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ABSTRACT

The addition of cyclic AMP - dependent protein kinase and cyclic
AMP to canine cardiac sarcoplasmic reticulum is known to increase Ca2+
transport into the sarcoplasmic reticulum. The mechanism of this
enhanced transport is investigated here. Cyclic AMP - dependent
protein kinase phosphorylates a 6,000 and a 22,000 dalton protein as
determined by SDS - polyacrylamide slab gel electrophoresis and
autoradiography. Maximal phosphorylation occurs when protein kinase
and cyclic AMP are incubated with’the microsomes. However, the isolated
sarcoplasmic reticulum does contain endogenous adenylate cyclase and
protein kinase, which phosphorylate both proteins. Phosphodiesterase
completely inhibits phosphorylation. In the presence of a phosphatase
inhibitor, the time course of the phosphorylation of the two proteins
differs. The 22,000 dalton protein is pnosphorylated more rapidly than
the 6,000 dalton protein. Once phosphorylated the 22,000 dalton protein
is soluble in acidified chloroform:methanol, while the 6,000 dalton
protein is not. Prior to pnosphorylation, both proteins can be Jigested
by trypsin and cannot be phosphorylated later. When phosphorylated
first, both proteins are resistant to digestion by trypsin. Prior to
pﬁosphohy]ation, both proteins are soluble in a low concentration of
the detergent, deoxycholate (DOC). ‘After phosphorylation, neither
protein can be solubilized by DOC. Phosphorylation appears to cause

the proteins to become buried in the membrane.
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By employing vefy Tow concentrations of DOC (less than 1-ug DOC/
mg microsomal protein), purification of the 22,000 dalton protein and the

a2 2+-ATPase has been accomplished. After solubilizing the

ca’ + Mg
extrinsic membrane proteins including the 22,000 dalton protein by a
low concentration of DOC, passage of these proteins through a Sephadex
G - 75 column results in the purification of the 22,000 dalton protein.
The protein is still specifically phosphorylated by cyclic AMP -
dependent protein kinase, incorporating approximately 0.15 moles of
phosphate/mole of protein. Approximately 5 moles of phbspho]ipid are
bound to 1 mole of purified protein.

2* 4 Mgt -ATPase is purified by first solubilizing the

_ The Ca
extrinsic proteins with DOC. Then the addition of an increasing amount
of DOC to the pellet from the first solubilization results in the

At M92+-ATPase to at least

solubilization and purification of the Ca
95% purity. The Ca2+ concentration required for half maximal activity
of the ATPase is approximately 5.2 uM. The purified ATPase nydroliyzes

ATP at the rate of 2.47 umole Pi/mg/min.
2+

-

When the purified Ca® + Mg2+—ATPase‘is reconstituted into
asolectin vesicles, the ATPase actively transports Ca2+ into the
vesicles, with the transport dependent on the presence of ATP. When
the 22,000 dalton protein is reconstituted with the ATPase, no change
in the transport of Ca2+ is observed during a short time course.
However, when phosphate is included inside the vesicles to precipitate
entering Ca2+,3max1ma1 transport is observed when the ATPase and the

phosphorylated 22,000 dalton protein are reconstituted together. The

reconstituted ATPase and the nonphosphorylated 22,000 dalton protein do
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not transport Ca2+ at a greater rate than that observed by the ATPase
alone. The phosphorylated 22,000 dalton protein reconstituted without

2+. The enhanced transport

the ATPase, facilitates the transport of Ca
seen when the phosphorylated 22,000 dalton protein and the ATPase are
reconstituted together is-an additive effect of the two individual
processes. The phosphorylated 22,000 dalton protein does not regulate
the ATPase's ability to transport Ca2+, but instead is capable of
transporting Ca2+, itself. In vesicles without phosphate inside, the

2+ _ uptake for the reconstituted 22,000 dalton

initial rate of Ca
protein is approximately 8 times greater for the phosphorylated protein
than the nonphosphorylated one. Including phosphatases in the uptake
medium reduces the uptake of the originally phosphorylated 22,000
dalton protein to that of the nonphosphorylated protein. Ba2+,'Sr2f,
and Mn2+ have virtually no effect on the transport of Ca2+ into the

2+ and

vesicles. Zn2+ inhibits transport by approximately 30% and Hg
ruthinum red inhibit Ca2+ transport almost completely.

As a result of these experiments, it appears that the phospnorylated
22,000 dalton protein does not regulate the transport properties bf
the ATPase. Instead phosphorylation of the 22,000 dalton protein causes
it to become buried in the membrane, transporting Ca2+ into the.

sarcoplasmic reticulum and thereby, elevating the Ca2+ concentration

in the sarcoplasmic reticulum available for release to the myofibrils.
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BACKGROUND

Effects of g-Adrenergic Agonists on Myocardial Contractility

Classification of adrenergic receptors was first suggested by Dale
in 1906 (Dale, 1906), who showed that preparations of ergot abolished
the motor effects of adrenaline or sympathetic stimu]ation.. Ahlquist
subsequently subclassified the adrenergic receptors as alpha and beta
receptors (Ahlquist, 1948). The alpha adrenotropic receptors are
associated with most of the excitatory functions (vasocontriction, and
stimulation of the uterus, Qreter and dilator pupillae) and one .important
inhibitony function (intestinal relaxation). The beta adrenotropic
receptors are associated with most of the inhibitory function
(vasodilation, and inhibition of the uferine‘and broncial musculature)
and one excitatory function (myocardial stimulation).

The mechanical responses of cardiac and skeletal muscle to
R-adrenergic agonists can be summarized as follows: 1in cardiac muscle,
the rate of tension rise and the total tension are increased while the
rate of relaxation is accelerated (Rolett, 1974); 1in slow ske]efa]
muscle, the rate of relaxation is increased (Bowman and Nott, 1969),
while in fast skeletal muscle, the relaxation rate is decreased (Marsden
and Meadows, 1970).

Since the discovery of adenosine 3':5'-monophosphate (cyclic AMP)
during the late 1950s by Sutherland and Rall (1958), there has been
continued interest in the possible involvement of cyclic AMP in the
adrenergic responses. Beta-adrenergic amines are known to signiffcant]y

elevate the intracullular level of cyclic AMP in cardiac muscle



(Drummond et al., 1969; Drummond and Hemmings, 1973; Kukovetz et al.,

1975; Ones and @ye, 1975; Posner et al., 1965). A second-messenger

hypothesis (Sutherland et al., 1968; Epstein et al., 1971) involves a
~sequence of events connecting the appearance of the g-agonist with the
eventual increase in contractility: a) catecholamine diffusion to the
vicinity of the cell membrane; b) binding to the g-receptor; c) activation
of adenyl cyclase; d) elevation of cyclic AMP concentration; e)
diffusion of cyclic AMP to its sites of action: f) modification of some
aspect(s) of excitation-contraction coupling; g) enhancement of
systolic calcium concentration; and h) greater contractile strength
(Tsien, 1977). Drummond et al. (1966) found that the level of cyclic
AMP in cardiac cells increased by nine-fold within 1 sec after
epinephrine administration. |

Attempts have been made to see if cyclic AMP can produce the same
physiological responses in cardiac tissues that catecholamines do.
Exposure of a perfused heart t6 cyclic AMP did not increase twitch

tension (R4a11 and West, 1963; Robison et al., 1965), Reasoning that

this lack of effectiveness might be due to a slow entry of cyclic AMP

into heart cells, other investigators turned to acyl substituted

6 21_0-dibutyryl cyclic AMP (DBCAMP), in the

derivatives, such as N
hope that the Tipophilic side chains would facilitate movement across

the cell membrane (Posternak et al., 1962) or provide temporary
protection against degradation by phosphodiesterase (Henion et al., 1967).
It is now generally agreed that DBcAMP does give adrenaline-like

effects in increasing the strength of contraction (Skeleton et al., 1970;



Kukoveta and Poch, 1970), and in some cases, shortening the duration of
the twitch (Meinertz et al., 1975).
Skinned cardiac cells have been used to study the function of
cyclic AMP. Skinned cardiac preparations have been produced by EDTA
treatment (Winegrad, 1971) or by microdissection (Fabiato and Fabiato,
1973). These approaches allow rapid acceleration of substances like
cyclic AMP to the myoplasmic space. They also eliminate steps in
excitation-contraction coupling which involve the surface membrane.
Fabiato and Fabiato (1975) found that a twitch-like force response waé
stimulated in the presence of cyclic AMP. The rate of relaxation was
also enhanced by cyclic AMP. The skinned cell procedure should also
be useful in dissecting subcellular mechanisms for cyclic AMP action.
Another useful procedure for directly introducing cyclic AMP to
cardiac cells has been the cut-end procedure (Tsien and Weingart, 1976).
This method takes advantage of the fact :that cardiac cells are connected
by nexuses, low-resistance junctions, which allow small molecules to move
from cell to cell. One end of a muscle strip was loaded with cyclic AMP. .
The cyclic AMP moved longitudinal along the muscle,: reaching the "test"
part of the muscle'in 40-50 min after loading (Tsien, 1977). The
inotropic effect seen with epinephrine was also seen by this method using
cyclic AMP (Tsien and Weingart, 1976). Thus, from these studies, it
can be concluded that cyclic AMP is the active messenger from
catecho]émine;, being capable of producing the same physiological
effects that catecholamines do. The catecholamines acting through

2+

cyclic AMP appear to regulate Ca™ transport in cardiac cells.



Calcium Transport in Myocardial Cells

Calcium has been shown to p]ay"a dominant role in myocardial
contractility (Katz, 1970). In mammalian heart, full contractile
activity occurs when 50 to 100 nmoles of calcium per gram weight of
ventricular tissue are made available to troponin, the calcium receptor
protein of the contractile system (Ebasi and Endo, 1968; Katz, 1970;
Shigekawa et al., 1976; Solaro et al., 1974). During each cardiac
cycle at maximal contractility, this amount of calcium must first bind
to and then be removed from the regulatory sites of troponin. Movement
of this activator calcium within the myocardial cell is controlled by
the sarcoplasmic reticulum (Langer, 1973; Legato and Langer, 1969;
Martonosi, 1972; Weber, 1966), a membraneous intracellular structure
which surrounds the myofibrils, by the cell surface membrane (Langer, 1973;
Reuter, 1973), and possibly by the mitochondria (Horn et al., 1971;
Lehninger, 1974; Patriarca and Carafoli, 1968).

It is generally beljeved that a signal generated by an action
potential is transmitted to the interior of the cell, either by
propagation of an intracellular message to the heart's sarcoplasmic
reticulum or by entry of calcium from the extracellular fluid (or
both), lTeading ultimately to an increase in the calcium concentration
around the contractile proteins. This calcium initiates systole by
binding to troponin A, one of the constituents of troponin, which
has been identified as the calcium receptor of the contractile apparatus
(Katz, 1971). Relaxation occurs when the calcium concentration in the

myoplasm falls to a level too low to support contraction. The decrease



in the calcium concentration in the myoplasm is believed to be achieved
by the resequestering of calcium into the sarcoplasmic reticulum and
the movement of calcium out of the cell.

The sarcotubular system in skeletal muscle is highly developed and
is capabie of releasing large quantities of calcium in response to the
depolarization of the sarcolemmal membranes as well as of sequestering
this cation from the sarcoplasm during muscle relaxation (MacLennan and
Holland, 1975). In cardiac husc]e, the sarcoplasmic reticulum is
sparse compared to that in ske1e£é1 muscle (Langer and Brady, 1974). ‘As
a result of the sparsity of sarcoplasmic reticulum, the possibility
exists that the Timited calcium stores of the cardiac sarcoplasmic
reticulum may not fully saturate all the potentia1 sites of actomyosin
interactions. Evidence is available which shows fapid calcium fluxes
across cardiac sarcolemma and that heart contrécti]ity is augmented by
increased filling of sarcoplasmic reticulum during the plateau phase
of the cardiac action potential (Langer, 1973; Morad and Goldman, 1973;
Repke and Katz, 1969; Reuter, 1974; Trautwein, 1973). Cardiac muscle
also contains abundant mitochondria, which display jg_yi;rg_activé
calcium accumulation (Carafoli, 1975). However, to what extent these
organelles contributeto the regutation of intracellular caléium in heart
still remains an unanswered questioni

Isolated cardiac sarcoplasmic reticulum vesicles can accumulate
calcium against a concentrationvgradient in the presence of ATP and
magnesium (Fanburg et al., 1964; Hasselbach and Makinose, 1961; Inesi
et'al., 1964; Katz and Repke, 1967; Weber et al., 1964). <Calcium

accumulation by cardiac microsomes is coupled to ATP hydrolysis, which



+ . .
2 -ATPase. As in microsomes

is catalyzed by a membrane-bound Ca2+ + Mg
prepared from fast skeletal muscle (Hasselbach and Makinose, 1961;
Weber, 1966), a 2:1 stoichiometric relationship between the amount of
calcium taken up and ATP hydrolyzed is found in fresh cardiac microsomes
(Tada et al., 1974). ATP hydrolysis by cardiac sarcoplasmic reticulum
has been reported to involve a phosphoprotein intermediate (Fanburg

and Matsushita, ]973; Namm et al., 1972) and to proceed by a mechanism
similar to fhat of the more completely characterized sarcoplasmic
reticutum of fast skeletal muscle (Hasselbach, 1972; Inesi, 1972;
Martonosi, 1972). The rates of calcium transport and the concomitant

2+ -dependent hydrolysis of ATP, however, are considerably lower in

Ca
cardiac than in skeletal muscle microsomes (Harigaya and Schwartz,

1969; Martonosi, 1972; Weber, 1966). The difference in these rates
appears to be due to significant quantitative difference existing
between several kinetic properties of these calcium transport ATPases.
The concentration of phosphorylation sites in the cardiaﬁ microsomes

has been found to be about four times lower than that for fast skeletal
microsomes (Shigekawa et al., 1976). The turnover rates of these sites,
however, did not differ siqnificaht]y. The slower rate of calcium
transport by cardiac microsomes, therefore, réf1ects primarily a lower

density of calcium pumping sites that have a lower affinity for calcium

than the corresponding sites in fast skeletal muscle.



Regulation of Calcium Transport

in the Sarcoplasmic Reticulum by Cyclic AMP

Cardiac microsomes contain adenylate cyclase activity which responds
to g-adrenergic amines and other hormones (Dhalla et al., 1970;

Dhalla et al., 1973; Entman et al., 1969; Katz et al., 1974, Sulakhe
and Dhalla, 1973). In addition, cyclic AMP has been shown to be
specifically localized in the area of the sarcoplasmic reticulum (Ong

and Sceiner, 1977). Since the central role of the sarcoplasmic

reticulum appears to be the regulation of calcium concentrations in
contractile tissues, the mechanism(s) by which ca1c1um fluxes across the
sarcoplasmic reticulum are regulated is being investigated in many
laboratories.

Cyclic AMP is known to activate soluble protein kinase by inducing
dissociation into cyclic AMP-binding regulatory and cyclic AMP-
independent catalytic subunits (Krebs, 1972), while the heat stable
' protein inhibitor (Ashley and Walsh, 1973) binds tight]y to the
catalytic subunit and blocks the catalytic activity of the purified
enzyme. Through studies concerning the interaction between cyclic AMP
and sarcoplasmic reticulum, it has become increasingly evident that the
phosphorylation of membranes by cyclic AMP-dependent protein kinases
may represent one such regulation of the calcium fluxes. When isolated
cardiac microsomes were incubated in the presénce of protein kinase

2+

and cyclic AMP, the initial rates of both Ca® uptake and ATPase

activity were enhanced (Kirchberger et al., 1974; Kirchberger et al.,



1975; Tada et al., 1975; Tada et al., 1974). These findings indicate
that cyclic AMP-dependent protein kinase can increase the rate of
calcium transport in the sarcoplasmic reticulum.

" Tada and Kirchberger then proceeded to see which protein(s) were
phosphorylated by cyclic AMP-dependent protein kinase. Microsomes
incubated in the presence of cyclic AMP, protein kinase and [y-32P]
ATP were electrophoresed on a §odium dodecyl sulfate polyacrylamide
slab geT. A protein gomponént of approximately 22,000 daltons'was

32p 1abel (Tada et al., 1975). This 22,000

found to bind most of the
dalton phosphoprotein had stability characteristics of a phosphoester.
bond rather than an acyl phosphate (Tada et al., 1975).

A procedure for the isolation of the 22,000 dalton protein will be
presented here. It will also be shown that the 22,000 daiton protein can
facilitate transport of Caz+ into reconstituted vesicles. The ability

of the 22,000 daiton protein to transport Ca2+

is dependent on the
phosphorylation of the protein. In addition, another protein with a
molecular weight of 6,000 is also being identified as being specifically
phosphorylated by cyclic AMP-dependent protein kinase. The further

characterization of these phosphoproteins will aid in understanding the

molecular mechanism by which cyclic AMP regulates myocardial contractility.
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CHAPTER 1

ADENOSINE 3':5'-MONOPHOSPHATE DEPENDENT-PHOSPHORYLATION OF
A 6,000 AidD A 22,000 DALTON PROTEIN FROM CARDIAC SARCOPLASMIC
RETICULUM.
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SUMMARY

In canine cardiac safcop]asmic reticulum, adenosine
3':5'-monophosphate (cyclic AMP)-dependent protein kinase
specifically phosphorylates two proteins, as seen by sodium dodecy!l
sulfate (SDS)-slab gel electrophoresis and autoradiography. One
protein has a molecular weight ranging between 22,000 and 24,000
daltons and has previously been identified and named phospholamban
(Tada et al., 1975). The other protein that the 32p 1abel
incorporates into has a molecular weight of approximately 6,000
daltons. Like the 22,000 dalton protein, the 6,000 dalton protein
has characteristics of phosphoester bonding. The time-dependent
course of phosphorylation shows that initially the 32P label is
incorporated more rapidly into the 22,000 dalton protein than the
6,000 dalton protein, with both proteins reaching a steady state
level of phosphorylation after 10 minutes of incubation. When both
protein kinase and cyclic AMP are eliminated from the incubation
medium, both the 22,000 dalton protein and the 6,000 dalton protein
are still phosphorylated but only to about a quarter of the )
activity found when cyclic AMP and protein kinase are included in
the incubation mixture. The addition of phosphodiesterase
completely eliminates the phosphorylation of both proteins. These
results are indicative of an adenylate cyclase and cyclic
AMP-depdendent protéin kinase system, being directly associated
with the cardiac sarcoplasmic reticulum membrane. Treating the

microsomes with trypsin prevents subsequent phosphorylation of
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either protein. Phosphorylating the microsomes first, then
treating with trypsin, renders both the 22,000 and 6,000 dalton
proteins resistant to even prolonged trypsin attack.
Unphosphorylated, both profeins are solubilized by a very Tow
concentration of deoxycholate (DOC). After phosphorylation the
proteins cannot be solubilized by DOC. Phosphorylation appears to
greatly alter the physical properties of both these proteins.
Control experiments exclude the possibility'that a lipid is
being phosphorylated. After phosphorylation, the phosphorylated
22,000 dalton protein is separated from the 6,000 dalton protein by
proteolipid extraction. After first treating the microsomes with
methanol; the 22,000 dalton protein is soluble in acidified
chloroform:methanol, while the 6,000 dalton protein remains
insoluble. The finding that both proteins have much different
biochemical properties when phosphorylated than not, may be
relevant in how they regulate calcium transport in the sarcoplasmic

reticulum.



INTRODUCTION

Cyclic AMPl is known to be a regulator of myocardial
contractility (Rolett, 1974; Tsien, 1977). This regulation is
believed to be achieved at least partly by regulating the calcium
transport into the sarcoplasmic reticulum (Fabiato and Fabiafo,
1975). Tada et al. (1974) and Kirchberger et al. (1972, 1974) have
shown that calcium transport into the sarcoplasmic reticulum is
stimulated by the presence of cyclic AMP and cyclic AMP-dependent
protein kinase. If the sarcoplasmic reticulum transport calcium at
a faster rate in the intact myocardium when cyclic AMP is presént,
the abbreviation of systole seen in the presence of catecholamines
may be explained by this transport phenomena. Calcium is removed
from troponin at a faster rate in the presence of cyclic AMP than
under nonstimulated conditions (Katz et al., 1975; Tada and
Kirchberger, 1975). Also, the rate of release of calcium from the
sarcoplasmic reticulum is enhanced by the presence of cyclic AMP
(Kirchberger and Wong, 1978). The amount of calcium stored in the
sarcoplasmic reticulum could add to the amount of calcium avajlable
for delivery to the contractile proteins in subsequent contractions
(Tada et al., 1978a). The enhanced rate of contractility and the
augmentation produced by cyclic AMP can be explained by the

enhanced transport of calcium by the .sarcoplasmic reticulum. The

1The abbreviations used are : cyclic AMP, adenosine
3':5'-monophosphate; protein kinase, adenosine
3':5'-monophosphate-dependent protein kinase; EGTA, ethylene glycol
bis (B-amino-ethyl)-N, N'-tetraacetic acid; DOC, deoxycholate;

SDS, sodium dodecyl sulfate.
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rate of ATP hydrolysis by the Ca“ +Mg“ -ATPase in the

sarcoplasmic reticulum is also increased in the presence of cyclic
AMP (Tada et al., 1974). However, the amount of phosphorylated
intermediate from the ATPase did not vary with

cyclic AMP (Tada et al., 1978, 1979).

To elucidate the molecular mechanism by which cyclic AMP
enhances myocardial contractility, the phosphorylation of cardiac
microsomes by cyclic AMP-dependent protein kinase has been
investigated. A 22,000-dalton protein from cardiac sarcoplasmic
reticulum has been shown to be phosphorylated specifically by
cyclic AMP-dependent protein kinase (Tada et al., 1975). This
phosphoprotein has characteristics of phosphoester bonding. The
phosphate group is removed by phosphatases (Tada et al., 1975; Tada
et al., 1978). In addition, Jones et al. (1979) have recently

described the separation and characterization of the sarcoplasmic

reticulum and the sarcolemmal membranes. They reported that cyclic

AMP-dependent protein kinase stimulates the phosphorylation of a
20,000 and a 7,000 dalton protein in the sarcoplasmic reticulum and
protefns of molecular weights, 165,000, 90,000, 56,000, 24,000 and
11,000 in the sarcolemmal membranes. The present communication
confirms and extends the findings of Jones et al. (1979) and
Bidlack and Shamoo (1979). In addition to the 22,000 dalton
protein, another protein with a molecular weight of 6,000 is also
specifically phosphorylated by cyclic AMP-dependent protein
kinase. This protein has properties similar to the 22,000 dalton
protein. Extrinsic before phosphorylation, the phosphorylation of
both proteins causes them to become intrinsic, buried in the

membrane.
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EXPERIMENTAL PROCEDURE
MATERIALS

Bovine heart cyclic AMP-dependent protein kinase, sodium cyclic
AMP, sodium cyclic GMP, disodium ATP, hydroxylamine-HCl (grade 1),
trypsin and trypsin inhibitor, and all lipids used were purchased

from Sigma Chemical Co.

[y - 32P] ATP, ammonium salt (20 mCi per mmol) was obtained
from Amersham/Searle. Deoxycholate was purified by the method of

MacLennan (1970).



METHODS

Isolation of Cardiac Microsomes

Cardiac microsomes were prepared from canine heart ventricle
according to Harigaya and Schwartz (1969) with the following
modifications. Hearts were removed from dogs anesthesized with
Nembutal. The hearts were placed in ice-cold saline. Fat and
connective tissue were removed and the ventricle was cut in small

pieces. The heart muscle was homogenized in 10 mM NaHCO3 in a

Waring blendor. The suspension was centrifuged at 8,700 x g for 20

min. The supernatant was strained through 4 layers of cheesecloth
and spun ét 10,000 x g for 20 min. The supernatant was again
strained through cheesecloth, followed by centrifugation at 37,000
x g for 30 min. The pellet was suspended in 20 mM tris-maleate,
0.6 M KC1, pH 6.8. This suspension was centrifuged at 100,000 x g
for 20 min to remove the solubilized actomyosin. The pellet from
this centrifugation was suspended in 0.25 M sucrose. Protein
concentration was determined by the method of Lowry et al. (1951)

with bovine serum albumin as the standard.
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Phosphorylation of Sarcoplasmic Reticulum by

Cyclic AMP - Dependent Protein Kinase

Cardiac microsomes were phosphorylated at 25° by a method
similar to that used by Tada et al. (1975). Microsomes (1.25
mg/ml) were suspended in a reaction mixture consisting of 40 mM
histidine buffer (pH 6.8), 0.12 M KC1, 0.5 mM MgC]Z, 20 uM
[y- 32p] ATP (1-3 uCi/nmol), 2.5 mM EGTA, 5 mM NaNy, 25 mM
NaF, with and without 1 uM cyclic AMP or 1 uM cyclic GMP and
protein kinase (0.125 mg/ml). When phosphorylase kinase or
phosphodiesterase were added, they were included at a concentration
of 0.325 mg/ml and 0.125 mg/ml, respectively. When Ca2t was
added, 391 mM EGTA and 125 mM CaC]2 were used to give a final
concentration of 1 uM Ca2+. Phosphorylation was initiated by
the addition of the radioactive ATP. The final volume was 125
pl. Unless otherwise stated, the reaction was stopped after 10
min. by the addition of 75 ul of the SDS - solubilizing buffer
and incubated at 37° for 1 hr. In order to determine the exteﬁt
of phosphorylation of endogenous substrates, a11qdots containing

50 ug of microsomal protein were subjected to Laemmli SDS - slab

gel electrophoresis.
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SDS - Slab Gel Electrophoresis

Polyacrylamide slab gel electrophoresis was carried out
according to the method of Laemmli and Favre (1978). Slab gels
(1.5 x 120 mm) consisted of a 12% acrylamide runniﬁg gel with a 6%
acrylamide stacking gel. The samples to be analyzed by
electrophoresis were solubilized in 2% SDS, 62.5 mM tris - HC1 (pH
6.8), 1 mM EDTA, 3 mM LiCl, S%Vmercaptoethanol, 10% glycerol and
0.001% bromophenol blue (SDS - solubilizing buffer) and incubated
at 37° for 1 hr. The solubilized protein was electrophoresed for
2 hrs at 150 V constant voltage. Gels were stained in 0.1%
Coomassie blue, 10% acetic acid, 50% methanol overnight and
diffusion destained in 10% acetic acid. The slab gels were dried
on Whatman No. 5 paper under vacuum and were placed on Kodak NS-2T
film for 2-7 days. The resulting autoradiograph revealed those
proteins into which 32P had been incorporated. The optical
density of the bands on the film was measured with a Beckman
densitometer and the areas under the peaks of the optical density
tracings were used as a quantitative measure of incorporation of
3ZP into the SR proteins. Apparent molecular weights were
calculated from a graph of relative mobilities versus log of
molecular weight. Molecular weight standards used were
phosphorylase a (94,600), bovine serum albumin (68,000), catalase
(57,500), lactate dehydrogenase (35,000), carbonic anhydrase
(30;000), trypsin inhibitor (21,500), lysozyme (14,400), cytochrome
c (12,600), PTH (9,800) and glucagon (3,400).
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Characterization of the Phosphoproteins

Microsomes were phosphorylated as described above. During
phosphorylation or after 10 min., the following agents were added

directly to the reaction mixture as detailed below.

a. Treatment with Hydroxylamine -
Hydroxylamine and sodium acetate (pH 5.4) were added
to the reaction mixture to give a final concentration
of 0.8 M and 0.05 M, respectively, in a final volume
of 200 ul. After an additional 10 min., 100 u1
of the SDS - solublizing buffer was added, and the

sample was electrophoresed.

b. Treatment with Protease Inhibitors -
Trypsin inhibitor or toluenesulfonyl fluoride were
included in the phosphorylation medium. Trypsin
inhibitor was used at a concentration of 0.05 mg/mg
SR protein. Toluenesulfonyl f]uoride was used at.a
concéntration of 0.5 mM. After 10 min., the reaction
was stopped with SDS solubilizing buffer as described

above.

c. Proteolipid Extraction -
After phosphorylation, proteolipid extraction was

done by a method similar to MacLennan (1974). After



10 min. of phosphorylation, 9 vol of methanol was
added to a final concentration of 90% methanol. The
sample was incubated for 40 min. at 25°. The
suspension was then centrifuged at 1,000 x g for 10
min. The pellet was suspended in 5 vol of
chloroform:methanol (2:1). The sample was incubated
at 25° for 10 min. and was then centrifuged at

1,000 x g for 10 min. The pellet was suspended in 2
vol of acidified chloroform:methanol (2:1:10 mM
HC1). After incubating for 30 min., the sample was
centrifuged at 1,000 x g for 10 min. The
supernatants from this spin were then treated with 7
vol of ethyl ether. After 30 min., the samples were
centrifuged at 1,000 x g for 10 min. The pellets
from this spin were resuspended in acidified
ch]oroform:ﬁethanol and then reprecipitated by ethyl
ether. The washed pellet was finally suspended in
acidified chloroform:methanol. The supernatants and
pellets from the various fractions were .
electrophoresed as described above, and subjected to

thin layer chromatography as described below.
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Thin-Layer Chromatography

The supernatants from the proteolipid extractions were dried
under nitrogen and resuspended in the acidified
chlorof orm:methanol. The samples were applied to a thin layer
plate consisting of Silica G, and were fractionated with acidified
chlorof orm:methanol (2:1: 10 mM HC1) as the solvent. The spots
were stained with iodine vapor. After drying in an oven, a piece
of Kodak X-omat X-ray film was laid on top of the plate. After 2-7
days the film was developed to see if any of the spots contained

the 32p 1abel.
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Trypsin Treatment

Microsomes (1 to 3 mg/ml) were digested with trypsin at 25°
in the phosphorylating buffer less cyclic AMP, protein kinase and
ATP. The trypsin concentration was varied from 0.1 to 0.5 mg/ml.
After 5 min of incubation, trypsin inhibitor was added at a ratio
of trypsin to trypsin inhibitor of 1:2. After 5 min cyclic AMP,
protein kinase and ATP were added and the phosphorylation was
carried out as descr%bed above.

In experiments in which phosphorylated microsomes were treated
with trypsin, microsanes were phosphorylated in the phosphorylation
mixture described above. After 10 min trypsin was added at
concentrations varying from 0.1 mg to 0.5 mg/ml. After 5 min the
digestion was stopped by the addition of trypsin inhibitor followed
by the SDS-solubilizing buffer. As a control, trypsin and trypsin
inhibitor were added at the same time. The amount of |
phosphoproteins formed in these microsomes was determined by slab

gel electrophoresis as described above.



DOC Treatment

Cardiac microsomes were phosphorylated as described above in a
1 ml final volume. After 10 min, DOC was added at concentrations
varying fram 0.01 mg to 1.0 mg DOC/mg protein. The mixture was
incubated for 10 min and then centrifuged at 105;000 x g for 30
min. The pellet and the supernatant were suspended in the
SDS-solubilizing buffer. Both samples were electrophoresed on a
SDS-L aemmli slab gel.

When the microsomes were first treated with DOC and then
phosphorylated, the following procedure was employed. Microsanes
were suspended in the phosphorylating buffer as described above
less the cyclic AMP, protein kinase and radioactive ATP. DOC was
added at concentrations varying from 0.01 mg to 1.0 mg DOC/mg
protein. After 10 min, cyclic AMP, protein kinase and ATP were
added. The mixture was incubated for 10 min after which it was
centrifuged at 105,000 x g for 30 min. The pellet was suspended in
SDS-solubilizing buffer and the supernatant was diluted with the
buffer. Both fractions were electrophoresed to determine whether

DOC solubilized the phosphoproteins.
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Effect of Cyclic AMP and Protein Kinase on

the Phosphorylation of Lipids

Cardiolipin, phosphotidylinositol, phosphotidylserine,
phosphotidylcholine, and phosphotidylethanolamine were dried under
nitrogen. 1.7 mg of each 1ipid was used for the experiment. The
lipids were incubated in the phosphorylation medium with and
without cyclic AMP and protein kinase. After 10 min. the reaction
was stopped by the addition of 0.5 ml chloroform:methanol (1:1).
Samples were vortexed for 15 sec and centrifuged at 1,000 x g for
10 min. The water phase was removed. Care was taken not to upset
the organic phase. Two ml of chloroform:methanol (1:1) was added
to the sample plus the addition of 1 ml of water to yield 2
phases. The sample was centrifuged at 1,000 x g for 10 min. 100

ul of the organic phase was counted in a scintillation counter.



RESULTS

Sodium Dodecyl Sulfate - Polyacrylamide Slab Gel Electrophoresis of

Cardiac Sarcoplasmic Reticulum

Fig. 1 shows a 12% SDS-polyacrylamide slab gel of cardiac
microsomes. The 22,000 dalton protein, phospholamban, identified
by Tada et al. (1975), appears as a distinct band on the slab gel.
In this gel system, phospholanban runs with a molecul a weight of
23,500 when compared to molecular weight standards. For
consistency, phospholamban will be referred to as a 22,000 dalton
protein in this paper. A 6,000 dalton protein, which is also
phosphorylated by cyclic AMP-dependent protein kinase, appears as a
diffuse band just below the major low molecul ar weight protein
band. The 6,000 dalton protein appears in Coomassie blue stained
gels only when a hi gh concentrafion of methanol is present in the
stain. In addition to these two proteins, the slab gel shows the
presence of many proteins and especially higher mglecul ar weight

proteins not previously identified by disc gels (Tada et al., 1§75).

Phosphorylation of a 6,000 dalton and a 22,000 dalton protein by

cyclic AMP -dependent Protein Kinase

Slab gels have the distinction aver disc gels in that}many
different conditions of phosphorylation can be compared directly by
doing an autoradiogram of the slab gel. As can be seen in Fig. 2,
maximal phospharylation of the 22,000 dalton and 6,000 dalton

protein occur when both cyclic AMP and protein kinase were included

29



30

FIGURE 1

Coomassie blue stained SDS-12% polyacrylamide slab gel of
cardiac microsomes. Cardiac hicrosomes (0.4 mg/ml) were incubated
in 40 mM -histidine, 0.12 M KC1, 0.5 mM MgC]z, 2.5 mM EGTA, 5 mM

NaN,, 25 mM NaF and 20 uM [y - 32P] ATP was added to start

39
the reaction. After 10 min, 75 ul of 2x Laemmli solubilizing
sofution was added. The mixture was incubated at 37° for 1 hr,
then 50 ul which contained approximately 50 ug protein was
applied to the slab gel. The stacking gel contained 6% acrylamide,
the running ggl; 12%. Electrophoresis was carried out for 2 hr at
150 V, constant voltage. The gels were stained in 0.1% Coomassie

blue, 10% acetic acid, 50% methanol and diffusion destained in 10%

~acetic acid.
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FIGURE 2

Autoradiogram of polyacrylamide SDS slab gel of cardiac
microsomes. The microsomes were phosphorylated as described in
"Methods". Electrophoresis was carried out on a 6% acrylamide
stacking gel and 12% acrylamide running gel at a constant voltage,
150 V, for 2 hrs. The dried slab gel was exposed to Kodak NS-2T
film for 2 days and developed. From left to right, A) Microsomes
incubated with cyclic AMP and protein kinase, B) Microsomes
incubated with cyclic AMP, C) Microsomes incubated with cyclic GMP,

D) Microsomes incubated with no additions.
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in the incubation medium. The top band is phosphorylase, and the
band below it is protein kinase. When exogenous protein kinase
was excluded, the 22,000 and 6,000 dalton proteins were still
phosphorylated, but to a lesser extent than when it was added.
Cyclic GMP did stimulate phosphorylation but not as well as cyclic
AMP. When neither cyclic AMP or protein kinase was. added, there
was a basal level of phosphorylation of both proteins. ‘The
phosphorylation of the 22,000 and 6,000 dalton proteins is
quantified in Fig. 3. The response of the 22,000 dalton and the
6,000 dalton protein to various conditions of phosphorylation was
essentially identical. The basal level of phosphorylation of both
proteins was about a quarter of the level attained when cyclic AMP
and protein kinase are included in the incubation mixture. Cyclic
GMP did stimulate phosphorylation but cyclic AMP has a more
pronounced effect on phosphorylation. In the presence of cyclic
AMP and protein kinase, the addition of phoéphory]ase kinase or 1

2+ had 1ittle effect on the phosphorylation of either

uM Ca
protein. Higher concentrations of Ca2+ did partially inhibit the
phosphorylation of both protsins. Phosphodiesterase, which breaks
down cyclic nucleotides, totally inhibited the phosphorylation of
both proteins. Thus, associated with the isolated sarcoplasmic
reticulum, there appears to be an endogenous adenylate cyclase

system, capable of producing cyclic AMP, -and an endogenous cyclic

AMP-dependent protein kinase.
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FIGURE 3

Bar graph quantifying the phosphorylation of the 22,000 and
6,000 dalton proteins. The top section represents the
phosphorylation of the 22,000 dalton protein and the bottom section
the phosphorylation of the 6,000 dalton protein. Quantitation was
obtained by scanning autoradiograms on a Beckman densitometer.

Maximal phosphorylation was set as 100%.
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Time-dependent Course of Phosphorylation of the 22,000 and 6,000

Dalton Proteins

The autoradiograph in Fié. 4 shows the time-dependent
phosphorylation of both proteins. At very early time points, the
22,000 dalton protein started to gradually become phosphorylated,
while the 6,000 dalton protein did not. Only after about 1 min of
incubation did the 6,000 dalton protein start to become
phosphorylated. As the 6,000 dalton protein was starting to become
phosphoryl ated, between 1 and 2 min, the phosphorylation of the
22,000 dalton decreased slightly. This result was reproducible,
though its significance is not understood.

The top band on the autoradiogram is phosphorylase a. The
phosphorylation of this protein also ihcreased with time. The
phosphoryl ation of this protein is achieved by cyciic AMP-dependent
protein kinase phosphorylating phosphorylase kinase, which in turn
phosphor yl ates phosphorylase a. The band below phosphorylase is
protein kinase, whose phosphorylation remains rather constant wjth
time; after 30 min of incubation there is a light band that
corresponds to a molecular weight of 11,500 and is believed to be a

contaminant of the plasna membrane.
Phosphorylalion of Microsomes in the Presence of Protease Inhibitors

Since the phosphorylation of the 6,000 dalton proceeded more
slowly than the phosphorylation of the 22,000 dalton protein, the
possibility that the 6,000 dallun protein was a breakdown product

of the 22,000 dalton protein was investigated. When the cardiac
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FIGURE 4

Time-dependent phosphorylation of the 6,000 and 22,000 dalton
proteins. The cardiac microsomes were phosphorylated as described
in "Methods". The reaction was stopped after the addition of [y
- 32P] ATP at various time points by addjng 75 ul of 2x Laemmli
solubilizing solution. 50 pg of microsomaT protein was
electrophoresed in each well. The gels were dried and exposed to
Kodak NS-2T film for 2 days. The incubation time of the microsomes
with ATP was as follows: A) 5 sec, B) 15 sec, C) 30 sec, D) 1 min,
E) 2min, F) 5min, G) 10 min, H) 30 min.
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microsomes were phosphorylated, the protease inhibitors,
toluenesulfonyl fluoride, bacitracin and trypsin inhibitor, were
included in the incubation medium. None of the inhibitors had any
effect on the phosphorylation of eithér protein. While this evidence
does not prove that the 6,000 dalton protein is not a breakdown
product of the 22,000 dalton protein, it does add supporting

evidence that the 22,000 dalton protein is not degraded. Also, the
appearance of the 6,000 or 22,000 dalton protein on the Coomassie

stained gels does not vary with time.

Treatment of Microsomes with Hydroxylamine

After the microsomes had been incubated in the presence of
cyclic AMP and protein kinase for 10 min, hydroxylamine was added
to give a final concentration of 0.8 M hydroxylamine in 0.05 M
sodium acetate, pH 5.4. After an additional 10 min, SDS-
solubilizing buffer was added to the medium. Both the 22,000
dalton protein, as had been previously reported (Tada et al.,
1975), and the 6,000 dalton protein were not affected by'the addition
of hydroxylamine. Like the 22,000 daiton protein, the 6,000

dalton protein also forms a phophoester bond.



Treatment of Microsomes with Trypsin

Similar to the method used by Tada et al. (1975),
phosphoryl ated microsomes were subjected to trypsin. First,
microsomes were phosphorylated under the standard reaction. After
10 min, various concentrations of trypsin up to 0.5 mg/ml were
added to the incubation medium.. Table I shows that even at 0.5
mg/ml of trypsin, both the 22,000 dalton and 6,000 dalton proteins
remained phosphorylated and nondigested. The addition of sucrose
to the mixture had no effect on the phosphorylation.

The bottam half of Table I shows the effect of first treating
the microsomes with trypsin for 10 min, followed by the addition of
trypsin inhibitor at a ratio of trypsin inhibitor to trypsin of
2:1, followed by phosphorylation. Cyclic AMP, protein kinase and
[y- 32P] ATP were then added to the incubation medium. Even
with a trypsin concentration of as Tow as 0.1 mg/ml, the 22,000 and
6,000 dalton proteins were digested and did not become
phosphorylated. These data indicate that phosphorylation of both

proteins render them resistant to attack by trypsin.
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TABLE 1

Effect of trypsin on phosphorylated and nonphosphorylated
microsomes. In the top half of the table, microsomes were
phosphorylated for 10 min as described in "Methods". Trypsin was
then added at various concentrations ranging from 0.1 mg/ml to 0.5
mg/ml. After an additional 10 min, the reaction was stopped by
adding Laemmli solubilizing buffer. The samples were
electrophoresed on a 12% polyacrylamide-SDS-slab gel,
autoradiographed, and the amount of radioactivity in each band was
compared with the control, which had not been subjected to
trypsin. In the bottom half of the table, microsomes were first
treated with trypsin for 10 min at 25°, then trypsin inhibitor
was added at a trypsin inhibitor to trypsin ratio of 2:1. At this
point, cyclic AMP, protein kinase and [y - 32p JATP were
added. After an additional 10 min, the reaction was stopped with

Laemml i solubilizing buffer.



TABLE T
The Effect of Phosphorylation
on the Susceptibility of the 22,000 and 6,000 Daiton Proteins

to Digestion by Trypsin

g 32 .
TREATMENT % ~°P bound to protein

22,000 dalton 6,000 dalton

Phosphorylation followed by:
Control 100 100
Trypsin (0.50 mg/m1) 95 95

Trypsin (0.1 mg/ml), then trypsin
inhibitor, followed by:
Cyclic AMP + Protein Kinase 0 3




39

Treatment of Microsomes with DOC

The solubility properties of the 22,000 and 6,000 dalton
proteins were investigated. Microsomes were first phosphorylated
under the standard conditions. After a 10 min incubation period,
DOC was added at varying concentrations up to 1.0 mg DOC/mg
protein. After centrifugation, the pellet and supernatant were
assayed by SDS-slab gel electrophoresis and autoradiography. Table
II shows the results. Once phoéphory]ated, the 22,000 or 6,000
dalton proteins were not solubilized even when 1.0 mg DOC/mg
protein was added. However, when DOC was added first to the
microsomes, followed by cyclic AMP, protein kinase and 32P-ATP,
most of the 22,000 and 6,000 dalton proteins were solubilized in as
l1ittle as 0.1 mg DOC/mg protein. Greater than 85% of both proteins
appeared phosphorylated in the supernatant. The phosphorylation of

both proteins appears to render them inaccessible to added DOC.
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TABLE II

Effect of DOC on phosphorylated and nonphosphorylated
microsomes. In the top half of the table, microsomes were
phosphorylated as described in "Methods". After 10 min, DOC was
added at concentrations ranging from 0.1-1.0 mg DOC/mg protein.
The sample was centrifuged at 100,000 x g for 30 min. Laemmli
solubilizing buffer was added to the pellet and supernatant and
50 ug of each was electrophoresed on 12% acrylamide-SDS-slab
gel. After autoradiography, the percent of 32p 1abel in each
band was determined by scanning the autoradiogram with a Beckman
densitometer. In the bottom half of the table, DOC was added first
to the microsomes. After 10 min, cyclic AMP, protein kinase and
[y - 32P ] ATP was added. After an additional 10 min, the
samples were centrifuged at 100,000 x g for 30 min and assayed as

described above.



TABLE II
The Effect of Phosphorylation
on the Susceptibility of the 22,000 and 6,000 Dalton Proteins

to Solubilization by DOC

% 32P bound to protein
22,000 dalton 6,000 dalton
Phosphorylation followed by: pellet supernatant pelliet supernatant
Control 97 3 98 2
DOC (1.0 mg/mg protein) 94 6 96 4

DOC (0.1 mg/mg protein)
followed by:
Cyclic AMP + Protein Kinase 10 90 8 92




Proteolipid Extraction of Phosphorylated Microsomes

As a means of separating the two phosphorylated protein, the
proteolipid extraction procedure of MacLennan (1974) was used. The
phosphoryl ated and nonphosphorylated sarcoplasmic reticulun were
extracted with 90% methanol, fo]iowed by chlorofrom:methanol (2:1),
and finally acidified chloroform:methanol (2:1:10 mM HC1).
Proteolipids, proteins with 1ipids strongly associated with them,
are soluble in acidified chloroform:methanol. Ethyl ether can
precipitate specifically the proteolipids from the acidified
chlorof orm:met hanol phase. Thin layer chromatography can separate
Tipids and proteolipids. The various fractions were run on Silica
G thin layer plates with acidified chloroform:methanol as the
solvent. Fig. 5 shows an autoradiogram of the fractions from the
proteolipid extraction run on thin layer plated with acidified
chloroform: methanol as the solvent. In the methanol supernatant,
all counts remained at the origin. These counts represent the
32P-ATP present in the reaction. This finding was generally true
for thé chlorof orm:met hanol supernatant, with only a few counts‘
moving away from the origin. However, the supernatant from the
acidified chlorof orm:methanol extraction and its subsequent pellet,
precipitated with ethyl ether, did show 32P counfs at the same
place that the proteolipid ran on the thin layer plates.

To rule out the possibility that a 1ipid might be the component
being phosphorylated, all the fractions from the proteolipid

extraction were run on thin lTayer plates with chloroform:methanol: .

41



42

FIGURE 5

Proteolipid extraction of phosphorylated microsomes. The
éardiac microsomes were phosphorylated as described in "Methods".
After 10 min, 9 vol of methanol was added to the sample. After 40
min, the sample was centrifuged at 1,000 x g for 10 min. The
pe]iet was suspénded in 5 vol chloroform:methanol (2:1) and after
10 min was centrifuged at 1,000 x g for 10 min. The
chloroform:methanol pellet was suspended in 2 vol acidified
chloroform:methanol (2:1:10 mM HC1). After 10 min, the sample was
centrifuged at 1,000 x g for 10 min. To the supernatant was added
7 vol of ethyl ether. Aftér 30 min, the sample was centrifuged at
1,000 x g for 10 min. Each fraction was applied to a Silica G thin
layer plate. Acidified chloroform:methanol was the solvent. After
the plates were stained with iodine vapor, they were exposed to a
sheet of Kodak X-omat film. The film was developed after 5 days.
From left to right, A) supernatant from methanol extraction, with
cyclic AMP and protein kinase, B) supernatant from methanol
extraction, without cyclic AMP and protein kinase, C) supernatant
from chloroform:methanol extract, with cyclic AMP and protein
kinase, D) supernatant from chloroform:methanol extract, without
cyclic AMP and protein kinase, E) supernatant from acidified
chlorof orm:methanol extract, with cyclic AMP and protein kinase, F)
supernatant from acidified chloroform: methanol extract, without
cyclic AMP and protein kinase, G) pellet from ethyl addition, with
cyclic AMP and protein kinase, H) pellet from ethyl ether addition,

without cyclic AMP and protein kinase.
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ammonium hydroxide (65:35:5) as the solvent. This solvent system
is known to separate lipids but not proteolipids. Using this
solvent system, all the 32P counfs remained at the origin.

Figure 6 shows an autoradiogram of the proteolipid extraction,
run on 12% acrylamide SDS - slab gels. The 22,000 dalton protein
appears up in the acidified chloroform:methanol extraction, as does
phosphorylase a. The 22,000 dalton protein also appears in the
ethyl ether precipitate. The 6,000 dalton protein remains in the
pellet, after the addition of acidified chloroform:methanol. The
fact that the 22,000 dalton protein is soluble in the acidified
chloroform:methanol, and precipitated with ethyl ether, indicates
that the 22,000 dalton protein quite probably has 1lipids associated
with it, while the 6,000 dalton protein does not possess these

properties.
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FIGURE 6

SDS-polyacrylamide slab gel electrophoresis and autoradiography
of proteolipid extraction of phosphorylated microsomes. Microsomes
were phosphorylated and the proteolipids were extracted as describe
in "Methods" and Fig. 5. The extracts and pellets were run on a
12% acrylamide-SDS-slab gel. The gels were dried and
autoradiographed. A1l samples shown were phosphorylated in the
presence of cyclic AMP and protein kinase. From left to right, A)
supernatant after the addition of acidified chloroform:methanol,

B) pellet after the addition of ethyl ether to the acidified
chloroform:methanol supernatant, C) pellet after the addition of

acidified chloroform:methanol.
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Effect of Cyclic AMP and Protein Kinase

on the Phosphorylation of Lipids

Even after treating proteins with SDS, lipids are known to be
still attached to some proteins. Sincé it has now been shown that
2 proteins on SDS slab gels appear to be phosphorylated by cyclic
AMP-dependent protein kinase and 32 counts dolpértition into the
acidified chloroform:methanol fraction in the proteo]ip1d~
extraction, a thorough investigation of whether it was a protein or
lipid that was being phosphorylated was undertaken.
Phosphatidylinositol and cardiolipin were of particular interest
because both have a site where phosphate could bind. The lipids
were dried down and suspended in the identical phosphorylation
mixture used to.phﬁsphorylate the sarcoplasmic reticulum. After 10
min the lipids were extracted with chloroform:methanol. Cyclic AMP

and protein kinase had no effect on the number of 32

P counts
extracted into the chloroform:methanol phase. Table III shows the
ability of each 1i§1d fo extract the ATP into the organic phase.
Cardiolipin and phosphatidylinasitnl extracted the most 32p
counts. Phosphatidylserine extracted very few counts.

In addition, phosphorylated microsomes were extracted with
chloroform:methanol (2:1). Cyclic AMP and protein kinase had no

effect on the number of counts appearing in the organic phase.
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TABLE III

1.7 mg of each lipid was dried under nitrogen. The dried lipid
was suspended in the phosphorylation buffer as described in
"Methods". 20 uM [y - 32P] ATP was added. After 10 min, the
lipids were extracted into chloroform:methanol (2:1). An aliquot
was counted in a scintillation counter. The presence of cyclic AMP

and protein kinase in the incubation medium had no effect on the

results.



TABLE IT1

Ability of Various Lipids to Extract [Y-BZP]ATP into Organic Solvents

Cardiolipin > Phosphatidylinositol > Phosphatidylethanolamine > Phosphatidylserine = Phosphatidylckoline

1.7 mg of each lipid was dried under nitrogen. The dried lipid was suspended in the phos-
phorylation buffer as described in "Methods". 20wM [ -32P]ATP was added. After 10 min, the
lipids were extracted into chloroform:methanol (2:1). An aliquot was counted in a scin-
tillation counter. The presence of cyclic AMP and protein kinase in the incubation medium

had no effect.
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DISCUSSION

Cyclic AMP-dependent protein kinase catalyzes the specific
phosphorylation of two proteins from canine cardiac sarcoplasmic
reticulum. Like the 22,000 dalton protein, the 6,000 dalton
protein is also derived from the sarcoplasmic reticulum, as
recently confirmed by Jones et al. (1979). Polyacrylamide slab gel
electrophoresis followed by autoradiography have allowed for the
direct comparison of the 22,000 and 6,000 dalton proteins under a
variety of phosphorylating conditions.

With regard to phosphorylation, both proteins seem to have
quite similar properties. In the absence of added, cyclic AMP or
protein kinase, both proteins have a basal level of
phosphorylation, about a quarter of the level attained when cyclic
AMP and protein kinase are included in the incubation medium. This
fact demonstrates that there is both endogenous cyclic
AMP-dependent protein kinase and adenyl cyclase present in the
native sarcoplasmic reticulum. It has been previous1y:suggested
that an intrinsic protein kinase is associated with the micfosoma]n
membrane (LaRaia and Markin, 1974; Wray et al., 1973). Cyclic GMP
does enhance phosphorylation of both proteins slightly. The
significance of this finding is not understood. The action of
cyclic GMP is often thought to be antagonistic to that of cyclic
AMP. The phospharylation of hoth proteins hy cyclic GMP may be
occurring for one of two reasons. Either cyclic GMP too has a role

in regulating transport in the sarcoplasmic reticulum by
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influencing the phosphorylation of the 22,000 and 6,000 dalton
proteins or the specific site for cyclic AMP in the protein kinase
moiety is not 100% specific for cyclic AMP, and when cyclic GMP is
present, it can partially substitute for cyclic AMP. Maximal
phosphorylation occurs when cyclic AMP and protein kinase are both
included in the incubation medium (Fig. 3). Phosphodiesterase
completely inhibits phosphorylation. This inhibition is
accomplished by phosphodiesterase breaking down cyclic

nucleotides. The fact that the level of phosphorylation in the
presence of phosphodiesterase is significantly lower than the basal
levels, gives credence to the idea that there is an adenyl cyclase
system in the sarcoplasmic reticulum. Phosphorylase kinase had
virtually no effect on the phosphorylation of either the 22,000 or
6,000 dalton proteins (Fig. 3). Schwartz et al. (1976) reported
that phosphorylase kinase was capable of both phosphorylating
phosphory]asé a and stimulating calcium uptake in microsomes from
cardiac and skeletal muscles. Including phosphorylase kinase in
the incubation medium had no pronounced enhancement on the
phosphorylation of the 95,000-dalton protein, phosphorylase a.
After Tong period of incubation, the phosphorylation of
phosphorylase did increase but not nearly as dramatica11y as that
found in the 22,000 and 6,000 dalton proteins (Fig. 4). In
addition, in ske]éta] muscle microsomes neither the 22,000 or 6,000
dalton proteins appears phosphorylated; however, phosphorylase a is

phosphorylated (Data not shown). In cardiac sarcoplasmic

reticulum, only the C62++M92+-ATPase, phosphorylase a, protein



kinase and the 22,000 and 6,000 dalton proteins ever appear
phosphorylated. In skeletal muscle, particularly in the absence of
calcium, many proteins are phosphorylated, but not specifically by
cyclic AMP-dependent'protein kinaseZ.

The time course of phosphorylation of the 22,000 and 6,000
dalton proteins is not identical. The 22,000 dalton protein is
phosphorylated at earlier time points than the 6,000 dalton protein
(Fig. 4). When the 6,000 dalton protein starts to become
phosphorylated, the phosphorylation of the 22,000 dalton protein
decreases slightly, and then both proteins continue to be
phosphorylated at steady-state levels., After iO minutes of
incubation the phosphorylation of both proteins reaches an equal
molar ratio. Added protease inhibitors had no effect on the
phosphorylation of either protein. Also, the Coomassie blue
stained gel pattern does not change as a function of incubation
time. These results strongly suggest that the 6,000 dalton pfotein
is not a degradation product of the 22,000 dalton protein.

The proteins, not the lipids, are the moieties phosphorylated.
Since it has now been found that two proteins are phosphorylated 5&
cyclic AMP-dependent protein kinase, the postulate that a lipid Was
being phosphorylated and that these two proteins mere]y‘bind the
lipid tightly was raised. The data does not support this
contention. While the 1lipids do vary in their ability to extract
phosphate into organic solvents, cyclic AMP has no effect on this

property.

; 2Campbcﬂ, K.P. and Shamoo, A.E. (1979) submitted to J. Biol.
Chem,
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One of the most striking findings in this study is that
phosphorylation of both the 22,000 and 6,000 dalton proteins causes
them to become buried in the membrane. Phosphorylation renders
them resistant to attack by trypsin (Table I) and DOC (Table II).
Prior to phosphorylation both proteins appear to be
extrinsic-so]ubi1ized by 1ow concentrations of detergent and
digested by trypsin. Phosphorylation appears to cause them to
become intrinsic - not solubilized by high concentrations of DOC
and resistant to trypsin digestion. The only explanation for this
data is that phosphorylation of both proteins causes them to become
buried in the membrane and no longer exposed to the external
environment. It is very fascinating to find that adding one group,
a phosphate, to a protein can change its biochemi cal
characteristics so dramatically. How and if the phosphorylation of
these proteins regulates calcium transport must still be
discerned. When the proteins are phosphorylated and buried in the
membrane they may act directly on the Ca2++Mg2+—ATPase at this
point, or they may facilitate transport directly, possibly by

translocating calcium themselves. The isolation of these proteins

will greatly aid in our understanding of how they function.
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CHAPTER 2

PURIFICATION OF TWO PROTEINS FROM CARDIAC SARCOPLASMIC
RETICULUM. A 22,000 DALTON PROTEIN, SPECIFICALLY PHOSPHORYLATED BY
CYCLIC AMP-DEPENDENT PROTEIN KINASE, AND THE Cal*+ Mg?*-ATPase.
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SUMMARY

Very low concentrations of the detergent, deoxycholate (DOC),
have been used to isolate two functionally interesting proteins
from canine cardiac sarcoplasmic reticulum. These two proteins are
the 22,000 dalton protein, specifically phosphorylated by cyclic |
AMP -dependent protein kinase, and the Ca2+M92+-ATPase, the
major protein of the sarcoplasmic reticulum, responsible for the
active transport of calcium. By employing detergents at
concentrations of one hundredth to one thousandth Tower than
normally used, it is possible to selectively solubilize certain
proteins completely, while leaving others still embedded in the
membrane.

The 22,000 dalton protein is first solubilized in a very Tow
concentration of DOC and then subjected to column chromatography.
After molecul ar weight sieving, the 22,00 dalton protein appears as
a purified protein on sodium dodecyl sulfate (SDS)-polyacrylamide
gels. The purified protein is still specifically phosphory]atea by
cyclic AMP-dependent protein kinase. Phospholipids are still bound
to the isolated 22,000 dalton protein in the ratio of 5 moles
phospholipid to 1 mole protein.

The Calt+ M92+ATPase is purified by first solubilizing all
the extrinsic proteins with a Tow concentration of DOC. An
increasing amount of DOC is then added to yield the purified Ca2+

M92+-ATPase. This protein is at least 95% pure as determined by



SDS-polyacrylamide gels. Adding additional DOC to the solubilized
purified enzyme enhances the enzyme's ability to hydrolyze ATP,
approximately 2.5 ymoles Pi/mg/min. The isolation of the 22,000
dalton protein and the Calts M92+-ATPase will aid in

understanding how these two proteins function and if they

specifically interact with one another.
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INTRODUCT ION

Purification of a protein is a major step toward understanding
the function of the protein. In order to purify most membrane
bound proteins, it is first necessary to separate the protein from
the 1ipid membrane. Detergents have been generally used to
solubilize proteins (MacLennan, 1970, 1974). This communication
reports on the purification of two proteins from canine cardiac
sarcoplasmic reticulun. Very low concentrations of detergent were
used to selectively solubilize these proteins, greatly aiding in
their purification.

In canine cardiac sarcoplasmic reticulum, cyclic AMP -dependent

protein kinase1

specifically phosphory]atgs two proteins, one

with a molecular weight of 6,000 and oné with a molecular weight of
22,000 (Bidlack and Shamoo, 1979b, Jones et al., 1979). The 22,000
dalton protein has been identified and studied by others (Tada et
al., 1975, 1978, 1979; Kirchberger and Chu, 1976; Kirchberger et
al., 1975). It exhibits characteristics of phosphoester bonding
(Tada et al., 1975). After phosphorylation, the 22,000 dalton )
protein is resistant to attack by trypsin (Tada et al., 1975;

Bidlack and Shamoo, 1979b). In addition, prior to phosphorylation,

lThe abbreviations used are: cyclic AMP, adenosine
3':5'-monophosphate-dependent protein kinase; EGTA, ethylene glycol
bis (B-amino-ethyl ether)-N, Ni-tetraacetic acid; DOC,
deoxycholate, SDS, sodium dodecyl sulfate.
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the 22,000 dalton protein is soluble in a Tow concentration of
deoxycholate. After pnosphorylation, the protein cannot be
solubilized by deoxycholate. These results intimate that
phosphorylation causes the protein to become buried in the
membrane, rendering it resistant to agents acting on the exterior
of the membrane (Bidlack and Shamoo, 1979b).

2+ Mg2+-ATPase, a 100,000 dalton protein, is the

The Ca
integral protein of both cardiac and skeletal sarcoplasmic
reticulum. It actively transports calcium into the sarcoplasmic
reticulum. The ATPase from skeletal rabbit hind muscle was first
jsolated almost a decade ago by MacLennan (1970). As a result, the
skeletal enzyme has been characterized much more extensively than
the cardiac enzyme. In both systems, 2 mo]es'of Ca2+ ére
transported for each mole of ATP hydrolyzed (Hasselbach, 1964;

2+ M92+-ATPase from skeletal and cardiac

Weber, 1966). The Ca
sarcoplasmic reticulum differ with respect to calcium binding,
ubtake, Km-for ca]éium and hydrolytic activity. They have
similar K values for ATP (Shigekawa et al., 1976). Recently two
methods have been published for the isolation of the Ca2+ +
Mg2+—ATPase from cardiac sarcoplasmic reticulum (Levitsky et al.,
1976; Van Winkle et al., 1978). The method presentéd in this
communication has the advantage over these two procedures in that
it is a very rapid technique employing very low concentrations of
detergent. Moreover, our method also isolates for the first time

the 22,000 dalton protein from the cardiac sarcoplasmic reticulum.
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EXPERIMENTAL PROCEDWRE

" MATERIALS

Bovine heart cyclic AMP-dependent protein kinase, sodium cyclic
AMP and tris-ATP were purchased from Sigmna Chemical Co.
[y-32P]ATP, ammonium salt (20 mCi per mmol) was obtained from
Amers ham/Searle. Deoxycholate was purified by the method of
MacLennan (1970).

ME THODS
Isolation of Cardiac Microsomes

Cardiac microsomes were prepared from canine heart ventricle
according to Harigaya and Schwartz (1969) with the modifications
described in Bidlack and Shamoo (1979b). Briefly, cardiac muscle
was homogenized in 10 mM NaH(3 and centrifuged twice at 8700 x g
for 20 min. The supernatant was then centrifuged at 37,000 x g for
30 min. The peliet was suspended in 20 mM tris-maleate, 0.6 M KC1,
pH 6.8, and centrifuged at 100,000 x g for 20 min. The pe11et,‘

containing microsomes, was suspended in 0.25 M sucrose.
Gel Electrophoresis

Sodiun dodecyl sulfate gel electrophoresis was run according to
Weber and Osborn (1969). Samples for electrophoresis were
suspended in the SDOS-sample buffer consisting of 1% SDS, 20 mM
sodium phosphate (pH 7.2), 0.1 mM EDTA, 1% g-mercaptoethanol, 50%
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glycerol and 0.005% bromophenol blue. The samples were incubated
at 37° for 1 hr. An aliquot containing between 50 and 150 ug

was applied to the gel. After electorphoresis in the 10%
polyacrylamide SDS-gel, the proteins were made visible by staining
the gels in 0.25% Coomassie blue for 2 hr at 37° and diffusion

destained in 10% acetic acid.

PhoSphorylation Assay

Phosphorylation of cardiac microsomes, DOC supernatant and the

purified 22,000 dalton protein was accomplished essentially by the -

method of Kirchberger et al. (1974). The protein fraction (0.25 to
0.50 mg/ml) was suspended in 40 mM histidine (pH 6.8), 0.12 M KCt,
5 mM M9C12, 5 mM NaNs, 25 mM NaF buffer. Cyclic AMP was added

to a final concentration of 1 uM. Protein kinase was added at

the concentration of 0.1 mg per mi. The reaction was started by
adding 20 uM [Y-32P]ATP. The final volume was 0.2 ml. After

10 min, the reaction was stopped by adding 2 ml of cold 10%
trich]oroacet%c acid, 0.1 mM KH2P04. 0.2 ml of 0.63% bovine

serum albumin was added as a carrier protein. After remaining on
ice for 15 min, samples were centrifuged at 2,000 x g for 10 min.
The pellets were suspendedvin 0.2 m! of 0.6 N NaOH. The protein
was reprecipitated by the addition of 2 ml of 10% trichloroacetic
acid, centrifuged, resuspended in NaOH and washed a couple of
times. The pellet was finally suspended in 0.2 ml of 0.6 N NaOH
and transferred to scintillation vials containing 10 ml of Instagel

(Packard) for counting.
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ATPase Activity

Ca2+-dependéht ATPase was measured in a manner similar to
that used by Tada et al. (1974). Cardiac microsomes or the
isolated protein were suspended at a concentration of 30-50 ug/ml
in 40 mM histidine (pH 6.8), 0.125 M KC1, 5 mM NaN,, 5 mM MgCT,
and varying calcium concentrations in the presence of EGTA. The
reaction was started by adding 5 mM [7-32P]ATP (3uCi per
umole). The final volume was 0.4 ml. The Ca2+-independent
ATPase activity was measured by including 0.5 mM EGTA instead of
calcium-EGTA in the reaction mixture. At various time intervals,
the reaction was stopped by adding 0.4 ml of ice-cold 13.33 mM
silicotungstic acid in 1.67 M HySO4. 0.3 ml of 10% ammonium
molybdate was added. After vortexing, 1 ml of isobutanol:benzene
(1:1) was added. The sample was vortexed for 30 sec, followed by
centrifugation at 1,000 x g for 10 min. 0.5 ml of the organic
phase was counted. To determine the nonspecific binding of
phosphate, controls were run by adding the protein to the reaction
mixture after the acid had been added. The free Ca®® \

concentrations were determined by the method of Katz et al. (1970).
Isolation of the 22,000 Dalton Protein
Cardiac microsomes were suspended at a concentration of 7 mg/mi

in 0.25 M sucrose. A small aliquot of DOC was added at the ratio

of 2 pug DOC/7 mg microsomal protein (0.286 ug DOC/mg protein).



The suspension was incubated on ice for 15 min. Affer incubation,
the suspension was centrifuged at 100,000 x g for 30 min. The
supernatant was concentrated on an Amicon PM 10 membrane. The
supernatant was then applied to a Sephadex G-75 (fine) column
(1.5cm x 1.5m), equilibrated with 10 mM tris (pH 7.8), 0.04% DOC,
0.02% NaN;. The sample was eluted from the column using the
tris-DOC buffer. The absorbance of the sample at 280 nm was read.
The 22,000 dalton protein was eluted as a single protein as

determined by SDS-polyacrylamide gel elctrophoresis.
Isolation of the Cal*+ MgZ+-ATPase

As in the isolation of the 22,000 dalton protein, cardiac
microsomes were suspended at 7 mg/ml in 0.25 M sucrose. DOC was
added at the ratio of 2 ug DOC/7 mg protein. Each 7 mg of
protein must be treated in a separate tube. The purification
cannot be scaled upwards without losing about 10% in the
purification of the ATPase. The mixture was incubated on ice for
15 min, followed by centrifugation at 100,000 x g for 30 min. The
pellet was suspenaed in the original volume of 0.25 M sucrose,

1 ml. Additiona] DOC was added at the concentration of

2 ug DOC/7 mg of original microsomal protein (i.e. the same

amount of DOC as was added initially). The suspension was
incubated on ice for 15 min, followed by centrifugation at 100,000

x g for 30 min. The supernatant from this centrifugation contained

the Cal*+ Mg¢t-ATPase to at least 95% purity.
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Biochemical Assays

Protein concentration was determined by the method of Lowry et
al. (1951) with bovine serum albumin as the standard. Phospholipid
concentration was assayed by determining the phosphorus present by

"the method of Ames and Dubin (1960).



RESULTS
Purification of the 22,000 Dalton Protein

The first step in the purification of the 22,000 dalton protein
was to solubilize it in a low concentration of DOC. The 22,000
da]toh protein was compiete1y solubilized by the DOC, with none |
remaining in the pellet. If the protein is first phosphorylated by
cyclic AMP-dependent protein kinase, it cannot be solubilized by
DOC (Bidlack and Shamoo, 1979a,b). After solubilizing the 22,000
dalton protein in a very low concentration 6f DOC, a Sephadex G-75
column was used to purify the protein. The protein elution pattern
from the column is shown in Fig. 1. The proteins solubilized by
the Tow concentration of bOC are extrinsic and mainly of high
molecular weight eluting in the void volume from the column.
SDS~polyacrylamide gels of the various column fractions are shown
in Fig. 2. Gel 2A shows the proteins solubilized by the low
concentration of DOC. These proteins included the 22,000 dalton
protein, mainly higher molecular weight proteins and some of the
ATPase. A1l solubilized proteins with a molecular weight above
60,000 were excluded in the void volume, the major peak from the
column. The first fraction separated by the column is shown in the
third gel in Fig. 28. A 50,000 dalton protein was the major band
with a few minor proteins also present. The isolated 22,000 dalton

protein is seen in the next peak (Gel C, Fig. 2). The column was
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FIGURE 1

Elution profile from the Sephadex G-75 column. Cardiac
microsomes were suspended at 7 mg/ml in 0.25 M sucrose. 2 yl of
0.1% DOC was added per 7 mg protein. The microsomes were
centrifuged at 100,000 x g for 30 minutes. The supernatants were
concentrated and approximately 2.7 mg of protein was applied to a
Sephadex G-75 (fine) column (1.5 cm x 1.5 m) equilibrated with 10
mM tris (pH 7.8), 0.04% DOC, 0.02% NaN3. The absorbance of the

eluant was monitored at 280 nm. Each fraction was 4.7 ml.
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FIGURE 2

Coomassie blue stained gels of the column fractions. Ten
percent Weber and Osborn polyacrylamide-SDS-gels were run using of
the column fractions shown in Figure 1. The gel on the far left
(A), shows the DOC solubilized supernatant that was applied to the
column. Gel B shows the proteins in the void volume, fractions
25-30. Gel C shows fractions 31-38. Gel D shows the purified
22,000 da]fon protein, fractions 39-51. Gel E shows the fractions
52-61, showing the 18,000 dalton protein with a small amount of the

22,000 dalton protein present.
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capable of separating the 22,000 dalton protein from a 18,000
dalton protein also solubilized by DOC. Fig. 2D shows the next
successive fractions. They contain mainiy the 18,000 dalton
protein with only a small amount of the 22,000 dalton protein
eluting in this fraction.

The yield of the 22,000 dalton protein at each step of the
purification is shown in Table I. The DOC solubiliztion step
results in a yield of 0.37 mg of protein in the supernatant per 7
mg of sarcoplasmic reticulum. Usually about 2.7 mg of the
solubilized proteins were applied to the Sephadex G-75 column.
This results in a yield of about 150 npg of pure 22,000 dalton
protein. About 100 ug of pure 22,000 dalton protein can be

obtained from 34 mg of sarcoplasmic reticulum.
Phosphorylation of the Purified 22,000 Dalton Protein

The isolated 22,000 dalton protein was specifically

. phosphorylated by cyclic AMP-dependent protein kinase as is shown
in Table II. Cardiac microsomes incorporated approximately 1.35
nmole 32P per mg protein. This data is consistent with that
reported by Kirchberger et al. (1974). The supernatant from the
firét DOC solubilization incorporated only about a quarter of the
phosphate that the microsomal fraction did. The isolated 22,000
dalton protein incorporated 6.83 nmoles phosphate per mg protein,
or 0.15 moles of phosphate per mole of protein. This degree of
incorporation is considerably lower than the idealistic, 1 mole of

phosphate per moie of protein, but is in agreement with the finding
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TABLE I

Percent protein yield during isolation. The percent protein at
each step of the purification was calculated by taking the cardiac
microsomes as 100%. The percent of 22,000 dalton protein at each
step was determined by scanning Coomassie blue stained 10% Weber

and Osborn polyacrylamide-SDS-gels at 550 nm.



TABLE I

Percent Protein Obtained in Each Isolation Step

Isolation Step Protein Yield, % 22,000 Dalton Protein, %
Cardiac microsomes 100.0 5.1
DOC supernatant 5.3 10.8

Isolated protein 0.3 100.0
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TABLE II

Cyclic AMP-dependent phosphorylation of the sarcoplasmic
reticulum, DOC supernatant and the purified 22,000 dalton protein.
Each fraction was incubated in the phosphorylating buffer,
including [Y-32P] ATP in a final volume of 0.2 ml. After 10
minutes, the phosphorylation was stopped by the addition of 2 ml of
10% trichloroacetic acid (TCA) 0.1 mM KH2P04. 0.2 ml of 0.63%

BSA was added as a carrier protein. After incubating on ice for 15
minutes, the sample was centrifuged at 2,000 x g for 10 minutes.
The pellet was solubilized by 0.6 N NaOH, reprecipitated with 10%
TCA, 0.1 mM KH2P04 and washed two times. Finally, the pellet

was solubilized in NaOH, transferred to 10 m1 Instagel (Packard)
and the radioactivity was counted. The data represents the mean B
S.E. for five experiments on the cardiac mitrosomes, and three

determinations on two different preparations for the DOC supernatant

and the purified 22,000 dalton protein.



TABLE II

Cyclic AMP-dependent Phosphorylation

nmoles 32P/mg moles 32P/mo1e
Protein Fraction , protein protein
Cardiac microsomes 1.35 + 0.16
First DOC supernatant 0.31 + 0.08

Purified 22,000 6.83 + 0.31 0.150 + 0.027
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for some other isolated proteins (Becker-Ursic and Davies, 1976;
Hebert, J. et al. 1977). It must be remembered that in the
microsomal fraction, two major proteins are being phosphorylated,
the 22,000 and 6,000 dalton proteins (Bidlack and Shamoo, 1979a, b;

Jones et al., 1979).

Phospholipid Content of the 22,000 Dalton Protein

Phospholipid content remained bound to the 22,000 dalton
protein after isolation as shown in Table III. The fact that lipid
is still bound to the 22,000 dalton protein, is consistent with the
finding that the 22,000 dalton protein can be solubilized by
acidified chloroform:methanol (Bidlack and Shamoo, 1979b).

2+

Isolation of the Ca~ + M92+—ATPase

2+ M92+-ATPase was -

The purification of the cardiac Ca
accomplisned by selective solubilization of the membrane proteins
by DOC. Figure 3 shows the gel pattern of the purification
procedure. The sarcoplasmic reticulum is made. up of about 30%

Ca2+ + Mgz+-ATPase. The first treatment with DOC selectively
solubilized the extrinsic proteins including the 22,000 dalton

protein and some of the ATPase. Adding an additional small amount
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TABLE II1

Phospholipid content of the sarcoplasmic reticulum, DOC

. supernatant, 22,000 dalton protein, and Ca2++'M92+-ATPase. The

phosphorus present in each sample was determined by the method of
Ames and Dubin (1960). The experimental results ar presented as

the mean + S.E. for 5 experiments.



TABLE III

Phospholipid Content

Protein Fraction Lipid Content

ug phospholipid mole phospholipid

phosphorus/mg phospnorus/mole
protein protein
Cardiac Microsomes 20.5 + 0.8
First DOC supernatant 5.1+ 0.4
22,000 dalton protein 7.2 + 0.5 5.1 + 0.02

Ca?t + Mg2t-ATPase 3.6 + 0.4 ~ 11.5 + 0.03
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FIGURE 3

Coomassie blue stained, 10% Weber and Osborn
polyacrylamide-SDS-gels of the isolation of the Ca2++ M92+-
ATPase . Gel A shows the cardiac microsomes. Gel B shows the
first supernatant after treating the microsomes with DOC. Gel C

shows the purified ATPase. The band above the 100,000 dalton band

represented a dimer of the ATPase.
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of DOC to the pellet from the first extraction resulted in the
isolation of the ATPase to at least 95% purity, as'$hown in Fig.

3. This procedure yields 50 Is ug of purified Ca2+ +

2+-ATPase per mg of sarcoplasmic reticulum. The isolated

Mg
enzyme contained no phosphorylase activity (Data not shown). The
protein was soluble but had virtually no detergent bound to it
because it was isolated by using very low concentrations of

detergent.

ATPase Activity

2+, M92+-ATPase is nearly 100% Ca2+-dependent as

The purified Ca
detailed in Table IV. About a quarter of the hydrolytic activity
in sarcoplasmic reticulum fraction is Ca2+-1ndependent. Once
solubilized it appears that all the hydrolytic activity is
C62+—dependent. Even in the supernatant from the first
solubilization with DOC, all the ATPase activity is
Ca2+-dependent. The purified enzyme exhibited activity in the )
range of 1.2 umoles Pi/mg protein/min. By adding additional DOC,
the hydrolytic activity of the enzyme was doubled. DOC was also

2+ 2

found to stimulate the ATPase activity of the Ca~ + Mg ¥ _ATPase

jsolated from skeletal muscle (MacLennan, 1970).
Figure 4 shows the ATPase activity with varying calcium

2+

concentrations, a concentration of 5.2 M 0.3 M Ca® was needed to

achieve 50% activation of the ATPase.
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TABLE IV

The ATPase hydrolytic activity of cardiac microsomes, DOC super-

2+

natant and purified Ca~ + MgZ+-ATPase. Protein samples were

suspended at a concentration of 30-50 ug/ml in 40 mM histidine (pH

6.8), 0.125 M KC1, 5 mM NaN,, 5 mM MgCl,, and 50 M

3 2
calcium-EGTA buffer. The reaction was started by adding 5 mM

[Y—32P] ATP (3 uCi per umole). The final volume was 0.4

‘ mi. The Ca2+

-independent ATPase activity was measured by
including 0.5 mM EGTA instead of calcium-EGTA in the reaction
mixture. The reaction was stopped by adding 0.4 ml of ice-cold

13.33 mM saltiungstic acid in.1.67 M HZSO 0.3 ml of 10%

4
ammonium molybdate was added. After vortexing, 1 ml of isobu-
tanol:penzene (1:1) was added. The sample was vortexed for 30
seconds, followed by centrifugation at 1,000 x g for 10 minutes.

0.5 ml of the organic pnase was counted. ATPase activities

represent mean T s.E. for five preparations.



TABLE TV

ATPase Activity

Protein Fraction

2

Mg~ ' -ATPase

Ca?+—dependent

ATPase

Cardiac microsomes

First DOC supernatant

Purified Ca2+Mgt-ATPase

Purified Ca

umoles Pi/mg/min
0.18 + 0.03
0.02 + 0.03
0.01 + 0.02

*+ Mg®t-ATPase + 0.1% DOC 0.01 + 0.03

pmoles Pi/mg/min
0.24 + 0.06
0.73 + 0.10
1.27 + 0.15
2.47 + 0.31
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FIGURE 4

ATPase activity with varying calcium concentrations. The
purified protein was suspended at 50 pg/ml in 40 mM histidine,
pH 6,8, 0.125 M KC1, 5.0 mM MgC]2 and varying calcium concentrations
in the presence of EGTA. The reaction was started by the addition
of 5 mM [y-32P] ATP. After 30 seconds the reaction was terminated

as described in "Methods".
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Phospholipid Content of ATPase

The purifed cardiac ATPase bound 11.5 moles of phospholipid per

mole of enzyme (Table III). The Ca2++ M92+-ATPase from

skeletal muscle isolated by MacLennan (1970) bound considerably
more phospholipid than the cardiac enzyme. However, the ATPase
purified by Warren et al. (1974) from skeletal muscle bound about
the.same amount of phospholipid as the cardiac enzyme. These
findings undoubtedly result from the method of isolation.
MacLennan (1970) used relatively large concentrations of DOC to
solubilize most of the membrane, and then selectively precipitated
the ATPase. The concentration of DOC used there, was capable of
solubilizing much more lipid, which then could remain with the
ATPase upon precipitation. The prcedure presented here and the
procedure of Warren et al. (1974) use a low concentration of DOC,
resu]téng in fewer phospholipids and DOC molecules being bound to
the ATPase. Lipid or a lipid substitute, detergent, is needed for

ATPase activity.
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DISCUSS ION

Selective solubilization of membrane proteins by detergents is
a very powerful tool in protein purification. The 22,000 dalton
protein, specifically phosphorylated by cyclic AMP-dependent
protein kinase, has a very unique property. When phosphorylated it
cannot be solubilized by DOC (Bidlack and Shamoo, 1979b). However,
unphosphorylated, the protein is soluble in a low concentration of
detergent. This fact was used in the purification of the protein.
After selective solubilization, only a Sephadex G-75 column was
needed to completely purify the protein. The purified protein was
specifically phosphorylated by cyclic AMP—dependent protein kinase.

The isolated 22,000 dalton protein bound 6.83 nmoles of
phosphate per mg of protein, compared to the sarcoplasmic
reticulum, which bound 1.35 nmoles of phosphate per mg of protein.
This is not as great an enhancement as might be anticipated
considering that the 22,000 dalton protein accounts for at the most
5% of the toté] microsomal protein. However, in the sarcop]asm{c
reticulum, more than one protein is phosphoryléted. The 22,000 and
6,000- dalton proteins are the major ones, along with the endogenous
protein kinase and phosphorylase a. The isolated protein bound
0.150 moles of phosphate per mole of protein. Specific cyclic
AMP-dependent protein kinase phosphorylation of isolated ribosomal
proteins has shown that between 0.035-0.069 moles of phosphate were

incorporated per mole of protein (Becker-Ursic and Davies, 1976;
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Herbert et al., 1976). Glycogen synthetase (Soderling et al.,
1970) has been shown to incorporate approximately 1 mole of
phosphate per mole of protein, while phosphorylase kinase
incorporates 0.4 moles of phosphate per mole of protein (Walsh et
al., 1970). Thus, there seems to be a large range of values found
for the specific incorporation of a phosphate into a protein by
cyclic AMP-dependent protein kinase. It is possible that
solubilization of-the 22,000 dalton protein results in a structural
change of the protein, decreasing its ability to become
phosphorylated. The possibility also exists that 0.150 moles of
phosphate incorporated into the protein per mole of protein is the
maximal level of phosphorylation of this protein. The protein may
act in a form other than monomeric, such as a tetramer.
Regardless, the 22,000 dalton protein is specifically
phosphorylated by cyclic AMP-dependent protein kinase at a high
enough specific activity that the function of the phosphrylated
22,000 dalton protein can be elucidated.

When isolated, the 22,000 dalton brotein still has
phospholipids bound to it. This fact is consistent with the
finding that the 22,000 dalton protein was soluble in acidified
chloroform:methanol, indicating the possibility that it is a
proteolipid (Bidlack and Shamoo, 19795). Whether these lipids play
any direct role in the function of the 22,000 dalton protein is not
known. It has been shown that the protein, not the lipid, is }he
component phosphorylated by cyclic AMP-dependent protein kinase

(Bidlack and Shamoo, 1979b).



The Ca2++ M92+-ATPase was isolated by employing successive
additions of DOC. This procedure allowed for the very rapid
purification of the ATPase. Because of solubilizing the enzyme in
a very low concentration of detergent, fewer phospholipids were
associated with the enzyme than found in the purifed skeletal
ATPase isolated by MacLenﬁan (1970). However, the phospholipid
content of the isolated cardiac ATPase is in agreement with the
phospholipid content from the isolated skeletal enzyme purified by
Warren et al. (1974), which also employed a low concentration of
detergent. The addition of DOC to thé purified enzyme greatly
enhanced its hydrolytic activity. In the skeletal enzyme, it
appears that the more lipids associated with the enzyme, the
greater its hydrolytic activity (MaclLennan, 1970; Warren et al.,
1974). Lipids appear responsible for maintaining the conformation
state of the ATPase. The K value for calcium found for the
purified enzyme is in agreement with the value found for cardiac
microsomes, and is about 5 times higher than the value for the
ATPase from skeletal muscle (Shigekawa et al., 1976; Levitsky et
al., 1976).

Using the procedures presented here, the rapid purification of
the 22,000 dalton protein and the CaZ*+ Mg2*-ATPase is
possible. A good yield of the 22,000 dalton protein (approximately
200 pg) can be obtained from as few as 2 canine hearts, while the
ATPase can be isolated from 1 heart. For a short period of time

(less than 2 days), the ATPase remains the most stable when stored
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on ice. For maintaining activity for as long as a week and a half,
the best results were obtained when the enzyme was frozen in the
presence of calcium and ATP. With the isolation of both these
proteins, it will now be possible to elucidate the function of
cyclic AMP-dependent phosphorylation of the 22,000 dalton protein

in the regulation of calcium transport.
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CHAPTER 3

+ 2+

RECONSTITUTION OF THE CARDIAC Ca2 + Mg® -ATPase AND THE 22,000

DALTON PROTEIN PHOSPHORYLATED BY CYCLIC AMP-DEPENDENT PROTEIN KINASE,

IN LIPID VESICLES.
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SUMMARY

2+

The Ca~ + M92+-ATPase from cardiac sarcoplasmic reticulum was

reconstituted in lecithin vesicles along with the 22,000 dalton

protein, phosphorylated specifically by cyclic AMP-dependent protein

2+ 2

kinase. The Ca~ + Mg T ATPase transports Ca2+ in an ATP-dependent

manner. In the presence of phosphate inside the reconstituted

2+

vesicles, the phosphorylated 22,000 dalton protein transports Ca~ 5

times greater than the nonphosphorylated protein. The phosphorylated

22,000 dalton protein has no direct effect on the transport of Ca2+ by

A M92+-ATPase. Vesicles, reconstituted with the phosphorylated

2+

the Ca

22,000 dalton protein and the ATPase, transport Ca® in a manner that

is additive of the 2 individual transport processes. Without phosphate
present inside the vesicles, the phosphorylated 22,000 dalton .protein

transports Ca2+ at a rate of about one-third greater than the non-

phosphorylated protein does. When phosphatases are included in the Ca2+

- uptake medium, the originally phosphorylated and nonphosphorylated

22,000 dalton protein transport Ca2+ at identical rates after 5 min of

2+

incubation. In competition experiments, Bazt, Mn~ and Sr2+ have little

effect on the transport of Ca2+ by the 22,000 dalton protein, while Zn2+

2+

inhibits transport by 30% and Hg® and ruthinum red inhibit transport

almost completely.
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INTRODUCTION

Cyclic AMP-dependent protein kinase] phosphorylates a 6,000 and a
22,000 dalton protein in cardiac sarcoplasmic reticulum (Bidlack and
Shamoo, 1979a, b; Jones et al., 1979). Concomitant with this phos-
phorylation, calcium transport into the sarcoplasmic reticulum is

enhanced (Tada et al., 1974; Will et al., 1976). A decrease in the rate

of calcium uptake was observed when phosphatase were added to the phos-
phorylated microsomes (Kirchberger and Raffo, 1977). Because of the
changes in calcium transport as a function of the phosphorylation of the

22,000 dalton protein, the suggestion that the 22,000 dalton protein is

2+ 2

a regulator of the Ca~ + Mg *_ATPase in cardiac sarcoplasmic reticulum

has been made (Kirchberger et al., 1975; Tada et al., 1975, 1976, 1978).

Reconstitution of membrane proteins into lipid vesicles is one of the

best methods to determine the transport properties of these proteins.

2+ 2

The Ca~ + Mg T_ATPase from skeletal muscle has been shown to pump

calcium in an ATP-dependent manner in 1ipid vesicles (Warren et al., 1974;

Jilka et al., 1975; Zimniak and Racker, 1978).
2+

-

2+-ATPase from cardiac

Both the 22,000 dalton protein and the Ca™ + Mg
sarcoplasmic reticulum have been purified (Bidlack and Shamoo, 1979c).
This communication reports that the 22,000 dalton protein can transport
calcium into lipid vesicles, and that this ability to transport calcium
is dependent on the phosphorylation of the 22,000 dalton protein.
]The abbreviations used are:cyclic AMP, adenosine 3':5'- monophosphate;
protein kinase, adenosine 3':5' - monophosphate-dependent protein

kinase; DOC, deoxycholate; SDS, sodium dodecyl sulfate; HEPES, N-2-
hydroxethylpiperazine-N -2-ethene sulfonic acid.
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EXPERIMENTAL PROCEDURE
MATERIALS

Bovine heart cyclic AMP-dependent protein kinase, alkaline
phosphatases, sodium cyclic AMP, tris-ATP and soy bean lectin were

purchased from Sigma Chemical Co. 45

Ca was obtained from Amersham/
Searle. Cation exchange resin, AG 50W-X8, 50-100 mesh was purchased

from Biorad. Instagel was obtained from Packard Chemical Co.

METHODS

Purification of the 22,000 Dalton Protein

Cardiac microsomes were prepared from canine heart ventricle
according to Harigaya and Schwartz (1969) with the modifications
described in Bidlack and Shamoo (1979b). The 22,000 dé]ton protein was
isolated according to the procedure described in Bidlack and Shamoo
(1979¢).

2+

Purification of the Ca”~ + M92+—ATPase

2+ 2

The Ca~ + Mg +—ATPase from cardiac sarcoplasmic reticulum was
purified as described by Bidlack and Shamoo (1979c) with the following
modifications. The sarcoplasmic reticulum was suspended at 7 mg/ml

in 0.25 M sucrose. DOC was added at the ratio of 2 ug DOC/7 mg protein.
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After incubating on ice for 15 min, the sample was centrifuged at

100,000 x g for 30 min. The pellet was suspended in 1 mM HEPES, pH

7.5,at the original volume. Additional DOC was added at the concentration
of 2 ug DOC/7 mg original microsomal protein. The suspension was
incﬁbated on ice for 15 min, followed by centrifugation at 100,000 x g

for 30 min. The supernatant from this centrifugation contained the

2 2

ca®’ + Mg *_ATPase to at least 95% purity. The buffer HEPES was used to

resuspend the pellet of the initial DOC solubilization because sucrose

24 2+

has been shown to interfere with the reconstitution of the Ca~ + Mg

ATPase from skeletal muscle into 1ipid vesicle (Zimniak and Racker, 1979).

2+

Reconstitution of the Ca™~ + Mng-ATPase

and the 22,000 Dalton Protein

The reconstitution procedure is essentially that of Kasahara and
Hinkle (1977) with the following modifications. Soy bean'aso1ect1n
was washed with petroleum ether and lyphilized for 3 hrs. The dried
lipid was suspended in 10 mM K-HEPES, pH 7.5, at a concentration of 60
mg/ml. The suspension was flushed with nitrogen and sonicated in a
covered test tube for 20-30 min in a bath sonicator at 25°.

When the phosphorylated 22,000 dalton protein was included in the
reconstituted vesicles, it was first phosphorylated in the following
manner. The 22,000 dalton protein was suspended in a final concentration

of 0.125 M KC1, 10 mM tris-HC1, pH 7.5, 20 uM MgC]Z, 20 uyM tris-ATP, 1 uM
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cyclic AMP and protein kinase (0.08 mg/ml). After 10 min, lipid was
added to yield a final concentration of 1 ug protein to 20 ug lipid.
The nonphosphorylated 22,000 dalton was incubated in the above reaction
mixtufe minus the cyclic AMP.

2+ Mg2+-ATPase was reconstituted with the 22,000 dalton

When the Ca
protein, the ATPase was added to the reaction mixture after the 22,000
dalton had been phosphorylated. The 22,000 daiton protein and the
ATPase were reconstituted at equal molar concentrations. Five micrograms
of the ATPase were included for every microgram of the 22,000 dalton
protein. Reconstituted ATPase without the 22,000 dalton protein
consisted of suspending the protein in 0.125 M KC1, 10 mM tris-HCI,
pH 7.5, at a lipid to protein ratio of 20:1. When phosphate was
included in the inside of the vesicles, it was added as potassium
phosphate at a concentration of 0.4\M. Also when phosphate was present,
HEPES was used in place of the chloride jon. Reconstitution was
accomplished by freezing the protein-lipid suspension in liquid nitrogen
and then letting the vesicles thaw at room temperature. The vesicles

were then sonicated in a bath sonicator for 30 sec.
Calcium-Uptake into Vesicles

10 ¥l of the reconstituted vesicles (5 ug ATPase, 1 ug 22,000) were

suspended in 0.24 m] of a mixture consisting of, in final concentration,
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0.125 M KCT, 5 mM MgCT
45

25 5mM tris-ATP, 10 mM tris-HC1, pd 7.5, and

0.1 mM CaC]2 to a final specific radioactivity of 50 uCi/umole. When
phosphate was incorporated into the vesicles, HEPES was used in place of
the chloride ion. In competition experiments, the competing cation was
added at a concentration of 0.1 mM. The uptake was stopped by pipetting
0.2 ml of the suspension through an AG 50W-X8 cation exchange 50-100 mesh,
resin column. The resin had been made the tris form by washing with 1 M
tris. The pH of the resin was adjusted by washing with water until the
pH was approximately 7.5. The resin was suspended in 0.25 M sucrose.
Prior to use, the cation exchange column (0.5 x 7 cm) was washed with 3
ml of 0.25 M sucrose, 3.3 mg of serum albumin/ml. Each 0.2 ml of sample
was eluted with 3 ml of 0.25 M'sucrose. A small volume (0.05-0.20 ml)

of the eluant was counted in 10 ml1 of Instagel. Control vesicles

consisted of vesicles without protein.
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RESULTS

2+

Reconstitution of the Ca~ + MgZ+—ATPase

with the 22,000 Dalton Protein in the Absence of Phosphate

a2 2+-ATPase reconstituted with soy bean asolectin vesicles in

2+

Ca®™ + Mg

the absence of phosphate did transport Ca® , as is shown in Fig. 1.
This transport was dependent on the presence of ATP. As is shown by the
open symbols in Fig. 1, the co-reconstitution of the phosphorylated

g M92+—ATPase in an equal molar ratio,

22,000 dalton protein with the Ca
had no effect on the transport of Ca2+ into the vesicles. Equal molar
concentrations of the proteins were used because that is approximately the
ratio that they are present in the sarcoplasmic reticulum, with the

ATPase accounting for 40-50% of the total protein, while the 22,000

dalton protein accounts for 4-5% of the total protein.

2+ 2

Reconstitution of the Ca~ + Mg +-ATPase

with the 22,000 Dalton Protein in the Presence of Phosphate

When reconstituted lipid vesicles were made in the presence of
0.4 M phosphate, a "sink" was created to trap the transported calcium.
As a result of this trapping, the transport of Ca2+ into the vesicles is
enhanced as is shown in Fig. 2. The greatest transport occurred when
the ATPase was reconstituted along with the phosphorylated 22,000

dalton protein (designated 22P). When the ATPase was reconstituted
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FIGURE 1

2+ ubtake by lipid vesicles in the absence of phosphate

2+ 2+

Ca

reconstituted with the Ca® + Mg~ -ATPase in the presence and absence
of the 22,000 dalton protein, phosphorylated and not. The ATPase was
reconstituted in 0.125 M KC1, 10 mM tris-HC1, pH 7.5, and lectin at a
lipid to protein ratio of 20:1. When the 22,000 dalton protein was
reconstituted with the ATPase, the 22,000 dalton protein was first
phosphorylated in a mixture of 0.125 M KC1, 10 mM tris-HC1, pH 7.5,

20 uM MgCl,, 20 uM tris-ATP, 1 uM cyclic AMP and protein kinase (0.08

23
mg/ml). The nonphosphorylated 22,000 dalton protein was incubated in
the above reaction mixture minus the 1 uM cyclic AMP. The 22,000 dalton
protein was reconstituted with the ATPase at equal molar ratio. The
ratio of lipid to 22,000 dalton protein was 100:1. The uptake buffer
consisted of, in final concentration, 0.125 M KC1, 10 mM tris-HC1,

45

pH 7.5, 5 mM MgCl,, 5 mM tris-ATP and 0.1 mM CaC]Z. Uptake was

2)
stopped by passing the vesicles through a cation exchange resin

column. The open symbols represent uptake'from vesicles reconstituted
with the ATPase and the phosphorylated 22,000 dalton protein. Closed

symbols represent vesicles containing only the ATPase.
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with the nonphosphorylated 22,000 dalton protein (designated 22),

2+ transport into the vesicles did not significantly differ from

the Ca
the transport observed by the ATPase alone. The phosphorylated 22,000
dalton protein, reconstituted at the same concentration as when the
ATPase was present (1 ug 22,000:100 ug 1ipid), was also capable of trans-
porting Ca2+. The nonphosphorylated 22,000 dalton protein transported

Ca2+

at about one-fifth the rate that the phosphorylated 22,000 dalton
protein did.

While the transport of Ca2+ was the greatest when the ATPase and
the pnosphorylated 22,000 dalton protein were reconstituted together,
the phosphorylated 22,000 dalton protein does not have a direct effect
on the ATPase. The enhancemeﬁt observed when the 2 proteins were
reconstituted together is an additive effect. Adding the transport

of Calt

observed by the ATPase alone to thg transport observed by the
phosphorylated 22,000 dalton protein alone yields a transport rate
virtually identical to that observed when the ATPase and the phos=
phorylated 22,000 dalton protein were reconstituted together. These data

2* and that

do indicate that the 22,000 dalton protein can transport Ca
much of this transport is dependent on the phosphorylation of the

22,000 dalton protein.

Ca2+.- Uptake by the Reconstituted 22,000 Dalton Protein
in the Absence of Phosphale

2+

The ability of the 22,000 dalton protein to transport Ca~ into

lipid vesicles when there is free Ca2+ inside the vesicles was investigated.
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FIGURE 2

Ca2+- uptake by 1lipid vesicles in the presence of phosphate

2+ 2+

reconstituted with the Ca -ATPase in the presence and absence

+ Mg
of the 22,000 dalton protein, phosphorylated and not. Reconstitution
Was carried out as described in Fig. 1 with the exception that 0.4 M
potassium phosphate was included in the reconstituted Qesic]es and HEPES

was used in place of the C1™ ion. A1l experimehts were done with

5 mM ATP in the uptake medium.
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Fig. 3 shows that the phosphorylated 22,000 dalton protein can transport

Ca2+

into 1ipid vesicles better than the nonphosphorylated protein. The
time course for uptake without phosphate being present is longer than

in its presence. Over a long time course, the nonphosphorylated

22,000 dalton protein transported approximately 70% of the Ca2+
transported by the protein when it is phosphorylated. After an initial

2+ to the vesicles, the initial rate of Ca2+

binding of Ca uptake over
the first 4 min, was aliost 8 times greater for the phosphorylated
protein than the nonphosphorylated protein. The slope of the uptake
rate for the first 4 min was 0.41, for the phosphorylated protein and
0.06 for the nonphosphorylated protein. Thus; like in the presence of
phosphate, the phosphorylated 22,000 dalton protein can transport

Ca2+ better than the nonphosphorylated protein. The relative enhancement
of Ca2+ transport by the phosphorylation of the protein did vary
depending on whether phosphate was present. In the absence of

phosphate, the nonphosphorylated protein transported at a rate of

70% of the phosphorylated protein, while in the presence of phosphate,
the transport of Ca2+ by theAnonphosphorylated protein was only 20%

of that observed by the phosphorylated protein.
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FIGURE 3

Ca2+

- uptake by the 22,000 dalton protein, phosphorylated and
not. The 22,000 dalton protein was phosphorylated as described in
Fig. 1. The protein was reconstituted at a 1lipid to protein ratio of
100:1. .10 ul of vesicles were added to 0.24 ml of uptake buffer

45

consisting of 10 mM tris-HC1, pH 7.5, 0.125 M KC1 and 0.1 mM "“CaCl,.

2
The control vesicles consisted of reconstituted vesicles without
protein. The open circles represent the phosphorylated 22,000
dalton protein. The open squares represent the nonphosphorylated

22,000 dalton protein, and the open triangles represent the control

vesicles.
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Ca2+

- Uptake into Vesicles Reconstituted
with the 22,000 Dalton Protein

in the Presence of Phosphatases

Vesicles with the phosphorylated and nonphosphorylated 22,000

dalton protein were incubated in Ca2+

- uptake medium containing alkaline
phosphatases (10 ug phosphatases/0.25 ml uptake medium). Fig. 4 shows
the effect of phosphatases on Ca2+ uptake. After 5 min of incubating

in the presence of phosphatase, the ca2*

uptake by the phosphorylated
22,000 dalton protein is reduced significantly in comparison to when
there are no phosphatases present. The uptake was still slightly
greater than that observed by the nonphosphorylated 22,000 dalton
protein in the presence of phosphatases. After 15 min of incubating,
there was no difference in the Ca2+ - transport by the phosphorylated or
nonphosphorylated 22,000 dalton protein in the presence of phosphatase.
These data seem to indicate that the phosphoester bond is responsible for
the enhanced transport séen by the phosphorylated 22,000 dalton

protein. It also appears that both proteins incorporate equally well
into the reconstituted vesicles, since once the phosphorylated 22,000

dalton protein loses its phosphoester bond, it transports Ca2+ equal

to the nonphosphorylated protein.
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FIGURE 4

Uptake of Ca2+ by the 22,000 dalton protein in the presence of
phosphatases. The 22,000 dalton protein was phosphorylated and
reconstituted as described in Fig. 3 and the "Methods" section.

The uptake medium contained 0.125 M KC1, 10 mM tris-HC1, pH 7.5,

and 0.1 mM 45CaC12. 5 u1 (10 ug) of alkaline phosphatases were added to
0.235 ml uptake medium. 10 ul of reconstituted vesicles were added

to start the uptake. The open triangles represent the phosphorylated
22,000 dalton protein not incubated with phosphatases. The open

circles represent the phosphorylated 22,000 dalton protein incubated

with phosphatases. The closed circles represent the nonphosphorylated

22,000 dalton protein incubated with phosphatases.
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Ca2+ - Transport by the 22,000 Dalton Protein

in the Presence of Competing Cations

Reconstituted lipid vesicles in the absence of phosphate were

45

incubated for 1 hr in the uptake buffer, containing 0.1 mM CaC12

and 0.1 mM of the competing cation. The vesicles were then assayed
for Ca2+ uptake. Table I summarizes the results. The effect of the

competing cation was the same for both the phosphorylated and the

2+

nonphosphorylated 22,000 dalton protein. Mn® and Ba2+ had virtually

2+

no effect on the transport of Ca Sr2+ inhibited transport by

approximately 7%, while Zn2+ inhibited 30% of the transport. H92+

2

was capable of inhibiting 90% of the Ca * transport, while ruthinum

red at a concentration of 10 uM was 99% effective. M92+ was not tested
because all the vesicles were made in the presence of 20 uM}Mgz+, an

ion necessary for the phosphorylation of the 22,000 da]ton protein.
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TABLE 1

Competitive inhibition by cations of Ca2+ transport by the
22,000 dalton protein. The 22,000 dalton protein was phosphorylated
and reconstituted as described in "Methods" and Fig. 1. 10 ul of
vesicles were transferred to 0.24 ml of an uptake buffer consisting of,
in final concentration, 0.125 M KC1, 10 mM tris-HCl1, pH 7.5, 0.1 mM
45CaC12 and 0.1 mM of the competing cation. Ruthinum red was added at
a concentration of 10 uM. Transport was allowed to proceed for 1 hr
before being terminated by passing 0.2 ml of the vesicles in: the
uptake solution through a cation exchange resin, AG 50W-X8, column
equilibrated with 0.25 M sucrose. The phosphorylated 22,000 dalton
protein is designated 22,000-P and the nonphosphorylated protein as

22,000. The data represents the mean = S.E. for three determinations.



TABLE 1

2

Competitive Inhibition by Cation of Ca * Transport

by the 22,000 Dalton Protein

% Ca2+ - transport

Competing Cation 22,000-P 22,000
None 100 + 5 71+ 4
Mn2* 99 + 6 69 + 4
Ba%" 98 + 5 69 + 5
sret 93 + 5 62 + 4
%t 71+ 4 37 + 3
Hg?" 10 + 3 4+ 2

14+
~n
-—
I+
—_

Ruthinum Red (10 uM) ]
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DISCUSSION

Cyclic AMP appears to be a regulator of many transport processes
(Tsien, 1977; Nathanson, 1977). Of all transport systems regulated
by cyclic AMP, the cardiac system is the best characterized. Both
Tada et al. (1974) and Will et al. (1976) have shown that ca?? transport
into the cardiac sarcoplasmic reticulum is enhanced by the presence of
cyclic AMP and protein kinase. Concomitant with the enhancement of
Ca2+ transport, a 22,000 dalton protein was phosphorylated by cyclic

2+ Mg2+—ATPase is the

AMP-dependent protein kinase. Since the Ca
protein actively responsible for transporting Ca2+ into the sarcoplasmic
reticulum, it has been Postu]ated that the phosphory]ated 22,000 dalton
protein regulates the ATPase's ability to transport Ca2+ (Kirchberger
et al., 1975; Tada et al., 1975, 1976, 1978). The experiments detailed
in this communication indicate that the phosphorylated 22,000 dalton
protein does not act directly on the ATPase, but instead is capable
of transporting cal’ itself. A X
When both the phosphorylated 22,000 dalton protein and the ATPase
were reconstituted in 1lipid vesicles, Ca2+ transport into the vesicles
was maximized (Fig. 2). However, this enhanced transport rate is only
an additive response of vesicles reconstituted with the phosphorylated
22,000 dalton protein and the ATPase; separately. The transport of C32+

into all reconstituted vesicles is much greater when phosphate is inside

the vesicles. This is a result of the phosphate precipitating the
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2+ 2+

entering Ca”~ , thus maintaining an environment with no free Ca
Over a 2 min time course, in the absence of phosphate, vesicles
reconstituted with the ATPase and the phosphorylated 22,000 dalton
protein showed no enhanced transport over vesicles reconstituted with
the ATPase alone (Fig. 1). As was shown in Fig. 3, the 22,000 dalton
protein does transport Ca2+ in the absence of phosphate. However, this
transport is much smaller than that seen by the ATPase and was thus
obscured when both were reconstituted together. When the reconstituted
22,000 dalton portein was first introduced to the uptake medium, there

2+

was an initial binding of Ca After this binding, there was an

initial uptake of Ca2+ lasting for about 5 min. This initial rate was
approximately 8 times greater for the phosphorylated 22,000 dalton protein
than the nonphosphorylated protein. After 5 min, a gradual increase in

2+ uptake was observed, with the nonphosphorylated protein taking

2

Ca
'up about 70% of the Ca®’ that the phosphorylated protein did. Why the
vesicles don't reach the same equilibrium is not clear. The volume of
the vesicles reconstituted with protein may be larger than those
without portein. The possibility also exists that in the presenée of Ca2+,
vesicles are fusing during the experiments. The initial binding of Ca2+
to the vesicles is greater in the presence of protein than in its absence.
From the data presented here, it appears that the phosphorylated
22,000 dalton protein is capable of -facilitating Ca2+ transport into the
sarcoplasmic reticulum. This conclusion is consistent with other biochem-
ical properties reported about the 22,000 dalton protein. When the

22,000 dalton protein is not phosphorylated, it appears to be extrinsic,

easily attacked by trypsin and DOC (Bidlack and Shamoo, 1979a,b).
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After phosphorylation, the protein is resistant to attack by both
trypsin and DOC. Phosphorylation appears to cause the protein to
become buried in the membrane, transporting Ca2+ across the membrane at
this time. . When phosphatases were included in the uptake medium, after
5 min, there was no enhanced uptake of Ca2+ by vesicles reconstituted
originally with the phosphorylated 22,000 dalton protein.

Phosphatases have been shown to be closely associated with isolated
cardiac microsomes (Tada et al., 1975a). Repeated washing of microsomes
does not remove phosphatase activity (Tada et al., 1975a). Thus, when
the 22,000 dalton protein is phosphorylated, there are phosphatases in
close proximity, capable of dephosphorylating the protein. In the
cardiac cell, the 22,000 dalton protein is undobtedly getting phosphorylated
and dephosphorylated fairly rapidly. Adenylate cyclase and endogenous
protein kinase have also been shown to be associated with cardiac
microsomes (Bidlack and Shamoo, 1979b).

The ATPase hydro]ytic activity was reported to increase in the
presence of cyclic AMP and protein kinase (Kirchberger et al., 1974).
This enhanced increase in inorganic phosphate may be the result gf the
22,000 dalton protein heing phasphorylated and dephosphorylated, thus
generating a new source of Pi. The ATPase activity was not examined
in the presence of a phosphatase inhibitor (Kirchberger et al., 1974).
The increase in calcium uptake by the sarcoplasmic reticulum in the
presence of cyclic AMP and protein kinase (Tada et al.,1974; Will et al.,

1976), may well be a direct effect of the phosphorylated 22,000 dalton

2+ transport. Tada et al. (1979) reported that

protein facilitating Ca

the phosphorylated intermediate of the ATPase did not vary as-a function
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of cyclic AMP and protein kinase. But, the rate of dephosphorylation of
the ATPase was enhanced in the presence of cyclic AMP and proatein

kinase (Tada et al., 1979). The level of phosphorylated 22,000 dalton’

protein at any given time in the presence of phosphatases may be quite
low, and thus account for the lack of difference seen in the phosbhory]ated
intermediate in the absence or presence of cyclic AMP and protein kinase.
How the rate of dephosphorylation of the ATPase is enhanced in the
presence of cyclic AMP and protein kinase is not understood.

The data presented here strongly suggest that the 22,000 dalton
protein can facilitate Ca2+ transport into the sarcoplasmic reticulum,
and that much of this transport is dependent on the phosphorylation of
the protein. The dephosphorylation of the protein by phoSpHatases
then seems to complete the cycle. It should also be remembered that in
addition to the 22,000 dalton protein, a 6,000 dalton protein is also
phosphorylated by cyclic AMP- dependent protein kinase (Bidlack and
Shamoo, 1979a,b; Jones et al., 1979). What role this protein plays is
not known. It is phosphorylated at a slower rate than the 22,000
da]tdn protein (Bidlack and Shamoo, 1979b). This may indicate that it
is a further back-up mechanism for the transport of Ca2+ into the
sarcoplasmic reticulum. Phosphorylation appears to also cause it to
become buried in the membrane (Bidlack and Shamoo, 1979b). Further
characterization of the transport properties of both these proteins will
greatly increase our knowledge of the molecular mechanism by which

cyclic AMP regulates myocardial contractility, and may well help

e]ucidgte.how other transport processes are regqulated by cyclic AMP.
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