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with a molecular mass of 32 kDa and is considered to
Na/-K/ ATPase is known to be involved in the trans- be involved in a-b assembly, cell to cell communication

port of sodium and potassium across the cell mem- and modulation of the affinity for K/ (2). It has also
brane. We describe here a novel mechanism for the been shown that the a-subunit of Na/-K/ ATPase may
regulation of cardiac Na/-K/ ATPase through phos- be regulated by cAMP dependent protein kinase andphorylation by a Ca2//calmodulin-dependent protein protein kinase C mediated phosphorylations (3-10). Al-kinase (CaM kinase) present in the sarcolemmal mem-

though the presence of CaM kinase has been reportedbrane. Incubation of cardiac sarcolemma in the pres-
in the cardiac sarcolemmal membrane (11), its role inence of Ca2/ and calmodulin resulted in phosphoryla-
the regulation of Na/-K/ ATPase has not been exam-tion of a 110 kDa protein, identified as the a-subunit
ined thus far. In this report we present evidence forof Na/-K/ ATPase. The compound W-7, a potent inhibi-
the phosphorylation of the a-subunit of cardiac Na/-tor of calmodulin, caused significant inhibition of the
K/ ATPase by an endogenous CaM kinase. We alsoCaM kinase-mediated phosphorylation while ouabain,
demonstrate a marked decrease in the sarcolemmala potent inhibitor of Na/-K/ ATPase, had no effect. Fur-
Na/-K/ ATPase activity by endogenous CaM kinasethermore, phosphorylation of the sarcolemmal mem-
phosphorylation.brane with Ca2//calmodulin caused significant reduc-

tion in the activity of Na/-K/ ATPase. These results
suggest that phosphorylation of the a-subunit of Na/- MATERIALS AND METHODS
K/ ATPase by an endogenous CaM kinase may lead to
an inhibition of its catalytic activity. q 1997 Academic Press Preparation of heart sarcolemmal membranes. Rat heart sarco-

lemma was isolated by the method of Pitts (12) as modified by Kaneko
et al (13). The membranes were suspended in 0.25 M sucrose, 10
mM histidine, pH 7.0; protein concentration was measured by the
method of Lowry et al (14). The sarcolemmal preparations wereBy virtue of its ability to control fluxes of Na/ and
quickly frozen in liquid nitrogen and stored at 0907C for up to 3K/ across the sarcolemmal membrane, Na/-K/ ATPase weeks. The purity of the membrane preparations was examined by

is known to maintain the resting membrane potential comparing the activities of marker enzymes such as Na/-K/ ATPase,
and is thus considered to play an important role in the cytochrome C oxidase, and rotenone-insensitive NADPH-cytochrome

C reductase in both the homogenate and sarcolemmal membraneprocess of cardiac excitation-contraction coupling (1).
according to the procedures used in our laboratory (13, 15). MarkerEarlier studies have revealed that Na/-K/ ATPase is
enzyme activities showed that the isolated sarcolemmal fraction wasmade up of two subunits, namely a and b subunits. enriched with Na/-K/ ATPase (18- and 20-fold purification) and had

The a subunit, which is responsible for the catalytic negligible cross-contamination by the sarcoplasmic reticulum frag-
ments or mitochondria. Each assay in this study was carried out byactivity of the enzyme, has a molecular mass of 110
employing 4 to 6 different sarcolemmal preparations and the resultskDa. On the other hand, the b subunit is a glycoprotein
were analyzed statistically by using the Students’ ‘‘t’’-test.

Determination of Ca2//calmodulin-dependent protein phosphory-
lation. Protein phosphorylation due to endogenous CaM kinase was1 Address correspondence to: Dr. Naranjan S. Dhalla, Institute of

Cardiovascular Sciences, St. Boniface General Hospital Research determined by the procedure described by Netticadan et al (16). The
incubation medium (total volume 50 ml) for phosphorylation con-Centre, 351 Tache Avenue, Winnipeg, Manitoba, R2H 2A6, Canada.

Fax: (204) 233-6723. E-mail: cvso@sbrc.umanitoba.ca. tained 50 mM HEPES (pH 7.4), 10 mM MgCl2, 100 mM EGTA, 100
mM CaCl2, 2 mM calmodulin, 0.8 mM [g-32P]ATP (specific activityAbbreviations used: Na/-K/ ATPase, Sodium-potassium stimu-

lated adenosine triphosphatase; CaM kinase, Ca2//calmodulin-de- 200-300 cpm/pmol), and sarcolemma (30-40 mg protein). Free Ca2/

concentration in the medium, determined according to the computerpendent protein kinase; PEP, phosphoenol pyruvate; SDS-PAGE, so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis. program of Fabiato (17), was 3.7 mM. Assay was performed at 377C.
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The phosphorylation reaction was initiated by the addition of [g- activity, digitoxigenin-sensitive Na/-K/ ATPase was determined by
measuring the total ATPase activity in the absence or presence of32P]ATP following preincubation of the assay components for 45 sec.

Ca2//calmodulin dependence of phosphorylation was shown in the 200 mM digitoxigenin, a well known inhibitor of Na/-K/ ATPase. All
measurements were carried out in duplicate.absence of calmodulin and Ca2/ in the assay medium containing 1

mM EGTA. Reaction was terminated after 45 sec unless otherwise Immunoblotting analysis. The Western immunoblotting proce-
indicated by the addition of 15 ml of SDS sample buffer, and the dure was used to identify the alpha subunit of the Na/-K/ ATPase.
samples were subjected to SDS-PAGE in 4-18% gradient slab gels For this, the phosphorylated and unphosphorylated sarcolemma
(18). The gels were stained with Coomassie brilliant blue, dried, and samples were subjected to SDS-PAGE (10% minigel) and electroblot-
autoradiographed (19). ted to Immobilon-P transfer membrane (Millipore Corporation, Bed-

ford, MA). These preparations were incubated with monoclonal a-1Measurement of Na/-K/ ATPase activity. Estimation of Na/-K/

Na/-K/ ATPase-specific antibody (Upstate Biotechnology, LakeATPase activity was carried out by a method described previously
Placid, NY). Antibody binding was detected by enhanced chemilum-(20) with some modification. Briefly, phosphorylated and unphos-
inesence using a peroxidase-conjugated sheep anti-mouse IgG sec-phorylated membranes were assayed for total ATPase activity in a
ondary antibody and other reagents in an Amersham kit followingmedium containing 50 mM Histidine-HCl, pH 7.4, 5 mM NaN3, 6 mM
instructions of the manufacturer (Amersham Corporation, ArlingtonMgCl2, 100 mM NaCl and 10 mM KCl, 2.5 mM phosphoenolpyruvate
Heights, IL).(PEP), and 10 IU/ml pyruvate kinase. PEP and pyruvate kinase were

used as an ATP-regenerating system to maintain the concentration Immunoprecipitation of the a-subunit of Na/-K/ ATPase. Sarco-
lemmal membrane proteins were extracted using buffer containingof ATP in the incubation medium. The medium was preincubated at

377C for 5 min. The reaction was started immediately after the trans- 1% w/v SDS, 50 mM HEPES (pH 7.2), 200 mM NaCl, 2 mM EDTA,
1 mM phenylmethylsulfonyl fluoride, 10 mg/ml leupeptin, 10 mg/mlfer of the phosphorylated and unphosphorylated membranes by the

addition of 0.025 ml of 80 mM ATP, pH 7.4, and terminated 5 min aprotinin and 10 mg/ml soya bean trypsin inhibitor and rotated for
2 hr at 47C. The sample was centrifuged (280,000 g 1 25 min) andafter with 0.5 ml of ice-cold 12% trichloroacetic acid. The liberated

phosphate was measured by the method of Taussky and Shorr (21). the supernatant recovered as the solubilized membrane fraction. The
membrane extract was incubated overnight at 47C with monoclonalMg2/-ATPase activity of the phosphorylated and unphosphorylated

membranes was also determined in a similar manner except that anti-rabbit Na/-K/ ATPase a1 (1:70 antibodies to membrane extract).
The immunocomplex was captured with 100 ml (50 ml packed beads)both NaCl and KCl were omitted from the reaction medium. Na/-

K/ ATPase activity was calculated as the difference between the of washed Protein G sepharose at 47C by rotation for 2 hr. The agar-
ose beads were collected by pulsing (5 sec) at 10,000 g and used fortotal ATPase and Mg2/-ATPase activities. In order to further verify

the effect of CaM kinase mediated phosphorylation on the enzyme the immunoblotting analysis.

FIG. 1. Endogenous CaM kinase mediated phosphorylation of cardiac sarcolemmal proteins. Panel on the left shows the Coomassie
blue-stained 4-18% SDS-polyacrylamide gel depicting the protein profile whereas panel on the right side is the corresponding autoradiogram
showing the incorporation of radioactive label. Experimental details are as described under ‘‘Materials and Methods’’.
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(22). A time-course study revealed that the phosphory-
lation by endogenous CaM kinase in cardiac mem-
branes occurred rapidly, reaching a maximum within
45 sec (Fig. 3). An additional band having an approxi-
mate molecular mass of 115 kDa appeared after longer
incubation times (4-5 min). In another set of experi-
ments, the effect of a calmodulin inhibitor, compound
W-7, was tested on the phosphorylation of the a-sub-
unit of Na/-K/ ATPase by endogenous CaM kinase.
Compound W-7 has been reported to be a potent inhibi-
tor of calmodulin activated reactions in the heart at
concentrations ranging from 10-300 mM (23-25). Fig.
4 shows a marked inhibition of phosphorylation with
compound W-7; high concentrations of compound W-7

FIG. 2. (A) Western immunoblot identifying the 110 kDa protein
band (left side) as the a-subunit of Na/-K/ ATPase and the corre-
sponding autoradiogram (right side) showing Ca2/ and calmodulin
dependent protein kinase phosphorylation. (B) Immunoprecipitation
of the a-subunit of Na/-K/ ATPase. The immunoblot identifying the
110 kDa protein band (left side) as the a-subunit of Na/-K/ ATPase
and the corresponding autoradiogram (right side) showing Ca2/ and
calmodulin dependent protein kinase phosphorylation. The phos-
phorylation reaction was carried out for 45 sec in the presence and
absence of Ca2/ and calmodulin as indicated. Experimental details
are as described under ‘‘Materials and Methods’’.

RESULTS AND DISCUSSION

When the sarcolemmal preparation was incubated in
the phosphorylation assay medium in the presence of
Ca2/ and calmodulin, a protein band of approximate
molecular mass of 110 kDa was phosphorylated (Fig.
1). Although two other bands having approximate mo-
lecular mass of 26 kDa and 6 kDa were also phosphory-
lated, no effort was made to identify these proteins. On
the other hand, the identity of the 110 kDa band, as
the a-subunit of Na/-K/ ATPase, was confirmed by
Western immunoblotting analysis (Fig. 2A) and immu-
noprecipitation technique (Fig. 2B) utilizing a mono-
clonal antibody against the a-subunit of Na/-K/

ATPase. The phosphorylation of Na/-K/ ATPase dem- FIG. 3. Time course of endogenous CaM kinase mediated phos-
onstrated here may not be due to the formation of the phorylation of the a-subunit of the Na/-K/ ATPase. The top is an

autoradiogram showing time of the phosphorylation reactionacylphosphate (aspartyl phosphate) intermediate of
whereas below is the densitometric scan analysis of the data. TheNa/-K/ ATPase because: a) phosphorylation was ob-
SL membranes were incubated in the standard assay medium in theserved only in the presence both of Ca2/ and calmodulin presence of Ca2/ and calmodulin (see ‘‘Materials and Methods’’), and

but not Ca2/ or calmodulin alone; and b) acylphosphate the time course of phosphorylation was monitored by removing ali-
quots of the reaction mixture at various time intervals indicated.does not survive the alkaline conditions of SDS-PAGE
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FIG. 4. Effects of compound W-7, a calmodulin inhibitor, and ouabain, an inhibitor of Na/-K/ ATPase, on the endogenous CaM kinase
mediated phosphorylation of the a-subunit of Na/-K/ ATPase. The autoradiogram on the left side shows the effect of 100 and 200 mM
concentrations of compound W-7 whereas that on the right side shows the effect of 1 mM, 0.1 mM and 1 mM concentrations of ouabain.
The phosphorylation reaction was carried out in the presence and absence of varying concentrations of these inhibitors. Experimental
details are as described under ‘‘Materials and Methods’’.

(200 mM) were required to completely inhibit CaM ki- effect of CaM kinase phosphorylation on cardiac sarco-
lemmal Na/-K/ ATPase activity was studied. Mem-nase phosphorylation. This may be due to the presence

of a significant amount of endogenous calmodulin in branes were phosphorylated in the presence and ab-
sence of Ca2/ and calmodulin for 45 sec and the Na/-K/the rat heart sarcolemma in addition to the added exog-

enous calmodulin (2 mM). In fact endogenous calmodu- ATPase activity was estimated. Fig. 5 shows a marked
inhibition of the Na/-K/-stimulated ATPase activitylin in rabbit myocardial sarcolemma has been reported

to be 1.4 micrograms/mg membrane protein (24). None- (Ç 50%) and digitoxigenin-sensitive Na/-K/ ATPase
activity (Ç40%) by phosphorylation due to CaM kinase.theless, our results with compound W-7 provide further

confirmation of the calmodulin dependence of the en- Digitoxigenin was utilized in preference to ouabain be-
cause digitoxigenin, unlike ouabain, inhibits the Na/-dogenous CaM kinase. On the other hand, different

concentrations of ouabain, an inhibitor of Na/-K/ K/ ATPase activity markedly in the membrane vesicu-
lar preparation due to its freely permeable nature (27).ATPase (26), did not exert any effect on the endogenous

CaM kinase phosphorylation (Fig. 4). Likewise, digitox- The marked inhibition of the enzyme activity due to
CaM kinase phosphorylation observed in this study isigenin (200 mM), another inhibitor of Na/-K/ ATPase,

was also found to show no action on the CaM kinase consistent with a report indicating 50% inhibition of
the ouabain-sensitive Na/-K/ ATPase activity inmediated phosphorylation.

In order to examine whether the catalytic function hearts from spontaneously hypertensive rats in the
presence of calmodulin (28). Calmodulin was alsoof Na/-K/ ATPase is regulated by CaM kinase, the
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