. In addition, the homogenate fraction could not be stored at -700

C and the measurement of marker enzyme activities showed large variations. The

enriehment of the sareolemmal marker enzyme 5'-nueleotidase was about 8-fold in

the erude mierosomaJ fraction (eMS) and inereased to about 13-fold in the eMS

fraction (Table 1). The lalter was prepared from the eMS fraction by extraction of

about 50% of the actin and most of the myosin by a procedure adopted from

Sharma and Bhalla (1986). The extracted actin and myosin accounted for

approximately 30% of the total protein in this fraction explaining the enriehment of

the marker enzymes in the eMS. The subsequent subfractionation of the eMS on a

eontinuous suerose/dextran gradient in the presenee of high saJt coneentrations

resulted in the further enriehment of this marker to 23-fold and 20-fold in the

lightest fractions A and B, respectively. These values are probably underestimated,

sinee it is known that 5'-nucleotidase mayaiso be extracted from membranes. The

similarity of the gradient fractions A and B was further demonstrated by their

binding of [3Hlouabain. Therefore, these two fractions were combined (Fr. AlB), if
not stated otherwise. The enriehment of the NalK-ATPase, as determined by
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Fraction Specific marker enzyme actlvltles Protein

5'-nucleotidase bH)oUabain Cytochrome c
inding oxidase

�~�m�o�l Pj.mg-1.h fmol.mg-1 nmol.mg-1.min-1 mg

PNS 3.1 +/-1.5 (4) 12+/-4 5 726

8000xg n.d. n.d. 240 n.d.
pellet

cMS 23.1 +/-6.5 (5) 370+/-110 15 65

eMS 40.7+/-10.7 (3) 240+/-140 n.d. 36

Fr. A 71.1 +/-19.3 (4) 833+/-116 n.d. 2.5

Fr. B 63.0+/-12.1 (3) 849+/-125 n.d. 8.0

Fr. C 35.4+/-9.6 (4) 368+/- 72 n.d. 5.3

Fr. D 14.8+/- 4.1 (4) 252+/- 42 n.d. 2.4

Pellet n.d.. n.d. n.d. n.d.

Table 1. Specitic marker activities and protein content in subcellular fractions from

porcine aorta smooth muscle. 5'-nucleotidase activity was determined as

described under Materials and Methods and is expressed as mean +/- S.E.M of

different preparations (number given in brackets). [3H)ouabain binding data are

from one representative experiment with 3 replicates. The cytochrome c oxidase

activity was measured in one preparation. Protein reters to the amount of protein in

the various subcellular fractions obtained from 10 aortae. Pellet refers to insoluble

material at the bottom of the gradient that could not be assayed .tor marker

enzymes. n.d. =not determined.
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ouabain binding, showed distinctly higher values than calculated from the 5'­

nucleotidase measurements. In the light Iractions A and B an enrichment 01 about

70-lold was attained. Although the bulk of mitochondria was removed from the PNS

membrane fraction by an 8'000 x 9 centrilugation, a considerable amount was still

present in cMS (15 - 25%). This contamination could be only partially removed by

an additional differential centrilugation at 17'000 x 9 (not shown). The recovery 01

proteins from the sucrose/dex1ran gradient was about 50% of the loaded material.

Frequently, a viscous pellet was observed that could not be resuspended and

assayed for marker enzymes. The average yield from 10 medium sized thoracic

aortae (100 9 smooth muscle tissue) was 30 - 40 mg eMS. After subfractionation of

eMS by density gradient centrifugation, about 10 mg sarcolemmal membranes

were obtained in the pooled fractions A and B.

1.2 Demonstration of Ca-ATPases In eMS

Ex1raeted microsomes derived mainly from the sarcolemma but are expeeted to be

contaminated with sarcoplasmic reticulum, because in vascular smooth muscle

these two membranes are particularly difficult to separate. The Ca-ATPases of

sarcolemma and sarcoplasmic reticulum can be distinguished through the analysis

of their phosphorylated intermediates, which can be labeled with [y-32PjATP (see

below). The phosphoenzymes were visualized using the acidic gels and

autoradiographic procedures described by Fairbanks et al. (1971) and Sarkadi et

al. (1986). The results obtained by the two methods were similar. However, the

resolution power of the latter method was higher, probably because the acrylamide

content in the gel for the same range of Mr was 50% higher in a Sarkadi-type gel

than in a corresponding Fairbanks-type gel. Using long (15 cm) gels the resolution

could even be improved and approached the quality of the conventional Lämmli­

type gels. Fig. 2 A shows the phosphoenzymes in the eMS fraction. In the

presence of Ca2+, a protein with a molecular mass of 100 kDa became heavily

labeled. Indusion of Ca2+ and La3+ in the reaetion medium inhibited the

phosphorylation of the 100 kDa protein, whereas another protein of 130 kDa

became predominant. The phosphoproteins were of acylphosphate nature since

they were hydrolized by hydroxylamine (not shown): The !wo proteins have been

previously shown by Chiesi et al. (1984) and by Wuytack et al. (1984) to

correspond to the Ca-ATPase of sarcoplasmic reticulum and of the plasma

membrane, respeetively. Indeed, the phosphoenzyme of the latter ATPase had the
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Eig. 2. Acylphosphate jntermediates of the Ca-ATPases of sarcolemmal and

sarcoplasmic reticulum origjn. (A) Comparison of the plasma membrane Ca­

ATPase of human erythrocytes and of vascular smooth muscle. Extracted

microsomes (eMS, 40 �~�g�) or human erythrocyte ghosts (Gh, 40 �~�g�) were

phosphorylated with [y-32p)ATP in the presence of 50 �~�M Ca2+ and in the

absence (-) or presence (+) of 50 �~�M La3+. Separation of the phosphorylated

proteins was carried out on a 5-10% Sal1<adi-type acidic gradient gel. Details and

the autoradiography conditions are described under Materials and Methods. (8)

Enrichment of sarcolemmal Ca-ATPase (sl-ATPase) and sarcoplasmic reticulum

Ca-ATPase (sr-ATPase) in extracted microsomes and gradient fraction A. Post

nuclear supernatant (PNS, 40 �~�g�)�, extracted microsomes (eMS, 40 �~�g�) and

membranes from the lightest sucrose/dextran gradient fraction (Fr A, 40 �~�g�) were

phosphorylated in the presence of 50 �~�M CaCI2 and, where indicated, 50 �~�M

La3+. Separaiion of the phosphorylated proteins was carried out on a 5%

Fairbanks-type acidic gel, whose autoradiography is presented.
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(cpm)

RESULTS

eMS

eMS + TX-100

TX-100 sol.

Ratio (TX-100 solJeMS)

sl-ATPase

840

1460

2890

3.5

sr-ATPase

1240

740

700

0.6

Ratio (si/sr)

0.7

2.0

4.1

Table 2. Effect 01 Triton X-1QO on the acylphosphate steady-state level 01 the

smooth muscle Ca-ATPases. The acylphosphate formation by [y-32PJATP of the

sarcolemmal Ca-ATPase (sl-ATPase) and the sarcoplasmic reticulum Ca-ATPase

(sr-ATPase) were assayed in the presence of 50 �~�M Ca2+ and 50 �~�M La2+ or 50

�~�M Ca2+, respectively. The following sampies were examined: eMS under

standard conditions (eMS), eMS in the presence of 1% Triton X-1QO (eMS + TX­

100), and a Triton X-100 soluble fraction obtained by ultracentrilugation after

solubilization of the eMS (TX-100 soL). After phosphorylation the sampies were

separated on a 5 - 10% gradient gel according to the method 01 Sarkadi et al.

(1986). The table shows the values (cpm) obtained by excising the radioactive

bands Irom the dried gel, which were counted in a ß-<:ounter. (For details see

Materials and Methods.)
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same relative mobility as the Ca-ATPase 01 erythroeytes (see Fig. 2 A). Sinee La3+

had opposite effeets on the ATPases 01 reticulum and plasma membrane, it eould

be used as a tool to distinguish the two enzymes and, in turn, to evaluate the

degree 01 enrichment 01 ttie two membranes in the preparations. As shown in Fig.

2 B, the sarcolemmal Ca-ATPase could not be detected in PNS, but was strongly

labeled in eMS and in Fr. A. The phosphorylation 01 the sareoplasmic reticulum

enzyme was also increased in eMS. However, its relative enrichment was lower

than that 01 the sarcolemmal enzyme when eomparing the acylphosphate

intermediates in the PNS Iraction. In the eMS, the radioactivity incorporated into

the sarcoplasmic reticulum enzyme was about 2-lold higher than that in the

sarcolemmal enzyme and was c1early decreased in Fr. A when compared to the

sarcolemmal enzyme. This demonstrates a severallold enriehment 01 sareolemmal

membranes over sarcoplasmie retieulum in eMS which was lurther inereased in the

sucrose/dextran gradient Fr. A. The amount 01 the sarcolemma Ca-ATPase in the

various Iraetions as determined by the method mentioned above is underestimated.

In lact, .Eggermont et al. (1988) have reeently observed that the steady-state level

01 phosphoenzyme is below 20% 01 the total population 01 the enzyme. We lound

that the steady-state level 01 the sarcolemmal (La3+-<lependent) phosphoenzyme

eould be lurther increased by the addition 01 Triton X-1QO to the reaction mixture

(Table 2). When the solubilized Iraetion was separated lram nonsolubilized material

belore the phosphorylation reaction was started, a 3 - 4-lold inerease in the

sareolemmal phosphoenzyme level was observed in the soluble Iraction. This

indicates that in the membrane only a small portion 01 the sarcolemmal Ca-ATPase

was phosphorylated. On the other hand, the steady-state level 01 the

phosphoenzyme 01 the sarcoplasmic retieulum Ca-ATPase was already maximal in

nontreated eMS. Therelore, these results show that the majority 01 the Ca-pumping

ATPase present in the eMS Iraction is 01 sarcolemmal origin.

1.3 Ca2+-uptake of sarcolemmal vesicles

The values lor the ATP-dependent Ca2+-accumulation in the subcellular Iractions

paralleled the enrichment 01 the sareolemmal markers, although Fr. A dld not show

lurther enrichment 01 the transporting activity when compared with eMS (Fig. 3).

This may be explained by the fact that the Ca2+-uptake activity is affected by

mechanical stress during the purification proeedure (Raeymaekers and Casteels,

1984). Fig. 4 shows the stimulation 01 the Ca-pump by calmodulin in eMS that had
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lFig. 3. �C�~�-�u�p�t�a�k�e in smooth museie subcellular fractions. Ca2+-uptake was

rneasured with the Millipore filtration technique using 45Ca (for details see Materials

and Methods). The bars represent the average transport activity +/- SEM. in the

various smooth muscle fractions obtained from 1 (PNS), 2 (eMS, Fr. C and 0) or 6

(cMS, Fr. A and B) experiments.
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Fig. 4. Calmodulin-dependence of �C�~�u�p�t�a�k�e�. Ca2+-uptake 01 the CaM-depleted

gradient Iraction NB (for details see Materials and Methods) was measured in a

KCI-Hepes medium as described under Materials and Methods. However,

phosphate was omitted and the protein concentration was 0.04 mg/mI. The Ca2+­

uptake reaction was allowed to proceed for 1 min in the presence 01 various

concentrations 01 CaM. The free Ca2+-concentration in the medium was 111M.

Values represent the means +/- S.E.M. from 2 independent measurements lrom 1

preparation.

50



RESULTS

Effector added Ca2....uptake

CaM-<lepleted Fr. NB CaM-depleted eMS

(% of control) (% of control)

CaM (2 llM) 225 128

Na3V04 (111M) 38 37

KPi (30 mM) 245 312

K-oxalate (3 mM) 100 82

No oligomycin 105 129

Table 3. Properties of Cal±-uptake in the density gradient fraction NB and in eMS.

Ca2+-uptake experiments were carried out at 370 C for 15 min as described under

Materials and Methods with the addition of the effectors indicated. The CaM

stimulation and the Na3V04 inhibition of the uptake were measured after 1 min in

the absence of phosphate. The free Ca2+-concentration was 111M.
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been depleted 01 calmodulin prior to the uptake experiment. The dependence 01 the

sarcolemmal Ca2+-uptake on the concentration 01 calmodul.in (the Km[CaM) 01

these membranes was 0.17 �~�M�) and the strang sensitivity to submicromolar

concentrations 01 ortho-vanadate (Ki = 0.3 �~�M�) (Table 3) clearly demonstrate the

sarcolemmal origin 01 the Ca-pump. Furthermore, the stimulation 01 the Ca2+­

uptake by 30 mM phosphate but not by potassium oxalate, which stimulates the

sarcoplasmic reticulum Ca2+-uptake, indicates that the sarcoplasmic reticulum Ca­

pump did not contribute signilicantly to the total Ca2+-uptake (Table 3).

The biggest contamination in the eMS Iraction was 01 mitochondrial origin. Despile

the lact that mitochondria have lower affinity lor Ca2+, their contribution to the

Ca2+-uptake in eMS was considerable. Therelore, special precautions, e.g. the

indusion 01 5 mM sodium azide or 1 �~�g�/�m�l oligomycin were taken to prevent

mitochondrial Ca2+-uptake in the eMS Iraction. The omission 01 oligomycin (or

sodium azide) fram the uptake medium resulted in a 30% higher Ca2+-uptake

activity, which was obviously due to mitochondrial activity (Table 3). Fr. AlB

contained less mitochondria but was not suitable for the study 01 the effect 01

cGMP on the Ca2+-uptake since the membrane bound G-kinase became lost

during the sucrase gradient centrilugation in the presence 01 high sall

concentrations. Hence, the eMS Iraction was used lor the lunctional tests in lhe

presence 01 appropriate inhibitors.
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2. PHOSPHORYLATION OF G11N SARCOLEMMAL MEMBRANES

2.1 Cyclic GMP-dependent phosphorylation of eMS

Previous reports have suggested that cGMP-dependent phosphorylation 01 the Ca­

pump could play a role in smooth muscle relaxation (Popescu et al. , 1985,

Furukawa and Nakamura, 1987). This part 01 the study was therelore addressed to

the characterization 01 the cGMP-dependent phosphorylation 01 sarcolemmal

membrane proteins.

As in other smooth muscles such as rabbit aorta (Ives et al., 1980) or in platelets

(Waldmann et al. , 1986), an endogenous membrane-bound cGMP-dependent

protein kinase (G-kinase) could be detected also in porcine aorta. Indeed, in the

eMS preparation several proteins were specilically phosphorylated by the

endogenous G-kinase when cGMP and [y-32PJATP were added to the

membranes. The three major cGMP-dependent phosphoproteins (G-substrates)

had molecular masses 01 230 kDa, 120 kDa and 86 kDa (Fig. 5) and were termed

GO, G1 and G2, respectively, as proposed by Casnellie and Greengard (1974). The

apparent Mr values 01 GO and G1 were slightly smaller than those lound by

Casnellie et al. (1980) or Parks et al. (1987). This may be due to the use 01

different gel systems or different animal. In some cases two minor phosphoproteins

(G3 and G4) were also observed having molecular masses 01 64 kDa and 35 kDa,

respectively (see Fig. 11, section 3.2). These substrates could not be correlated to

those reported lor rabbit aorta (Casnellie et al. , 1980), indicating that in both

tissues they may represent different proteins or different proteolytic breakdown

products.

The G-substrates were phosphorylated by cGMP with high specilicity (Fig. 5). 50

nM cGMP produced nearly maximal phosphorylation 01 the G-substrates. 10 - 20­

lold higher concentrations 01 cAMP were required to induce the same level 01

phosphorylation 01 the G-substrates. These concentrations were similar to those

reported to cause hall maximal phosphorylation 01 GI by cGMP (30 nM) and cAMP

(300 nM) in a membrane preparation 01 guinea-pig ductus delerens (Casnellie and

Greengard,1974).
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Fig. 5. Cyclic GMP· and cyclic AMP-dependent phosphorylation of extracted

microsomes. 40 119 eMS were phosphorylated with [y.32PlATP at 00 C for 30 sec

in the presence of various concentrations of cGMP (cG) or cAMP (cA) and

separated on a 8% Lämmli-type gel as described under Materials and Methods.

The positions of the proteins specifically phosphorylated are indicated on the

autoradiography by GO, G1 and G2.
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2.2 Codistribution of G1 with 5'-nucleotidase in eMS subfractions

The G-substrates were reported to be integral plasma membrane proteins

(Casnellie et al., 1980 and Ives et al., 1980). Therelore, we investigated the

phosphorylation 01 the G-substrates in the light membrane fractions NB obtained

by sucrose/dextran gradient centrifugation in the presence of high salt

concentrations. The same fractions had been shown to actively accumulate Ca2+

(see 1.3). However, the phosphorylating activity was largely lost after

subfractionation of the eMS in the gradient. This was most likely due the extraction

01 the G-kinase by the high salt concentrations which were included to prevent

membrane aggregation. Ives et al. (1980) also reported the extraction 01 the G­

kinase by treating the tissue homogenate with 0.5 M KCI. In order to demonstrate

that it was indeed the G-kinase that was removed Irom the membranes and not the

G-substrates, the G-kinase activities in eMS and the gradient fraction A were

determined: Using the octapeptide kemptide as a substrate the endogenous G­

kinase activities 01 eMS and Iraction A were found to be 118 and 77 pmol mg-1

min-1, respectively. Since the sarcolemmal markers are enriched 2 - 3-fold in

fraction A, this indicates that at least 60 - 80% of the G-kinase present in the eMS

had been removed. The loss 01 the endogenous G-kinase could also be observed

when exogenous soluble G-kinase was added to eMS and Iraction A to

phosphorylate the G-substrates (Table 4). The addition of exogenous kinase to

eMS did not substantially increase the level 01 phosphorylated G1, whereas in

Iraction A the phosphorylation 01 G1 was increased more than 2-fold. Consistent

with the measurements 01 G-kinase activity in Iraction A, these results suggest that

the G-kinase was largely extracted during the gradient purification step. However,

the maximal level 01 the G1-phosphoprotein that could be detected in fraction A

was only about 30% 01 that in eMS, suggesting that also the G-substrates were

affected by the inclusion 01 high saU concentrations during centrifugation.

In order to c1early demonstrate the sarcolemmal origin 01 the G-substrates, the KCI­

free sucrose step gradient described by Kwan et al. (1983) was adopted. The

sarcolemmal membranes obtained by this procedure still contained the membrane­

bound G-kinase. Fig. 6 shows that the plasma membrane marker 5'-nucleotidase

and the G1-phosphoprotein were both localized in the light gradient fractions F2

and F3. GO and G2 also followed the distribution of G1 (not shown). These two

fractions corresponded to the fractions A and B obtained from sucrose/dextran

gradients. Unfortunately, the quality 01 the phosphate-stimulated Ca2+-uptake
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activity in the F2 and F3 gradient Iractions was lound to be not as reproducible as

in the salt containing sucrose/dextran gradient fractions. This made it impossible to

use the sucrose step gradient F2-lraction to lurther study the correlation between

the phosphorylation 01 Gl and Ca2+-uptake.

Phosphorylatlon level of G1

sampie

eMS

eMS

eMS

Fr. A

Fr. A

Fr. A

cGMP

+

+

+

+

Exogenaus G-klnase

+

+

32p In G1 (fmol/mg)

17

700

860

9

85

270

Table 4. Phosphorylation of eMS and Fr. A: Effect of exogenous G-kinase. 40 Ilg

of eMS or 01 Fr. A were phosphorylated with 0.6 11M [y-32PJATP in a medium

containing 10 mM Tris-HCI (pH 7.0), 5 mM MgCI2. 2.5 mM mercaptoettjanol, and 1

mM GTP. Where indicated. 0.51lg G-kinase (0.4 x 10-3 U (300 Cl) and/or cGMP

(1 l!M) were added and phosphorylation was carried out at 40 C for 20 min. The

reaction was stopped by adding 0.6 ml 8% TCA. After gelelectrophoresis (Lämmli­

system), the radioactivity associated with Gl was counted.
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Fig. 6. Codistribution 01 S'-nucleotidase and the G1-phosphoprotein. Extracted

microsomes (eMS) and the sucrose step gradient Iraetions (F2 - FS) were assayed

lor the aetivity 01 the sarcolemmal marker enzyme S'-nucleotidase. A sampie 01

each Iraetion containing 60 Ilg protein was phosphorylated by the addition 01 O.S

IlM cGMP and 0.3 IlM [y-32PIATP and separated by SDS-PAGE. The inset

shows an autoradiography 01 the 120 kDa region 01 the dried gel. (For details see

Materials and Methods.)
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3. CORRELATION BETWEEN cGMP-DEPENDENT

PHOSPHORYLATION AND Ca2+-UPTAKE BY EMS

3.1 The G1 phosphoprotein and the sarcolemmal Ca-pump are
distinct entities

In reconstituted proteoliposomes containing the alfinity purilied bovine aortic

plasma membrane Ca-ATPase, the G-kinase mediated the phosphorylation 01 a

130 kDa protein (Furukawa and Nakamura, 1987). This supported the hypothesis

that the major sarcolemmal substrate 01 the G-kinase might be identical to the

sarcolemmal Ca-pump (Popescu et al. , 1985a; Popescu at al. , 1985b). However,

the experiments presented in this section demonstrate that G1 and the

sarcolemmal Ca-ATPase are distinct entities.

3.1.1 Comparison of G1 wlth the acylphosphate Intermediate of the Ca­

ATPase

Fig. 7 shows the G1 phosphoprotein and the sarcolemmal Ca-pump in the eMS

fraction after radioactive labeling and separation on a 5-10% acidic gel system

according to the method 01 Sarkadi et al. (1986). This gel system allowed the

resolution 01 differences in the molecular mass as small as 5 kDa in the 120 kDa

range. It was therelore possible to distinguish between G1 that had been labeled

with 32p in the presence 01 cGMP, and the Ca-ATPase, which was identified as the

acylphosphate intermediate lormed in the presence of Ca2+ and La3+. In the

presence 01 EGTA the Ca2+-pumping ATPase was not phosphorylated. The

acylphosphate nature of the phosphorylated ATPase was demonstrated by its

sensitivity to hydrolysis by hydroxylamine (not shown). The Figure c1early

demonstrates that G1 (represented as a star in the Figure) has a slightly lower

molecular mass than the sarcolemmal Ca-ATPase (represented as an arrow).

3.1.2 Calmodulln overlay

The Ca2+-pumping ATPase of plasma membranes is directly regulated by CaM,

which binds to the enzyme in a Ca-dependent way. This has also been

58



RESULTS

G-P E-P

Ca/
cG /La Ca EGTA

kDa

200-

116­

92-

45-

JU.J

JSI-ATPase

. --""""-G1
• 'r i
. "-sr-ATPase

Fig. 7. Comparison of the G1-phosphoprotein and the acylphosphate intermediate

of the sarcolemmal Ca-ATPase. The [y-32PjATP-phosphorylation (G-P) was

carried out with 50 �~�g eMS either in the absence (-) or presence (cG) of 0.5 �~�M

cGMP. Acylphosphate intermediates (E-P) of the sarcolemmal and the

sarcoplasmic reticulum Ca-ATPases were shown by phosphorylation of 50 �~�g

eMS either in the presence of 50 �~�M La3+ and 50 �~�M Ca2+ (Ca2+/La3+) or in the

presence of 50 �~�M Ca2+ alone (Ca). Control experiments were carried out in the

presence of 1 mM EGTA. The phosphorylated proteins were separated on a acidic

5-10% gradient gel according to Sar1<adi et al. (1986) and processed for

autoradiography as described in the Materials and Methods section. The

sarcolemmal Ca-ATPase and the G1-protein are indicated on the autoradiogram

wilh an arrow and astar, respectively.
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Fig. 8. Comparison of Calmodulin-binding proteins and the cGMP-dependent

phosphoproteins. 50 lJ.9 eMS were phosphorylated with [y-32PJATP in the

absence (-) or presence (+) of 0.5 �~�M cGMP. separated on a Lämmli-type 5-10%
gradient gel and electrophoretically transferred to nitrocellulose. The nitrocellulose

sheets were overlayed with 1251-CaM in the presence of either EGTA or Ca2+ to

detect specific CaM-binding proteins. Details of the experiment are given in the

Materials and Methods section.
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Fig. 9. Comoarison of the Ca-ATPase and the G1-phosphoprotein.

(A) Immunostaining: 651lg eMS, phosphorylated with [y-32p)ATP in the absence

(-) or presence (+) of 0.5 IlM cGMP, and 4 Ilg Ca-ATPase from human

erythrocytes [(hE}-ATPase, A) were separated on a 5-10% Lämmli-type gradient

gel and electrophoretically transferred to nitrocellulose. The nitrocellulose sheet

was incubated with an affinity purified anti-(hE}-ATPase antibody and stained as

described under Materials and Methods.

(B) Autoradiography: The nitrocellulose sheet presented in (A) was

autoradiographed to detect the phosphorylated proteins.
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demonstrated for smooth muscle sarcolemma, where the enzyme represents the

major CaM target (de Schutter et al., 1984). Calmodulin over1ay experiments were

therefore carried out to confirm that the Ca2+-pumping ATPase and G1 are

different proteins. This experimental approach allowed the use of the Lämmli-type

gel system, which has a better resolution than the Sarkadi-type acidic gel system.

After electrophoretic separation on Lämmli-type gels, eMS proteins that had been

labeled with [y_32p)ATP were electroblotted to nitrocellulose sheets and

over1ayed with (1 251)CaM in the presence or absence of Ca2+-ions. Fig. 8 shows

that (1251)CaM bound in a Ca-dependent way to three sarcolemmal proteins with

molecular masses of 130 kDa, 112 kDa and 86 kDa. The 130 kDa protein that

interacted with (1251)CaM was assumed to be the Ca-pump, because it represented

the major CaM target and its relative mobility corresponded exactly to that of the

sarcolemmal Ca-pump. The [32P)phosphorylated G1, which displayed a mass of

120 kDa, was c1ear1y distinct from the 1251-CaM band. Interestingly, the 86 kDa

target of 1251-CaM corresponded exactly to the [32P)phosphoprotein, which was

labeled specifically by the G-kinase.

3.1.3Immunologlcal evidence

It has been previously established that the smooth muscle sarcolemmal and the

erythrocyte Ca-pumps are indistinguishable in immunological cross-reactivity

experiments (Wuy1ack at al., 1985). As demonstrated by acidic Fairbanks-type gel­

electrophoresis, the two ATPases also show the same molecular mass (section

1.2). This made it possible to examine the difference in relative mobility of G1 and

the Ca-pump by an immunological assay. Since the concentration of endogenous

Ca-ATPase in eMS was too low, an affinity purified Ca-ATPase from human

erythrocyte ghosts [(hE)-ATPase) was run on an SDS/polyacrylamide gel in parallel

with [32P)phosphorylated eMS. The Ca-ATPase was then detected on a

nitrocellulose replicate of the gel by an affinity-purified polyclonal antibody raised in

rabbits against this ATPase (Fig. 9). The same nitrocellulose blot was subjected to

autoradiography to detect the G-substrates. The comparison of the o-dianisidine

stained blot with the autoradiography shows that G1 had a c1ear1y smaller Mr then

the Ca-ATPase identified by the antibody. Thus, also the immunological evidence

demonstrates that G1 and the sarcolemmal Ca-pump are different proteins.
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3.2 Phosphorylation of G1 under Ca2+-uptake conditions

Furukawa and Nakamura (1987) also reported a stimulation 01 the Ca2+-pumping

activity. when proteoliposomes containing affinity purilied Ca-ATPase lrom bovine

aorta were phosphorylated by the soluble G-kinase. They concluded that the

siimulation was caused by the phosphorylation 01 the Ca-pump itsell. As outlined in

the previous sections, the Ca-pump was not phosphorylated by the endogenous

(membrane-bound) G-kinase in eMS. Thus. stimulation by direct phosphorylation 01

the Ca-pump was unlikely to occur. Nevertheless, a stimulatory effect 01 the G­

kinase on the Ca2+-transporting activity 01 the pump by an indirect mechanism.

namely via the phosphorylation 01 the G-substrates. that could have been

copurilied with the Ca-ATPase, could not be excluded. This hypothesis was

therelore also tested.

3.2.1 Cyclic GMP-dependent phosphorylatlon of eMS by ATP[ß) does not

affect the Ca2+..uptake

To demonstrate a possible modulation of Ca2+-uptake by the G-kinase, the G­

substratßs should be optimally phosphorylated when Ca2+-uptake is occurring. The

steady state level 01 phosphorylation of the G-substrates, however. showed a very

strong temperature dependence. The phosphorylation of the G-substrates by the

endogenous G-kinase at 370 C, Le. under Ca2+-uptake conditions. was compared

to that occurring under standard phosphorylation conditions at 00 C. As shown in

Fig. 10 A the cGMP-dependent phosphorylation of eMS proteins was much less

pronounced at 370 C than at 00 C. Therefore, eMS were phosphorylated at 00 C

and subsequenily subjected to Ca2+-uptake conditions, Le. incubated lor 15 min at

370 C. Since phosphorylated eMS still underwent rapid dephosphorylation (>90%

in 15 min) under these conditions but not under control conditions (t1l2 =2 hrs at 00

C), it was concluded that a protein phosphatase became activated at higher

temperatures (not shown). The inclusion of 20 mM Pi and 5 mM NaF did not inhibit

this dephosphorylation. Sodium pyrophosphate (50 mM) was more effective, but

interfered with the uptake assay by complexing Ca2+ from the EGTA buffered

medium. Thus. it was not possible to study the effects 01 the G-kinase on the

sarcolemmal Ca2+-uptake properties under these conditions. To overcome this

problem, ATP[yS) was used to produce optimal and stable phosphorylation 01 the

G-substrates. Fig. 11 compares the phosphorylation pattern of eMS proteins in the

presence 01 either ATP 01 ATP[yS). Under both conditions. the addition of cGMP
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Fig. 10. Stability of the G1-phosphoprotein. (A) Comparison of the phosphoprotein

formation at 00 C and 370 C. 40 119 eMS were phosphorylated with [y-32p)ATP for

30 sec at 00 C or at 370 C without (-) or with (+) 0.5 llM cGMP in the

phosphorylation medium. GO, G1 and G2 indicate the cGMP-dependent

phosphorylated proteins, which were separated on a 8% Lämmli-type gel. The

autoradiography conditions are described under Materials and Methods. (8) Chase

phosphorylation of the G-substrates prephosphorylated with ATP or ATP[yS). 80

119 eMS were prephosphorylated at 00 C with either 100 llM ATP[yS) (10min) or

100 mM ATP (30 sec) in the presence (+) or absence (-) of 0.5 llM cGMP.

Subsequently the membranes were incubated for 15 min at 370 .C. Chase

phosphorylation was carried out for 30 sec at 00 C with [y-32p)ATP in the

presence of 0.5 llM cGMP. The proteins were separated on a Lämmli-type 5-10%

gradient gel. The autoradiography conditions are described under Materials and

Methods.

64



RESULTS

G-o

kDa

-66

-58
'-52

-32

cGMP +

ATP

+

ATP)'S

Fig, 1L Comparison of the phosphorylation of eMS by �[�"�t�~�l�A�T�P and

�[�~�S�)�A�T�P�[�y�S�)�, Equal amounts (70 I1g) of eMS were phosphorylated by

[y-32p]ATP (ATP) or by [35S]ATP[yS] (ATP'ß) in the presence (+) or absence (-)

of cGMP according to the procedures described under Materials and Methods, The

phosphorylated sampies were then separated on a 10% Lämmli-type gel, whose

autoradiography is shown, The cGMP-dependent phosphoproteins were identified

on the basis of their molecular mass as GO - G2 according 10 Casnellie et aL

(1980). G3 (64 kDa) and G4 (doublet of about 35 kDa) represenl two G-substrates

whqse phosphorylation varied from preparation to preparation. The

autophosphorylated G-kinase is indicated by astar. Cyclic GMP-independent

phosphoproteins whose phosphorylation appeared 10 be enhanced by the use of

[35S]ATP[yS] are indicated by their molecular mass.
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stimulated the phosphorylation of the same G-substrates to a similar relative

extent, with G1 as the major substrate. The G-kinase did undergo

autophosphorylation under both conditions. Some differences in the

phosphorylation of non-cGMP-dependent proteins were observed. At least three

proteins were phosphorylated by [35S)ATP[yS) but not by [y-32p)ATP (indicated

by their molecular mass). The 44 kDa protein phosphorylated by [35S)ATP[yS] was

strongly dependent on the preincubation conditions: when the membranes were

preincubated at 370 C, the phosphorylation of this protein was strongly enhanced

and could also be observed when [y-32p)ATP was used (not shown).

Fig. 10 B shows a comparison of the phosphorylation level of the G-substrates

after prephosphorylation at 00 C with (non-Iabeled) ATP[yS) or ATP and

subsequent incubation for 15 min at 370 C. The extent of dephosphorylation during

the incubation time was detected by radioactive chase phosphorylation of the

sampies with [y_32p)ATP in the presence of cGMP. When eMS were

prephosphorylated with ATP[yS] in the presence of cGMP (Iane 1), no radioactivity

was incorporated by the chase phosphorylation. However, when

prephosphorylation was carried out in the absence of cGMP, the G-substrates

became strongly labeled (Iane 2). Using ATP for the prephosphorylation, the 32p­

incorporation into the G-substrates by the chase phosphorylation was very high

and did nol depend on the presence or absence of cGMP during

prephosphorylation (Ianes 3 and 4, respectively). This demonstrates that ATP[yS]

can be used to optimally phosphorylate the G-substrates and Ihat subsequent

incubalion at 370 C does not induce their dephosphorylation (as was observed with

ATP-phosphorylated substrates).

Therefore, ATP[yS) can be used to study the role of the cGMP-dependent

phosphorylation on the Ca2+-uptake activity of the sarcolemmal vesicles without

the addition of exogenous, soluble G-kinase. The results show that the Ca2+­

uptake activity of the vesicles was unaffected by thiophosphorylation. Several

parameters, including the concenlration of free Ca2+-ions in the uptake medium,

were considered and varied, but no effect by G1-phosphorylation could be

observed. The possibility that cGMP affeeted the Ca2+-pumping rate inclireetiy, e.9.

by acting on the passive K+ or Ca2+-permeability of the vesicles, was also taken

into account. Agents such a valinomycin or CGP 28392, which acts as a partial

Ca2+-channel agonist at higher concentrations (Rogg et al. , 1985), were also

tested, but the results were not significantly different from the controls.
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4. A COMPARISON OF G1 WITH OTHER KNOWN PROTEINS OF

SIMILAR MOLECULAR MASS

4.1 Comparison of G1 with MLCK

A partially purilied MLCK Iraction was prepared lrom porcine aorta aceording to the

method 01 Ngai et al. (1984). In this procedure the initial steps to prepare the tissue

lor extraction are identical to those used lor the preparation 01 sarcolemma.

However, whereas the sarcolemma was obtained lrom a low speed supernatant

after the tissue homogenization, MLCK was extracted lrom the corresponding

pellet by MgCI2 (see Materials and Methods). The Iractions obtained by this

procedure were then analyzed by SDS-PAGE. Additionally, a phosphorylated

sampie 01 eMS was mounted on the same gel to show the position 01 the G1-band.

The immunodecoration 01 a nitrocellulose replicate 01 the gel shows a c1ear

difference in the relative mobility 01 the MLCK recognized by the antibody and the

G1-band obtained by autoradiographing the dried blot (Rg. 12). To clearty identily

the kinase on the nitrocellulose blot, the enriehment 01 the kinase was lollowed in

the MLCK-preparation. As expected, MLCK was enriched only in the MgCI2 extract

(Iane 3) 01 the low speed pellet, whereas no band could be stained in the eMS

Iraction (Iane 4) and only a very weak band 01 MLCK could be detected in the low

speed supernatant lrom which eMS were prepared (Iane 1). In addition, the G1

phosphoprotein (Iane 5) - visualized by autoradiographing the immunodecorated

blot - showed a distinctly smaller molecular mass than the immunostained band 01

the MLCK Iraction. This result c1earty rules out identity 01 G1 with MLCK.

4.2 Comparison of G1 with two actin binding proteins: vinculin
and integrin

The results lrom experimeJ1\s using erosslinking (5.2), solubilization (5.3), and

DNase I affinity chromatography (5.4) strongly suggested that G1 and G2 are actin

binding proteins that eould serve as membrane anehors lor the cytoskeleton. One

01 the actin binding proteins that could lulfil this function is integrin, Le. a membrane

spanning protein (Iamily) capable 01 interacting with extracellular matrix proteins

(Iibronectin, vitronectin, laminin) as weil as with actin and other
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Fig. 12. Immunological demonstration 01 MLCK in the MgCI? extract 01 porcine

smooth muscle. A crude Iraction 01 MLCK was prepared Irom porcine aortic

smooth muscle by MgCI2 extraction 01 the washed homogenized tissue slurry as

described under Materials and Methods. 50 �~�g protein lrom the different fractions

obtained Irom the MLCK preparation and 50 �~�g eMS phosphorylated in the

presence 01 cGMP were analyzed by 8% SOS-PAGE. The immunodecoration 01 a

nitrocellulose replicate is shown. Lane 1: 17'000 x9 supernatant 01 the tissue

slurry, corresponding to the startlng material lor the preparation 01 crude

microsomes; lane 2: 17'000 x 9 supernatant 01 the same tissue slurry after 2 wash

cycles; lane 3: MgCI2 extract 01 the low speed pellet containing a crude Iraction 01
MLCK; lane 4: phosphorylated eMS. The G1-phophoprotein was visualized by

autoradiography 01 the immunoreplicate (Iane 5).
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cytoskeletal eomponents (Hynes, 1987). G1 was shown to undergo rapid and

specifie crosslinking to a high molecular mass species by oxidation catalyzed by

CuPh (see 5.2). This property of G1 was taken as a eriterion to distinguish G1 fram

known proteins. Thus, using a polyelonal antibody against the l}-subunit of ehieken

integrin, we tested whether the immunostained integrin band was shifted to the

high moleeular mass range observed for the radioactive G1-band after oxidative

erosslinking. As this experiment was c1earfy negative, this possibility was excluded.

However, G1 and the integrin ß-subunit were enriehed in the same fraction using

the sequential solubilization proeedure (see 6.2) indicating overfapping physieo­

ehemieal properties.

Another likely eandidate for G1 is vinculin, a 130 kDa protein involved in the

anehoring of actin to the plasmamembrane. Vinculin itself is not an integral

membrane protein but has been shown to be associated with adhesion plaques

(Geiger, 1979, SmalI, 1985)). This possibility was also tested with the same

method used for the integrin ß-subunit (not shown). Again, the radioactivity of G1

was found in the high moleeular mass range after erosslinking of the membranes,

whereas the relative mobility of the antibody-stained vineulin band remained

unaltered. In addition, vineulin was largely extracted fram the erude mierasome

preparation during aetomyosin extraction and was only a minor constituent of eMS.
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5. FURTHER CHARACTERIZA TION OF G1

5.1 Proteolytic cleavage

To further analyze the nature of G1, we attempted to obtain a soluble fragment that

could be used for the partial determination of its primary sequence. Initial

experiments were carried out with trypsin. To identify fragments from the G­

substrates, a comparative analysis was carried out using membranes that were

phosphorylated either in the presence or in the absence of cGMP. Fig. 13 shows

the digestion pattern obtained by treatment of phosphorylated eMS with trypsin at a

ratio of 18:1 (protein to protease). Immediately after the addition of the protease (2

seconds), more than 50% of the G1 band had al ready disappeared and a

membrane bound fragment of 32.5 kDa was produced (arrow). After 30 sec of

digestion the 32.5 kDa fragment was further c1eaved to several soluble fragments

in the molecular mass range of 16-21.5 kDa. These fragments underwent rapid

dephosphorylation, although the membranes were initially labeled with ATP[yS),

and were proteolyzed to small fragments of about 5 kDa in 10min: The velocity of

the c1eavage under these conditions was unexpected. Unfortunately, however,

several G1-fragments were obtained simultaneously, each containing only a small

fraction of the initial radioactivity. The reduction of the protease to protein ratio,

failed to improve the yield of any particular soluble peptide: in fact, even if the 32.5

kDa band was now resistant to degradation for several minutes, the resulting

maximum amount of soluble fragments was even lower (not shown). Apparently,

the cleavage of the membrane bound 32.5 kDa fragment is much slower than the

subsequent cleavage of the soluble fragments, making it impossible to enrich a

single soluble peptide by verifying the c1eavage conditions.

To overcome this problem, obviously related to the action of trypsin on G1,

chymotrypsin was used in a second set of experiments. Again, a comparative

assay was carried out to identifiy cGMP-dependent peptides. Optimal results were

obtained by using a protease to membrane protein ratio of 1:120 (w/w). Fig. 14

shows one main fragment in the soluble fraction (arrow) with an apparent molecular

mass of 22 kDa. In agreement with the previous findings using trypsin,

chymotrypsin rapidly produced a membrane bound fragment of about the same

molecular mass (35 kDa) (arrowhead) that was further degraded to the soluble

fragment. The latter was found to remain soluble when boiled for 15 min (not
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Phosphorylation
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Fig. 13. Generation 01 soluble phosphorylated G1-lragments by tryptic c1eavage 01

phosphorylated eMS. Extracted microsomes were phosphorylated with

[y-32PIATP in the presence (+ cGMP) or absence (- cGMP) of cGMP.

Phosphorylated eMS were then incubated at 40 C with trypsin at a ratio 01

enzyme:membrane-protein = 1:18 (w/w). 40 Jlg aliquots were removed lram the

incubation mixture and cleavage was terminated by the addition 01 soybean trypsin

inhibitor after time intervals as indicated in the Figure. The Iractions were then

centriluged to separate membrane bound peptides (particulate) and soluble

Iragments (soluble). Nontreated phosphorylated eMS (pMS), soluble, and

particulate Iractions were analyzed by 8 - 15% gradient SOS-PAGE. The

autoradiography 01 the dried gels is shown. (For details see Materials and

Methods.)
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Fig. 14. Generation of a soluble phosphorylated G1-fragment by chymotryptic

c1eavage of phosphorylated eMS Extracted microsomes were phosphorylated with

[y-32PJATP and incubated with chymotrypsin at a ratio of

chymotrypsin:membrane-protein = 1:120 (wlw) for 5 min at room temperature. The

autoradiography of a 15% Mini-Gel shows 25 �~�g�-�a�l�i�q�u�o�t�s of control

(nonproteolized) eMS, phosphorylated in the presence (+) or absence (-) of cGMP,

proteolyzed phosphorylated eMS (total), and the pellet (particulate) and

supernatant (soluble) fractions obtained after ultracentrifugation of the proteolyzed

eMS. Due to the low amount of soluble phosphopeptides, the gel region showing

the soluble fraction was exposed thrice as long. Arrowhead: position of the

membrane bound 35 kDa fragment of G1; arrow: position of the soluble 22 kDa

fragment of G1. (For details see Materials and Methods.)
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shown). Attempts to purily the soluble Iragment, however, lailed, mainly due to the

presence ollarge contaminations 01 [35S)ATP[yS), [35S)thiophosphate, and

probably radiolytic products in the soluble fraction that hindered the identification 01

the radioactive peak after FPLC Mono Q cation exchange chromatography. In

addition, the contaminants were not absorbed by charcoal, and TCA precipitation of

the soluble fraction resulted in an unsatisfactory recovery 01 the radioactive

peptide, still not Iree 01 other radioactive contaminants.

In conclusion, proteolysis by chymotrypsin 01 eMS phosphorylated with cGMP

resulted in the rapid production 01 a labeled membrane bound fragment of 35 kOa

and a soluble Iragment 01 22 kOa, derived lrom the former.

5.2 Oxidative crossIinking with cupric phenanthroline

Gel electrophoresis 01 phosphorylated eMS under nonreducing conditions

Irequently resulted in the broadening of the G1 band and a slight increase of its

relative mobility (Fig. 15 A, lanes 1 and 2). In some cases radioactivity appeared in

the high molecular mass range of the gel. This observation was considered

indicative 01 the lormation 01 disullide bridges by air-oxidation among G1-entities or

between G1 and other proteins. CrossIinking 01 proteins can be catalyzed by cupric

phenanthroline (CuPh), which enables the air-oxidation 01 spatially close (0.2 nm)

sulfhydryl groups to disullides (Kobashi, 1968). The reaction is fully reversible by

reducing agents such as onor ß-mercaptoethanol and provides a possibility for

mild and very specific crosslinking of proteins without affecting their activity. For

instance, the Ca-ATPase of skeletal sarcoplasmic reticulum retained its Ca­

dependent activity after CuPh treatment (Chiesi, 1984).

When thiophosphorylated eMS were treated at room temperature with low

concentrations of CuPh, oxidation of G1 and G2 occurred within seconds.

Radioactivity appeared in the high molecular mass region, whereas the G1 and G2

band rapidly disappeared (Fig. 15 A, lane 3). A considerable amount of the label

did not penetrate the stacking gel, indicating the formation of high molecular mass

oligomers. Crosslinking of G1 and G2 seemed to occur very specifically, since no

other phosphoprotein shifted relative mobility, even when the concentration of

CuPh was increased 15-fold (Iane 4). The Coomassie blue stained gel

demonstrated that a single protein of 42 kOa was affected by CuPh treatment
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Fig. 15. Oxidative crosslinking 01 the G1-phosphoprotein by cupric phenanthroline

(A) CrossIinking of G1 In eMS. Extracted microsomes were phosphorylated with

[35SjATP[ßj in the presence 01 0.5 11M cGMP. 100 119-aliquots were then

analyzed by 8% SDS-PAGE under reducing (Iane 1) or nonreducing (Ianes 2 - 4)

conditions after treatment without CuPh (Ianes 1 and 2), with 30 11M CuPh and 500

11M CuPh (Ianes 3 and 4, respectively). CB: Coomassie blue stained gel; AR:

autoradiography 01 the dried gel.

(B) Crosslinking 01 G1 in the Triton X-1001PPi soluble Iraction. The Triton X­

100/PPi soluble lraction was prepared Irom eMS that were phosphorylated with

[35SjATP[ßj In the presence of 0.5 11M cGMP. Aliquots were either directly

analyzed by 10% SDS-PAGE under nonreducing conditions (Iane 1). or after

crosslinking by 170 11M CuPh of the TX-1001PPj soluble fraction and of the same

fraction diluted 20-fold into the solubilization medium containing 0.2 mM ATP

Instead of PPj (Ianes 2 and 3, respectively). (For details see Materials and

Methods.)
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Fig. 16. Two-dimensional (nonreduced/reducedl gel electrophoresis 01

phosphoryiated eMS after crosslinking by CuPh. Extracted microsomes were

phosphorylated with [35S)ATP[-yS) in the presence 01 0.5 �~�M cGMP and subjected

to oxidative crosslinking . Aliquots 01 100 �~�g were separated on an 8% Lämmli­

type gel under nonreducing conditions. Segments were then cut Irom the high

molecular mass regions 01 the nonreduced gel as indicated in the Figure (1 st

dimension). The gel slices lrom the stacking gel (st) and Irom the running gel (1, 2,

and 3) were prepared tor the 2nd (reduced) dimension. In addition, an equal

amount ot the starting material used tor the 1st dimension was prepared tor the

2nd dimension under reduced conditions (ctr). After completion ot the 2nd

dimensional run, the gel was stained tor proteins and then processed tor

autoradiography. The gel (CS) and the autoradiography (AR) ot the 2nd dimension

show the analysis tor a sampie, which was crosslinked with 30 �~�M CuPh, and a

sampie, which was treated identically but without CuPh. (For details see Materials

and Methods.)
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(Ianes 2-4). It was identilied as actin, because 01 its molecular mass (42 kDa) and

its extractability by the actomyosin extraction pracedure. When eMS were first

solubilized using TX-100 and PPi (see chapter 5.3 for details), the G-substrates in

the supernatant were still crasslinked (Fig. 15 B, lane 2). Preincubation 01 the

solubilizate in an F-actin-monomerizing buffer containing 0.2 mM ATP for 2 hrs

also failed to prevent G1-erosslinking (Iane 3). Thus, it is very likely that in situ the

G-substrates form hetera- or homooligomers that are not dissociated by the

nonionic detergent Triton X-1QO, even in the presence of 10 mM ATP.

The specilicity 01 the CuPh crasslinking lor G1 and actin raised the question 01

functional interaction between these prateins resulting in their heteralogous

crasslinking. First experiments atlempted to c1arily whether the relative amount 01

actin paralleled that 01 G1 in the high molecular mass regions of the gel, including

the stacking gel. Fig. 16 shows the two-dimensional (nonreducedJreduced)

separation of crasslinked thiophosphorylated eMS. Gel slices in the molecular

mass range higher than 2x105 were cut from the 1st (nonreduced) dimension and

run in the 2nd (reduced) dimension electraphoresis (Ior details see the Figure

legend). A contral was analyzed lram a sampie that was not oxidized prior to the

1st dimension. In the second dimension 01 the contral sampie several prateins in

the molecular mass range 01 200, 150 and 90 kDa were observed, but no

radioactive G-substrates or actin were lound. However, when the sampie was lirst

oxidized with CuPh, G1-, G2- and actin-bands appeared that originated Irom

different slices 01 the 1st dimensional gel indicating variable degrees 01 crosslinking

01 the G-substrates. Interestingly, the distribution 01 the G1 band nicely paralleled

the distribution 01 actin in the same gel slices. This still occurred when the sampie

was oxidized by a 10-lold higher concentration 01 CuPh (not shown). In that case,

the majority 01 G1 and 01 actin was recovered Irom the stacking gel. No other

proteins became crosslinked by CuPh, conlirming the specilicity 01 the method.

Despite the evidence lor an interaction 01 actin with G1 in the sarcolemmal vesicles

preparation, it was still possible that G1 and actin were portuitously codistributed in

the same gel Iragments. To elucidate this point additional experiments were

psrformed confirmirog the actiro binding properties 01 G1 (see chapter 5.4).
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5.3 Solubilization properties

The G-substrates were reported to be integral membrane proteins that could not be

extracted lrom plasma mebranes by high saH concentrations (Casnellie et al. ,

1980). Fig. 17 indeed shows that none 01 the G-substrates could be extracted by

high salt in the absence 01 detergents. It was also impossible to extract G1 lrom

phosphorylated eMS with chaotropic agents such as NaSCN (1 M) or by 1 M acetic

acid from an acetone powder prepared from the same material (Table 5). Acetic

acid extraction 01 acetone powders has been reported to be a very potent tool for

the solubilization 01 actin or other proteins of the cytoskeleton such as vimentin and

desmin (Hubbard and Lazarides, 1979). On the other hand, addition of 6 M Urea

was also inellective in extracting the phosphorylated proteins from the eMS. Only

actin and some other nonlabeled proteins were partially extracted.

In the presence 01 a non-ionic detergent (Triton X-1 00) and in the absence of NaCl,

no G-substrates were solubilized (Fig. 17). At intermediate saH concentrations (100

mM), reported to be useful for the solubilization of many integral membrane

proteins such as the erythrocyte Ca-ATPase (Niggli et al. , 1979), the smooth

musde Ca-ATPase (Wuytack et al. , 1981) as weil as the Na+/Ca2+ exchanger of

cardiac sarcolemma (Soldali et al., 1985) only a very small fraction of G1 was

solubilized. As expected, on the other hand, complete solubilization of the Ca­

ATPase could be demonstrated using the acylphosphate technique (see chapter

1.2). However, solubilization of G1 only occurred in the presence of high salt

concentrations (0.6 M NaCI) (Fig. 17). In addition to the G-substrates other

phosphoproteins were also solubilized under these conditions. The amount of total

protein in the soluble fraction only slightly increased when high salt concentrations

were added to the solubilizing bulfer, indicating a specific elfect of the salt on the

solubility properties of the G-substrates. Interestingly, when 50 mM sodium

pyrophosphate was induded in the solubilizing buffer, the solubilization was as

good as under high salt conditions (not shown). Furthermore, 10 mM ATP

mimicked the high salt conditions, leading to nearly quantitative solubilization of G1

(Fig. 18), an ellect that was also observed when other nucleotides, or

nonhydrolyzable ATP-analogues, were substituted for high salt concentrations (not

shown). Indusion of Ca2+ or Mg2+ (4 mM) in the solubilizing mixture slightly

reduced the solubility of the G-substrates, whereas EGTA or EDTA (4mM) seemed

to have nb ellect (not shown).
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Fig. 17. Dependence of the solubilization of the G-substrates by Triton X-1QO on

NaCI-concentration. Extracted microsomes were phosphorylated with

[35S)ATP[ß) in the presence of 0.51lM cGMP. Aliquots of 70 119 were solubilized

by Triton X-1QO (+ TX-1 00) in the presence of 600 mM NaCl, 100 mM NaCI or 250

mM sucrose (0 mM NaCI). In a control experiment, incubation was carried out in

the presence of 600 mM NaCI only. The pellet (p) and soluble (s) fractions obtained

by ultracentrifugation were separated on a 8-15% Lämmli-type gel, which was

stained with Coomassie blue (CS) and processed for autoradiography (AR). (For

details see Materials and Methods.)
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Fig. 18. Solubilization of phosphOlylated eMS by Triton X-lOO in the presence of

ATP or by deoxycholate. Extracted microsomes were phosphorylated with

[35SjATP[ßj in the presence of 0.5 �~�M cGMP. 70 �~�g�-�a�l�i�q�u�o�t�s were then

solubilized by Triton X-100 (TX-100) or deoxycholate (DOC) in the absence (-) or

presence (+) of 10 mM ATP. The pellet (p) and soluble (s) fraetions were separated

by ultracentrifugation (for details see methods section), and analyzed on a 10%

Lämmli-lype gel. An autoradiography of the dried gel is presented. (For details see

Materials and Methods.)
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Solubilization of G1

Addition Type Cone. -ATP + ATP

a) None

TX-100 nonionic 1% (w/w) ++

TX-100/CuPh' nonionic 1% (w/w)

Octylglucoside nonionic 2% (w/w) n.d.

CHAPS zwitterionic 1% (w/w) +

Deoxycholate anionic 0.5% (w/w) ++ ++

CTAB cationic 0.5% (w/w) + n.d.

b) Urea 6M n.d.

NaSCN 1M n.d.

KI 1 M n.d.

c) Acetic acid 1 M

- Aceton powder n.d.

- TX-1 00 residue n.d.

no solubilization/ex1raction

+ : some solubilization (30-50%)

++ : more than 50% solubilization

n.d.: not determined

'In this experiment the phosphorylated eMS weie oxidized by 30 jlM CuPh prior 10

solubilization

Table 5. (Legend see opposite page)
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A number 01 other detergents 01 different c1asses, Le. CHAPS (1 %), octylglucoside

(up to 2%), OOC (0.5%), and CTAB (0.5%), were also tested to lurther deline the

solubility properties 01 Gl in the absence 01 ATP or high salt concentrations (Table

5). All 01 them solubilized about 50% 01 the total protein, but only deoxycholate was

able to efficiently solubilize also the G-substrates (Fig. 18).

lable 5. Solubility properties 01 the G1-phosphoprotein. lable 5 summarizes a

number 01 experiments carried out to characterize the solubility properties of G1.

Extracted microsomes were phosphorylated with [35S)ATP[yS) in the presence 01

0.5 �~�M cGMP. Aliquots were (a) solubilized with various types of detergents in the

absence or presence 01 10 mM AlP, or (b) extracted by denaturating agents

(Urea) or chaotropic agents such as sodium isothiocyanate (NaSCN) or potassium

iodide (KI). In addition, the results are shown of acetic acid extraction of an acetone

powder prepared Irom eMS, or 01 the Triton X-100 insoluble residue from eMS

obtained in the absence 01 AlP (c). Ihe relative amount of G1 recovered from the

soluble fraction after ultracentrilugation was visualized by SOS-PAGE that was

followed by autoradiography of the dried gel (for details see Materials and

Methods).
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5.4 Actin binding property of G1

Crosslinking experiments and the solubility properties 01 G1 strongly indicated a

possible interaction between G1 and actin (see above). This was lurther examined

using DNase I affinity chromatography. DNase I binds most types 01 actin with high

allinity (Pollard and Cooper, 1986). The DNase 1binding site is located near to the

ATP binding site, which does not over1ap with the binding sites 01 actin lor other

proteins. Actin-actin interaction occurs at sites near to Lys 191 and Cys 374 as

determined by chemical crossIinking 01 the peptides (Sutoh, 1984, Elzinga and

Phelan, 1984). Other actin-protein contacts occur either at the N-or C-terminal

regions. Therelore, actin may interact simultaneously with DNase land other aclin­

binding proteins. This property can be used lor the purilication 01 actin-binding

proteins as shown, lor instance, by Bretscher and Weber (1980) who bound villin to

a DNase 1 resin via the interaction 01 villin with actin. The DNase I-actin-villin

complex was very stable towards high ionic strength but immediately released villin

in the absence 01 Ca2+. By this elegant method the au1hors were able to rapidly

purify villin lrom a KI extract 01 the bnush border microvillus cytoskeleton.

We thus tried to indirectly bind G1 lrom the TX-100/PPi soluble extract lrom

phosphorylated eMS to a DNase I sepharose resin (Rg. 19). The soluble Iraction

obtained by TX-1 00 solubilization in the presence 01 50 mM pyrophosphate (Iane 1)

was diluted 20x in acetate-buffer, equilibrated lor 2 hrs at 40C to allow the

interaction between G1 and actin and then recentriluged to remove sedimentable

material (see Materials and Methods). The soluble Iraction (Iane 2) was then

loaded on the DNase I column Irom which most 01 the proteins (but not actin) were

recovered in the Ilow through (Iane 3). The phosphoproteins also seemed to readily

pass through the column. After extensive washing with the loading bulter, the

column was lirst washed with 0.75 M guanidine hydrochloride (GCI) to remove

nonspecilically bound material (Iane 4). This resulted in the elution 01 several

proteins inciuding a small Iraction 01 actin and a main phosphoprotein 01 about 62

kDa, which could be identilied as G3. Final elution 01 the column with 3 M GCI, that

dissociates actin Irom the sepharose bound DNase I, yielded alraction that

contained actin, a 95 kDa species and small amounts 01 some other proteins (Iane

5). Very interestingly, G1 and G2 were also eluted in this Iraction. Although the

column-bound amount 01 G1 and G2 was very small when compared to the initial

G1 content in the soluble Iraction, the binding was considered to be specilic, since

a DNase Iree control column loaded with the same material only bound a very
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Fig. 19. ONase I affinity chromatography of the TX-100/PPi extract under high ionic

s rength conditions. The TX-100/PPi soluble fraction was diluted 20-fold into the

high ionic strength column bufter and incubated tor 2 hrs at 40 C befere loading

onto a ONase I column. The fractions obtained trom the column were then

analyzed by 10% SOS-PAGE. The Coomassie blue stained gel (CS) and the

alUtoradiography of the dried gel (AR) show the TX-100/PPi extract (Iane 1), the

dlluted TX-1 OO/PPj extractloaded onto the column after preincubation (Iane 2), the

nonbound fraction (Iane 3), the 0.75 M guanidinium chloride eluate (Iane 4) and the

3 M guanidinium chloride eluate (Iane 5). Lanes 4 and 5 contain 30 times more

materialthan lanes 1 to 3. (For details see Materials and Methods.)
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Fig. 20. ONase I affinity chromatography of the TX-100/PPj extract after oxidative

crosslinking under low ionic strength conditions. The Triton X-100/PPi soluble

fraction was crosslinked as described under Materials and Methods. Two identical

ONase I columns (1 and 2) were then loaded with the crosslinked material (Total)

and washed with the loading buffer containing 50 mM PPi. Subsequently. column 1

was eluted by the addition of 10 mM onto the wash buffer (pyrophoshate-buffer).

whereas column 2 was identically treated but without on (PPi + on, PPi.

respectively). The colums were then eluted with 3 M guanidinium chloride (GCI)

under high ionic strength conditions to obtain the actin fraction. Aliquots were

processed for 10% SOS-PAGE (From the second PPj-eluale and from the GCI­

eluate three a1iquots were analyzed on the gel). The Figure shows the

autoradiographies (AR) of the fractions obtained from column 1 and 2. (For details

see Materials and Methods.)
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small Iraction 01 actin and less than 50% 01 the G1 that eluted lrom the DNase I

column (calculated Irom counting the radioactivity in this Iraction and by SDS­

PAGE analysis). This means that it is possible to bind G1 to a DNase I column,

although only to a small extent. The reason lor the low degree 01 actin-G1

interaction most Iikely lies in the specilic conditions required for running the DNase

column, which were incompatible with the optimal reassociation 01 G1 to actin in

the diluted solubilizate. The high ionic strength of the acetate-butter may have

attected the G1-actin interaction. On the other hand, this butter was necessary to

keep actin in a monomeric form and to prevent nonspecific aggregation 01

solubilized proteins on the column.

To improve the quality 01 the assay and the quantity of G1 bound to the al/inity

column a procedure was designed exploiting the possibility to crosslink G1 also in

the TX-100/PPi extract (see 5.2). Two identical DNase I columns were loaded with

an equal amount 01 phosphorylated extract that was oxidatively crosslinked after

dilution into a low ionic strength butter (Fig. 20). This butter was essentially the

same as that used lor the actomyosin extraction 01 the crude microsomes. Under

these conditions F-actin is monomerized to G-actin. Thus, this treatment permitted

to run the DNase I columns under low ionic strength conditions keeping actin in the

G-Iorm. In addition, the oxidation 01 the soluble supernatant led to covalent binding

01 G1 to actin, resistant to washing procedures that could attect the G1-actin

interaction. 80th columns could therelore be washed with 50 mM PPi

(pyrophosphate-butter) to remove aggregates of G1 that were frequently observed

to be nonspecifically absorbed to the column under low ionic strength conditions

(PPi). SUbsequently, column 1 was eluted by 10 mM on, thus reducing the

disulfide bonds between G1 and actin: a fraetion containing G-substrates could

thus be eluted from column 1. The control column (column 2) was treated

identically, but without reducing agents in the pyrophosphyte-butters. No G­

substrates were observed in the eluate. Further elution 01 the columns with 3 M

Gel yielded alraction without G-substrates from the reduced column 1, while the

nonreduced column 2 released alraction containing G-substrates. From both

columns an equal amount 01 actin was also recovered in this fraction (not shown).

85



RESULTS

6. ENRICHMENT OF G1 FROM eMS

6.1 Electroelution from two-dimensional (nonreduced/reduced)
SOS-PAGE

The possibility to readily crosslink G1 to a high molecular mass heteropolymer was

exploited to partially purify G1 lrom two-dimensional (nonreduced/reduced) SOS­

PAGE. A representative experiment is shown in Fig. 21. From 6 mg crosslinked,

thiophosphorylated eMS that contained 500 Imol 01 355 incorporated into G1, 360

fmol 35S associated with G1 could be electroeluted lrom the second dimension 01 a

preparative gel (total amount of G1 at least 3 pmol or 3.6 I1g). The 35S_

thiophosphorylated G1-band corresponded to a weak Coomassie blue stained

band or a major silver stained band when analyzed by SOS-PAGE (Fig. 21). The

major contamination resulted lrom a protein of about 150 kOa that was also

observed in the stacking gel under nonreducing conditions (see Fig. 16).

Starting from this electroeluate, an attempt was made to blot-sequence G1

according to the method of Matsudaira (1987). The electroeluate was separated on

a low percentage Mini-Gel (Bio-Rad) and sUbsequently electroblotted onto a

polyvinylidene-dißuoride (PVOF) membrane. The band containing radioactivity was

then subjected to blot sequencing. However, no amino-terminal c1eavage could be

obtained. To establish that enough protein was available on the blot. another blot

prepared by the same method was subjected to total amino acid hydrolysis (Table

6). From the total amount of amino acids obtained it was calculated that at least 3

pmol of 120 kOa G1-protein was present on the blot, Le. an amount sulficient lor

sequencing il the N-terminus was not blocked. For instance, 5 pmol 01 a tryptic

peptide 01 villin could be sequenced even at an initial yield lor coupling that was as

lowas 25% (Matsudaira, 1987). (The average initial yield of proteins electroblotted

to PVOF membranes is about 75%.) This result means that the N-terminus 01 G1 is

most likely blocked.
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1 2 3

Fig. 21. Enrichment of G1 by electroelution from the second dimension of

preparative nonreduced/reduced gel-electrophoresis. Extracted microsomes were

phosphorylated with [35S)ATP[-yS) in the presence of 0.5 �~�M cGMP. After

oxidative crosslinking with CuPh, 20 mg of phosphorylated eMS were subjected to

two-oimensional (nonreducedlreduced) preparative gel-electrophoresis. The 120

kDa region was dissected from the 2nd dimensional gel according to its radioactive

profile and electroeluted. After concentration of the electroeluate aliquots

containing 2.6 fmol 35S-labeled protein were analyzed by gel-electrophoresis: Lane

1: Coomassie blue stained gel; lane 2: silver stained gel; lane 3: au oradiography of

the silver stained gel. (For details see Materials and Methods.)
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Amino acid

Asp/Asn
Glu/Gln
Ser
Gly
Arg
Thr
Ala
Pro
Tyr
Val
Met
lIe
Leu
Phe
Lys
His
Trp
Cys

n.d.: not determined

pmoles mol/mol<

468.4 188
497.5 199
127.6 51

n.d.
114.8 46
77.4 31

152.2 61
129.3 52
34.6 14

149.8 60
18.1 7

112.0 45
209.1 84

72.8 29
64.6 26

n.d.
n.d.
n.d.

<Total residues in G1 =893 (without Gly, His, Trp, Cys)

Table 6. Amino acid analysis of the G1-phosphoprotein. Electroeluted G1­

phosphoprotein was prepared from oxidatively crosslinked eMS by two-dimensional

(nonreduced/reduced) gel electrophoresis. The electroeluate was separated on a

7.5% Mini Gel and biotted onto PVOF membrane. The protein bands were stained

with Ponceau Sand the radioactivity of each band was determined by counting of a

reference band. The radioactive band was then excised and subjected to total

amino acid hydrolysis (for details see Materials and Methods). The numbers of

residues given represent the best fit for integer numbers for each amino acid in the

range of tolally 732 - 1042 amino acids (wilhoul Gly, His, Trp, Cys). The tolal

molecular mass of the 893 amino acids in G1 (without Gly, His, Trp, Cys) is 113.3

kOa. Glycine could not be delermined because of the high glycine-background

resulting from SOS-PAGE.
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6.2 Sequenlial solubilizalion

A seeond attempt to enrieh G1 from phosphorylated eMS was developed using the

solubility properties of G1. Fig. 22 shows the enriehment of the G-substrates when

a two-step sequential solubilization proeedure was applied to 35S­

thiophosphorylated eMS (pMS). In the first step the membranes were solubilized by

0.65% Triton X-100 in a low ionie strength buffer containing Mg. This resulted in the

solubilization of the bulk of the membrane proteins but not of the G-substrates,

beeause the solubilization of the G-substrates requires either PPi or high salt

eonditions (see 5.3 for details). The pellet (P1) was then resuspended in the same

buHer, to whieh ATP (10 mM) and EDTA were added. The soluble fraction (S2)

obtained fram this step eontained a11 of the phosphoproteins and G-substrates

present in the pellet from the first solubilization step. The enriehment of G1 in the

various fractions obtained by this procedure was quantified by the exdsion of the

G1 band from the dried aerylamide gel and by counting them according to the

proeedure deseribed in the methods section. The relative amount of radioactivity

found in the G1-band is shown in Table 7. The overall enriehment of G1 as

compared to the total protein (based on radioactivity found in the G1-band) was 4­

fold with respect to phosphorylated eMS. The enriehment could be improved by

ultraeentrifugation (1 hr, 400'000 x g) of the soluble TX-100/PPj fraction. This step

removed about 30% of the proteins leading to an additional 1.5-fold enriehment of

G1 in the supernatant (Fig. 22, Table 7: Experiment 2). In addition, the two-step

solubilization proeedure removed the 150 kDa major contaminant of G1 when two­

dimensional (nonredueedlredueed) gel eleetrophoresis was carried out (see 5.2).

Surprisingly, the GO-substrate was also found to be precipitated completely by this

ultraeentrifugation step, indicating that GO and G1 are not part of the same

maeromoleeular complex in the Triton X-100/PPi extract. GO must therefore be

eonsidered a different spedes from G1, although its solubilization properties are

similar to that of G1.

89



Actin-

cs

pM5 P1 52 5- p­
400400

RESULTS

AR

-Go

- ......... --G1
�.�~ -G2

pM5 P1 52 5- P­
400400

Fig. 22. Enrichment of G1 by sequential extraction. Extracted microsomes were

phosphorylated with [35S)ATP[yS) in the presence of 0.5 �~�M cGMP (pMS) and

then solubilized by Triton X-100 in the absence 01 ATP. The insoluble material (P1)

was separated from soluble proteins by ultracentrilugation and again solubilized in

the same medium but with the addition of ATP. The soluble fraction (S2) 01 this

step was collecled by a second ultracentrifugation. The S2 Iraction was

subsequently centriluged at 400'000 x 9 for 1hr to obtain the soluble (S400) and

particulate (P400) fractions. Sampies containing equal amounts (75 �~�g�) 01 proteins

fiom each fraction were analyzed on a 10% Lämmli-iype gei and stained with

Coomassie blue (eS). For the detection of phosphoproteins the stained gel was

processed for autoradiography, which is also shown (AR). (See also legend to

Table 7.)
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Fraction

ReSULTS

Enrichment of the G1-phosphoproteln

(% Gl in phosphorylated eM8)

pM8

81

Pl

82

P2

8400

P400

Experiment 1
100

69
169
390
43

Experiment 2

100

n.d.

168

435

n.d.

610
166

n.d.: not detennined

Table 7. Enrichment 01 G1 in the various fraetions obtained by the seguential

eX1raction procedure. EX1racted microsomes were phosphorylated with

[35S]ATP[oyS] in the presence of 0.5 IlM cGMP (pMS). After solubilization by

Triton X-100 in the absence 01 ATP, they were subjected to ultracentrifugation

(100'000 x g) to separate Triton X-100 soluble (S1) and insoluble material (P1). P1

was again solubilized in the same medium but with the addition of ATP. The

soluble (82) and insoluble (P2) fraction from this step were colleeted by a second

ultracentrilugation (100'000 x g). 8ubsequentiy, the soluble fraetion was

recentrifuged (400'000 x g) and the soluble (8400) and particulate (P400) fraction

were collected. An equal amount of protein from each fraction was loaded on a

10% SOS Lämmli type gel. After completion of the run, the gel was processed lor

autoradiography to detect the radioactive G1-band, which was excised and

counted. After correction of the values for dephosphorylation, the amount 01 G1 in

each Iraction was calculated as percentage of the G1 content in pMS. (For details

see Materials and Methods.)
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V.DISCUSSION

1. THE PIG AORTA SMOOTH MUSCLE SARCOLEMMA

The work presented in the first part of this study investigates the possible functional

correlation between the Ca2+-extrusion from vascular smooth muscle cells and the

cGMP-dependent phosphorylation of membrane proteins. Sealed plasma

membrane vesicles were prepared to study energy-dependent Ca2+-uptake and

specific phosphorylation of membrane proteins by the endogenous membrane­

bound G-kinase. A plasma membrane fraction was prepared that was highly

enriched in sarcolemmal membrane markers and showed calmodulin and

phosphate stimulated Ca2+-uptake activity. However, this fraction had lost most of

the G-kinase activity and was therefore unsuitable for the study of the modulation

of the Ca2+-uptake by the endogenous G-kinase. Gradient purification in the

absence of high salt concentrations yielded a highly enriched plasma membrane

fraction that still contained the G-kinase. Unfortunately, this membrane preparation

showed Ca2+-uptake activities that were equal or smaller to those found in the eMS

fraction and varied largely depending on the preparation. On the other hand, eMS

fullfilled the requirements with respect to reliable Ca2+-uptake and endogenous

cGMP-dependent phosphorylation of membrane proteins, although eMS were more

contaminated by other membranes. Yet, the quality of eMS (based on the plasma

membrane marker 5'-nucleotidase and the level of the high affinity binding sites for

ouabain) was superior to that reported by others for gradient-purified plasma

membranes (Eggermont et al. , 1988, Grover et al. , 1985, Raeymaekers et al. ,

1985, Suematsu et al., 1984). The G-kinase dependent phosphorylation of proteins

in the eMS fraction was optimal and highly specific. Mitochondrial Ca2+-uptake by

the electrical potential driven Ca-uniporter could be selectively ruled out by

oligomycin and sodium azide. The contamination of eMS by sarcoplasmic reticulum

was estimated by the relative enrichment of the sarcolemmal over the sarcoplasmic

reticulum Ca-ATPase. In the presence of Ca2+ and ATP the sarcoplasmic reticulum

Ca-ATPase forms a phosphorylated !ntermediate (Chiesi et aL, 1984): which can

be labeled with [y-32PIATP and visualized on autoradiographs from dried gels.

The formation of this 100 kDa acylphosphate intermediate was strongly inhibited by

La3+ (Fig. 2), indicating that the band corresponded to the sarcoplasmic reticulum

Ca-ATPase. On the other hand, La3+ stimulated the formation of an acylphophate
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intermediate with a moleeular mass 130 kDa, whieh eould be identified as the

sareolemmal Ca-ATPase by its eomigration with the La3+-stimulated band present

in erythroeyte ghost membranes. The lormation 01 the acylphosphate 01 the

sarcolemmal Ca-ATPase is not always observed in membrane preparations. For

instanee, in bovine aorta the sarcolemmal Ca-ATPase could not be detected by

this method (Eggermont et al, 1988), even though alamethicine was included to

render the membrane vesicles permeable to ATP and ions, to unmask the latent

sarcolemmal Ca-ATPase activity 01 right side-out oriented vesicles. Eggermont et

al. thus eoncluded that the acylphosphate teehnique is an unreliable tool to

estimate the amount 01 sarcolemmal and sarcoplasmie reticulum Ca-ATPases

present in the various smooth museie sublractions. We have also observed that the

sarcolemmal Ca-ATPase undergoes only partial phosphorylation: Unless near1y

stoiehiometrie levels 01 phosphoenzyme can be detected in both Ca-ATPases, no

estimation 01 the enriehment 01 one membrane type over the other can be made.

The inclusion 01 nonionie detergents in the reaction medium stimulated severallold

the La3+-dependent lormation 01 the 130 kDa acylphosphate intermediate, whereas

the 100 kDa intermediate was unaffected or slightly inhibited. Under these

conditions the 130 kDa intermediate appeared to be enriehed 2-lold over the 100

kDa intermediate indicating that indeed eMS consisted primarily 01 sarcolemmal

membranes. Oxalate stimulates the Ca2+-uptake by the endoplasmie retieulum

isolated lram all museie types, ineluding vascular smooth muscle (Chiesi et al. ,

1984, Raeymaekers et al., 1985). The velocity and maximum Ca2+-uptake rate in

eMS, however, was not affected by millimolar concentrations 01 oxalate, indicating

that the contribution of the sarcoplasmic reticulum to Ca2+-uptake was not

significant under these conditions. This can be explained by damage to the

sarcoplasmic reticulum by mechanical stress: 11 is known that repeated

centrilugations of sarcoplasmic reticulum decreases its Ca2+-uptake activity

(Raeymaekers et al. , 1984). On the other hand, calmodulin and inorganic

phosphate stimulated the rate and maximum level 01 Ca2+-uptake, respectively,

which is typical of the sarcolemmal Ca-pump (Morel et al., 1981, Raeymaekers et

al. , 1983). Thus, the eMS-fraction shows essentially the Ca2+-uptake properties of

the gradient purilied sarcolemma. Considering that the exogenous G-kinase

optimally phosphorylated eMS, it was thought to use this Iraction throughout the

study.
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2. THE PHOSPHORYLATION OF G1 AND SARCOLEMMAL Ca2+­

UPTAKE

Several substrates were rapidly phosphorylated when nanomolar concentrations of

cGMP were added to the eMS fraction. The three major phosphoproteins had

molecular masses of 230 kDa, 120 kDa, and 86 kDa, similar to those identified in

rabbit aortic smooth muscle (Casnellie et al., 1980, Parks et al., 1987) and guinea

pig ductus deferens (Casnellie and Greengard, 1974) and named GO, G1, and G2,

respectively. In agreement with previous reports (Ives et al. , 1980), the major

substrates showed a codistribution with the sarcolemmal marker enzyme 5'­

nucleotidase in eMS-subfractions (Fig. 6). Based on these data, the G-substrates

in porcine smooth muscle are likely to be identical to those in rabbit aorta.

Therefore, the substrates with molecular masses of 230 kDa, 120 kDa, and 86 kDa

were also referred to as GO, G1, and G2, respectively. Neyses et al. (1985) have

found that the cardiac sarcolemmal Ca-ATPase is stimulated by a cAMP­

dependent phosphorylation. Since the Mr of the major G-substrate, G1, is very

similar to that of the isolated sarcolemmal Ca-ATPase (Wuy1ack et al., 1981), the

possibility was considered, that these two proteins are identical and that the Ca­

pump is stimulated by cGMP-dependent phosphorylation. Popescu et al. (1985a, b)

have suggested that cGMP stimulates the Ca-ATPase activity in preparations of

plasmalemmal sheets obtained from coronary arteries. The suggestion was based

on the finding that the cGMP-dependent stimulation was prevented by a polyclonal

anti-G-kinase antibody. The same was concluded by Furukawa and Nakamura

(1987) for the bovine aorta sarcolemmal Ca-pump. Proteoliposomes containing a

purified Ca-ATPase preparation obtained from a calmodulin affinity column showed

positive correlation between the activity of the Ca-pump and the phosphorylation of

a 130 kDa protein when exogenous G-kinase and cGMP were added to the

reconstitu1ed system. This phosphoprotein was thus concluded to be identical with

the sarcolemmal Ca-pump.

The study described here was initiated to characterize the role of cGMP in the

Ca2+-.ex1rusion system of the plasma membrane, one major goal being to establish

whether G1 was indeed identical to the Ca-pump. By using several different

approaches, we could establish that G1 is a phosphoprotein that differs from the

sarcolemmal Ca-ATPase. On various types of gels, G1 moved slightly but distinctly

faster than the Ca-pump, which was identified by the 32P-acylphosphate
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intermediate or by the binding of radiolabeled CaM. Immunological evidence also

supported the view that G1 and the Ca-ATPase are separate entities. It may be

argued that the phosphorylation of G1 shifts its relative gel mobility resulting in an

apparently smaller molecular mass. This appears unlikely considering the high

molecular mass of G1 and the fact that phosphorylation usually increases the

apparent molecular mass of proteins on SDS-gels [see the case of phospholamban

(Gasser et al., 1986) and of the rabbit liver CaM-dependent protein kinase (Ahmad

et al. , 1982]. In addition, both the acylphosphate intermediate and the

nonphosphorylated form of the ATPase (identified by 1251-CaM overlay) showed a

consistently higher molecular mass than G1. Although the acylphosphate

intermediate represents a different type of phosphorylation with respect to that

produced by the putative G-kinase, the effect of the phosphate group on the gel

mobility should be similar.

It is of course possible that G1 is a regulatory protein associated with the Ca-pump.

The results presented by Furukawa and Nakamura (1987) do not exclude the

possibility that an unidentified protein with a molecular mass similar to that of the

Ca-ATPase could have been coisolated with it by the calmodulin-affinity procedure,

either by interaction with the Ca-ATPase or with calmodulin coupled to the affinity

column. Indeed, an interesting observation favors the latter possibility: CaM overlay

experiments showed that an 86 kDa protein, probably identical to G2, bound to

calmodulin (Fig. 8). Par1<s et al. (1987) recently reported that thermolysin treatment

of G1 and G2 yielded identical phosphopeptides, indicating that G2 is a

degradation product of G1. Therefore, it is entirely possible that G1 also is a CaM

binding protein, even though this could not be further tested by CaM overlay

experiments due to the strong interaction of CaM with the 130 kDa band (the Ca­

ATPase) in the vicinity and with an unidentified 112 kDa band. It must be added,

however, that the suggestion that the sarcolemmal Ca-pump is modulated by the

cGMP-dependent phosphorylation of G1 is not supported by the results obtained

with the eMS fraction. In the experiments, optimal phosphorylation of G1 was

obtained, while active Ca2+-uptake was measured. The failure to detect cGMP­

dependent effects on Ca2+-uptake is unlikely to be due to the thiophosphorylation

procedure used in these particular experiments, since the G-substrates were

phosphorylated similarly by ATP or ATP[yS) in a cGMP-dependent manner. In

addition, the G-substrates were phosphorylated at identical sites, because after

thiophosphorylation in the presence of cGMP, no radioactive label was

incorporated into the G-substrates by a subsequent chase phosphorylation with
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[y-32pjATP (Fig. 10). On the other hand, under the conditions reported in the

literature, in which exogenous G-kinase stimulated the Ca2+-pumping activity of

porcine aortic sarcolemmal vesicles (Suematsu et al. , 1984), no endogenous

cGMP-dependent phosphorylation was observed using the eMS fraction (Rg. 10).

Thus, it is very unlikely that the phosphorylation of G1 is involved in the cGMP­

dependent smooth muscle relaxation via stimulation of the Ca-pump. It is important

to point out that in all other studies, exogenous G-kinase was added in high

amounts. This could have led to unphysiological phosphorylation of the site on the

Ca-ATPase where cAMP-dependent phosphorylation occurs, since the substrate

specificities of the G- and the A-kinases largely overlap (Lincoln and Corbin, 1983).

Alternatively, excess exogenous G-kinase could have phosphorylated hitherto

unknown proteins or may have led to the phosphorylation of phosphatidylinositol by

activating a phospholipid kinase (Vrolix et al. , 1988). Niggli et al. (1981) have also

shown that the ery1hrocyte Ca-pump is activated by negatively charged

phospholipids. Moreover, tightly bound phosphatidylinositol stimulates the Ca­

pump of the sarcoplasmic reticulum after phosphorylation by an endogenous

phosphorylase kinase (Varsanyi and Heilmeyer, 1981).

3. CHARACTERIZATION OF G1

The second part of the study was undertaken to characterize and identify G1.

MLCK could be a likely candidate for the 120 kDa phosphoprotein (G1). This

enzyme is phosphorylated by a G-kinase, it has a molecular mass close to 130 kDa

and it interacts with calmodulin. We have investigated the subcellular distribU1ion of

G1 and MLCK. G1 was always found associated with sarcolemmal markers. On

the other hand, the immunological data obtained by an affinity purified anti-MLCK­

antibody demonstrated that MLCK was enriched in a fraction ex1racted by MgCI2

from smooth muscle homogenates, whereas in eMS membranes no MLCK was

detectable. In addition, the molecular masses of G1 and MLCK differed by about

20 kDa. These observations provide strong evidence against the identity of G1 and

MLCK, and also rule out the possibility that G1 might be a �p�r�o�t�e�o�l�~�1�r�c cleavage

product of MLCK, since the two peptides were enriched in different fractions. The

discrepancy between these findings and the results reported by Vrolix et al. (1988)

may be the consequence of the different tissue used for the immunologica!

detection of MLCK. It is known that MLCK shows molecular mass differences,

96



DISCUSSION

which range lrom 105 to 160 kOa in various types 01 smooth museies (Kennedy et

al., 1987). Thus, it is possible that in the porcine aorta G1 and MLCK have different

molecular masses, whereas in porcine stomach they have the same apparent

molecular mass. The molecular mass 01 G1 in various tissues mayaiso differ

slightly. In porcine aorta G1 shows a lower molecular mass than that reported lor

G1 in porcine stomach (Vrolix et al., 1988), rabbit aorta (Casnellie et al., 1980), and

in bovine aorta (Waldmann et al., 1986). The identilication 01 MLCK on SOS-gels

was based also on A-kinase-dependent phosphorylation (Vrolix et al., 1988), which

occurs at one site in the presence 01 Ca2+/calmodulin, and at two sites in their

absence (Nishikawa et al. , 1984). However, Vrolix and coworkers observed no

phosphorylation 01 the 130 kOa protein by the A-kinase in the presence 01

Ca2+/calmodulin, whereas in their absence the same protein was strongly labeled.

Since the plasma membrane Ca-ATPase is also phosphorylated by A-kinase in the

absence but not in the presence 01 Ca2+/calmodulin (James et al., 1989), the

protein reported by Vrolix et al. (1988) was likely to be the Ca-ATPase.

Vinculin and the ß-subunit 01 the integrin complex were also considered as Iikely

G1 candidates, since the latter is an actin-binding protein (see below). However,

immunodecoration experiments with specilic antibodies excluded also this

possibility. Both vinculin and the integrin ß-subunit were unaffected by oxidative

crosslinking-induced oligomerization, which was found to be specilic for the G­

substrates. Integrin and G1, however, were always found in the same fractions.

Interestingly, integrin could be identilied even in a particular soluble fraction

enriched in G1 obtained by exploiting the unique solubilization properties 01 the

latter (see below). The copurilication of G1 and integrin suggests similar

physicochemical properties and probably also similar functional roles concerning

the actin-attachment to the plasma-membrane.

A soluble' fragment 01 G1 was produced by proteolysis. The analysis and

characterization 01 small soluble peptides is easier than that of large membrane

bound proteins, in particular when available only in very minute amounts, such as

G1. Proteolytic c1eavage 01 membrane-bound proteins by trypsin has been used to

successfully characterize, lor instance, the particulate guanylate cyclase (Waldman

et aI., 1982). G1 was very rapidly c1eaved into smaller phosphopeptides by trypsin,

producing two major phosphopeptides of 35 kOa and 22 kOa, 01 which only the

latter is soluble. This fragment is derived Irom the 35 kOa peptide, which still

cosediments with the membrane fraction. Unfortunately, only small amounts 01 the
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soluble phosphopeptide were present at any time 01 proteolysis, since it was rapidly

lurther degraded to several other smaller Iragments. The sedimentable 35 kDa

peptide evidently contains, in addition to the phosphorylation site, the membrane­

andlor the actin-binding site 01 G1 (see below). Similar results were obtained with

chymotrypsin. Although G1 seems to be less sensitive to the lat1er, only about 10%

01 the radioactivity 01 G1 was recovered in a 22 kDa soluble peptide, since the

peptide undergoes dephosphorylation in addition to lurther proteolysis. These

difficulties made the proteolytic approach unsuitable lor the purilication ollarge

amounts 01 soluble G1-lragments. Other methods were tested to enrich G1 Irom

eMS.

G1 (and G2) can be rapidly and reversibly crosslinked by submillimolar

concentrations 01 cupric phenanthroline. The reaction is highly specilic and results

in the lormation 01 covalently linked G1 complexes with molecular masses 01

several hundred kDa. Surprisingly, actin was lound to be copolymerized with G1.

Two-dimensional gel electrophoresis showed that actin and G1 were lound in

similar relative proportions in the various high molecular mass gel regions Irom the

lirst, nonreduced dimension. Increasing the CuPh concentration resulted in a shift

01 the distribution 01 G1 and actin to higher molecular mass. These experiments

suggest that G1 and actin interact in the eMS membranes and that the two proteins

can be crosslinked by disulfide bonds. Actin was present in the crosslinked material

in large excess over G1 [as could be seen lrom the absence 01 a Coomassie blue

stained band at the position 01 the radioactive G1 band, whereas actin was weil

stained (Fig. 16)). The crosslinked actin obviously derived lrom membrane bound

actin, that was not removed by the actomyosin extraction procedure used lor the

purilication 01 eMS. The presence 01 a nonextractable actin-lraction in eMS was

also observed by Sharma and Bhalla (1986). Aortic smooth muscle contains

vascular-type a-actin and "(-actin at a ratio 01 approximatively 3:1, respectively

(Strzelcka-Golaszewska et al., 1985). Since the two isolorms are indistinguishable

in their polymerization properties (Strzelcka-Golaszewska et al. , 1985), it is not

known whether the nonextractable actin-lraction specilically contains one 01 the

actin isolorms. This actin Iraction, however, interacts with membranes, and isthus

unaffected by the extraction procedure. Dua to !he variable length 01 tha actin

filaments, oxidative crosslinking would result in a variety 01 F-actin species

covalently linked to G1. Therelore, a large number 01 different G1-actin complexes

are expected to be lormed that are not resolved by electrophoresis. This could

explain why no distinct G1-bands were detected in the high molecular mass range.
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Increasing the CuPh concentration resulted in a shift of the crosslinked actin to

higher molecular mass, thus indicating that F-actin filaments may be crosslinked to

variable degrees.

The solubility properties of G1 were also examined. In contrast to the recent

findings of Vrolix et al. (1988), who reported the ex1raction of the putative G-kinase­

labeled MLCK by 0.6 M KCI, we were not able to ex1ract G1 from membranes by

high salt concentrations or chaotropic agents in the absence of detergents. This

supports the view that G1 is an integral membrane protein. Previous solubilization

experiments, suggesting that G1 is an integral membrane protein, were carried out

in the presence of 100 mM pyrophosphate (Casnellie et al., 1980). The inclusion of

pyrophosphate was probably needed to inhibit astrang phosphatase activity that

became activated by the solubilization of the membranes. When the membranes

were phosphorylated by ATP[yS), the dephosphorylation was much slower, thus

allowing the investigation of the solubility properties also in the absence of

pyrophosphate. It was found that the solubility properties of the G-substrates (and

of other phosphorylated membrane proteins) differed clear1y from those of the

majority of the other integral membrane proteins, including the Ca-ATPase: When

Triton X-1QO was used as a detergent, the solubilization of the G-substrates was

strongly dependent on the presence of high salt concentrations. However, high

ionic strength may not be an exclusive requirement for the solubilization of the G­

substrates, since solubilization was possible also with 50 mM sodium

pyrophosphate (Ionic strength I = 0.3) or with 10 mM ATP (Ionic strength of only

about 0.08 at pH 7). Because monovalent salt concentrations up to 100 mM (I =

0.1) were inefficient in solubilizing the G-substrates, some other factor evidently is

involved in the solubilization process. The effect of pyrophosphate or ATP on the

solubility properties of the G-substrates is unlikely to be related to the complexation

of cations, because EDTA and EGTA were ineffective in promoting solubilization.

Hydrolysis of ATP or transfer of its y-phosphate group was not required for

solubilization because the nonhydrolyzable ATP-analogue adenosine-S'-[p,y­

methylene)-triphosphate was also effective. G1 could still be crosslinked after

solubilization with Triton X-1QO and ATP (see Results 5.2), ruling out the possibility

that solubilization of G1 depends on its dissociation into monomers. One should

note that only the cytoskeleton and other filamentous material remains insoluble in

the presence of 1% Triton X-1QO, suggesting the involvement of an ATP-binding

site, and of a conformational change upon ATP-binding, in the release of G1 from

an insoluble cytoskeletal element. The binding of ATP to F-actin at low salt
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concentrations depolymerizes actin. This may be one of the possible conditions

under which solubilization of G1 occurs. Only deoxycholate was able to solubilize

G1 in the absence of ATP. Bile salts are known to dissociate protein complexes

with high efficiences compared to nonionic detergents (Hjelmeland and

Chrambach, 1984, Hjelmeland et al, 1983).

Microvilli isolated from intestinal epithelial cells contain a complex made of a 110

kDa protein and CaM (110K-CaM) (Verner and Bretscher, 1985). Interestingly, this

protein complex was also solubilized from the isolated cytoskeleton· (prepared by

Triton X-100 extraction) by physiologicallevels of ATP. The protein complex was

characterized and shown to be involved in the interaction of the microfilament

bundles with the plasma membrane. By several criteria, a relationship between

this complex and G1 could be ruled out. However, the similarity in the solubility

characteristics suggest that G1 is also involved in anchoring cytoskeletal elements

to the plasma membrane.

To demonstrate the Interaction between G1 and actin, the DNase I column assay

was adopted from Bratscher and Weber (1980). The method has previously been

used to purify the cytoskeletal protein villin, which binds actin in a Ca-dependent

manner. Initial experiments were carried ou1 using a standard protocol for the

affinity purification of actin under high ionic strength conditions: A fraction of G1

bound to the column and coelu1ed with actin. The interaction of the G1-portion with

the column-bound actin was specific, because in the eluate of a control column (no

DNase) only a small amount of G1 was detected. This confirms that there is a

specific interaction between G1 and actin, although the interaction seems to be

very weak under high ionic strength conditions. The unique properties 01 G1 (e.g.

its specific oxidative crosslinking and solubility properties) were exploited in the

DNase I binding assay. In eMS, G1 may be crosslinked to F-actin (see Results

5.2). In the TX-100IPPi extract G1 mayaiso be crosslinked to a high molecular

mass oligomer, however, this oligomer is formed by G1 only, since pyrophosphate

aHects the G1-actin interaction (see below). The TX-100IPPi extract was diluted

into a low ionic strength buHer without pyrophosphate to a1low the interaction

hetween G1 :md the G-actin in the TX-100/PPi extract. G1 was ther. ciosslinked to

actin rendering the G1-actin interaction stable to pyrophosphate action. After this

treatment, G1 withstanded elution from the DNase I column by PPi, while under the

same buHer conditions, G1 was soluble (see Results 5.3): This excluded thc

possibility that aggregation of G1 and actin occurred on the column. After reduction

100



DISCUSSION

01 the crosslinked material on the DNase I column a considerable amount 01 G1

was eluted. Under these butter conditions, G1 was still a soluble oligomer (see

Results 5.2). Therelore, elution 01 G1 lrom the DNase I column under reducing

conditions is unlikely to be due to monomerization 01 a putative G1-homopolymer

nonspecilically adsorbed to the sepharose resin. Rather it may be due to the

capability 01 PPi to destabilize the G1-actin interaction, which becomes effective

only after reduction 01 the G1-actin disullide-bond(s).

4. THE PREPARATION OF FRACTIONS ENRICHED IN G1

The specilic ability 01 G1 to undergo reversible and specific crosslinking was used

to isolate G1 by two-dimensional (nonreducedlreduced) gel electrophoresis (see

Results 6.1). The amino-acid composition 01 the isolated phosphoprotein revealed

a relatively high content in Glx and Asx, probably rellecting the presence 01 a

relatively large number 01 acidic residues, since the phosphoprotein also showed

an acidic pi value (5.7). The Asx and Glx content was markedly higher than in other

proteins with similar molecular mass, which were initially considered as likely G1

candidates, such as the plasma membrane Ca-ATPase (Caraloli and Zurini, 1982),

vinculin and meta-vinculin (Feramisco et a1., 1982). In addition, G1 contained an

extremely low number 01 7 Met-residues, about 25% 01 that lound in the Ca­

ATPase and about 15% of that lound in vinculin or meta-vinculin. Again, this shows

that G1 is a novel protein distinct lrom the Ca-ATPase, vinculin or metavinculin.

G1 could be enriched about 6-lold Irom phosphorylated eMS using the sequential

solubilization protocol in a soluble Iraction devoid 01 the majority 01 actin, which is

usually present in eMS, and 01 the other major protein components in the 150 kDa

region. This is 01 special interest to procedures in which G1 would be isolated by

electroelution Irom the 120 kDa gel region. The method makes it possible to

prepare a G1-containing Iraction Iree 01 the sarcolemmal Ca-ATPase and olfers a

convenient means to reinvestigate the (putative) calmodulin-binding properties 01

G1.
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DISCUSSION

5. CONCLUDING REMARKS

The study shows that in vascular smooth muscle the major sarcolemmal substrate

(G1) of the cGMP-dependent protein kinase and the Ca-ATPase are distinct

entities. The hypothesis that cGMP-dependent phosphorylation of G1 may

stimulate the Ca-pump is not supported by the results. Earlier reports by various

laboratories must therefore be reinterpreted. The data indicate that G1 may be

related to relaxation but not to Ca2+-movements across the plasma membrane.

Non-ionic detergents extract G1 from the membranes but still leave it attached to

sedimentable material. A likely explanation for the effects of pyrophosphate or ATP

on the solubility properties of G1 could be the destabilization of the interaction

between G1 and filamentous elements such as actin. This explanation is supported

by the finding that PPi releases G1 from G-actin bound to a DNase I column. Once

solubilized, the interaction of G1 with actin probably occurs with a low probability,

yet, in the TX-100/PPj extract all of the G1 can be easily crosslinked to high

molecular mass species even under very dilute conditions. This indicates that G1 is

a homomultimeric structure even after solubilization. However, if phosphorylated

membranes are first crosslinked and then subjected to the TX-1 OO/PPi extraction

procedure, no solubilization of G1 occurred, suggesting that G1 is an oligomer that

bindS sedimentable actin-filaments. In conclusion, G1 is a novel actin-binding

protein with properties compatible with those expected of a membrane attachment

protein (Niggli and Burger, 1987, Pollard and Cooper, 1986).

Several actin-binding proteins undergo phosphorylation. For instance, Tyr­

phosphorylation of vinculin leads to profound alterations in the cy1oskeleton (Sefton

et al. , 1981). Protein kinase C-activation by tumor promoters may induce Ser­

phosphorylation of the same cy10skeletal protein, although its effect is not yet

known (Werth and Pastan, 1984). Filamin, a 250 kDa actin filament crosslinker

protein, may be phosphorylated by a cAMP-dependent kinase, and vimentin, the

major constituent of vascular smooth muscle intermediate filaments undergoes

phosphorylation upon angiotensin 11 stimulation of cultured rat thoracic aorta cells

(Tsuda et aL, 1988). Thus, though in most cases the physiological efiect of the

phosphorylation is not known, a regulatory role of protein phosphorylation in

cy1oskeleton reorganization appears likely. The cGMP-dependent phosphorylation

of G1 indicates a possible role of G1 in the control of cell morphology and in the

reorganization of the cy10skeletal network during the contraction-relaxation cycle.
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