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Abstract-The effect of isoproterenol on the activity of Na+,K*-stimulated ATPase, a 
membrane-bound enzyme, from dog hearts was studied. In isoproterenol-heated hearts the 
yield of the membrane fraction enriched in sarcolemma was increased, and Mg’+- and 
N+,K ‘.-ATPase. S-nucleotidase and succinic dehydrogenase activities were decreased. A 
decrease in the activity of marker enzymes in the fractions of heavy microsomes and mito- 
condria was also observed. Thus using marker enzymes as a measure of purity, no increase 
in mutual contamination of the isolated subcellular fractions could be detected. Investiga- 
tion of special properties of Na’,K+-ATPase showed alteration in pH optimum, changed 
X, value and increased sensitivity to HgCI,. without any significant increase in the content 
of protein-bound sulfhydryl groups. These effects of isoproterenol can be attributed to des- 
truction of membrane and/or other cellular proteins allowing more non-enzyme protein to 
sediment with the isolated fraction or to a more specific influence on the properties of 
Na+,K”-ATPase. 

OVERDOSAGE of isoproterenol has been known to produce, in ~x~rimental studies, 
heart enlargement and “infarct-like” myocardial lesions.i-5 Several hypotheses were 
proposed regarding the etiology of the lesions. Almost all of these hypotheses pre- 
sume cell membrane injury associated with altered permeability to mono- and di- 
valent cations, water etc.,6-8 altered intracellular ATP level, loss of ATP synthesis’ 
and disturbance of the Ca” signal regulating energy flux in heart muscle,io all of 
which may generate, together with a probable lack of oxygen, uncoupled ATPase 
activities.” In view of the fact that the membrane-bound Na+,K+-ATPase (ATP 
phosphohydrolase, EC 3.6.1.3) enzyme complex has been established to be directly 
related to the energy-dependent translocations of Na+ and Kf across the plasma 
membrane12-14 we decided to study the effects of isoproterenol on cardiac Na+,K+- 
ATPase activity. 

MATERIALS AND METHODS 

Adult mongrel male dogs were used. A single subcutaneous injection of 7.5 mg iso- 
proterenol per kg body weight was administered. Twenty-four hours later the hearts 
were removed, under pentobarbital anaesthesia. Approximately 5 g of heart left ven- 
tricles was freed from fat and connective tissue, thoroughly washed in ice-coid 
medium (0.25 M sucrose, 1 mM EDTA, 10mM Tris-HCl, pH 7.4) to remove blood, 
and the subcellular fraction containing Na+,K+-stimulated, Mg2+-dependent 
ATPase was isolated according to the procedure of Matsui and Schwartz” The 
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amount of protein sulfhydryl groups in this preparation was determined using Ell- 
man’s reagent. I6 To assay Na+,K+- and Mg 2+-ATPase activities the fraction was 
incubated at 37” for 10 min in a total volume of 1 ml containing 50 mM Tris-HCl, 
1 mM EDTA, 5 mM MgCl,, 4 mM Tris-ATP, 100 mM NaCl and 20 mM KC1 at 
pH 7.4, with or without 2 mM ouabain. Both KC1 and NaCl were omitted from the 
reaction mixture for the determination of Mg ” -ATPase activity. The reaction was 
stopped by addition of 1 ml of 12% trichloroacetic acid. The amount of Pi released 
into the medium through ATP hydrolysis was estimated in the protein-free filtrate 
by the method of Taussky and Shorr” and values were corrected in respect to the 
non-enzymatic hydrolysis of ATP. Protein concentration was determined by the pro- 
cedure of Lowry et al.18 The purity of the membrane fraction was examined electron- 
microscopically and also by testing its Mg’+- and Na+,K+-ATPase activities in the 
presence of ouabain, oligomycin and NaN,. 

As a further test for the purity of the membrane fraction the activities of S-nucleo- 
tidase (5’-ribonucleotide phosphohydrolase EC 3.1.3.5) and succinic dehydrogenase 
[succinate (acceptor) oxidoreductase EC 1.3.99.11 were estimated in the crude frac- 
tion, before NaI treatment, in the NaI-treated fraction as well as in the fractions of 
heavy microsomes and mitochondria, the last being isolated as described else- 
where.” 5’-Nucleotidase activity was measured according to Muir et aL2’ using a 
protein concentration of 25(X300 pg/ml and 10 mM NiC12 as inhibitor of unspecific 
AMP-splitting.enzyme activities. Succinic dehydrogenase activity was determined by 
the method of Price and Thimann2’ modified by Wrogemann and Blanchaer.22 The 
reagents used were the purest obtainable, purchased from Merck, Darmstadt and 
Sigma Chemical Co., St. Louis. 

RESULTS 

Changes in enzyme activities and yield of the sarcolemma-enriched membrane frac- 
tion. The yield of the subcellular fraction from control hearts was 0.65 _+ 0.07 mg 
protein/g muscle whereas that from isoproterenol-treated hearts was increased, to 
0.84 _+ 0.03 mg protein/g muscle (P < 0.05). On the other hand, the activities of 
Mg2+-ATPase and Na+,K+-ATPase in the above preparation decreased following 
isoproterenol treatment from 7.85 * 0.60 to 3.06 + 0.80 and from 12.70 + 1.50 to 
4.36 + O+Opmoles of ATP hydrolysed/mg of protein per hr, respectively. All 
changes were significant with P < 0.001 (n = 7 in all groups). 

The depression of Mg2+-dependent, Na’,K+-stimulated ATPase(s) activity after 
isoproterenol administration was accompanied by a decrease in the activities of 5’- 
nucleotidase and succinic dehydrogenase in crude (before NaI treatment) and in pur- 
ified (after NaI treatment) membrane fractions enriched in sarcolemma as well as in 
fractions of heavy microsomes and mitochondria (Table l), which were isolated to 
check the validity of the fractionation procedure. In the control heart both the crude 
and the NaI-treated fractions enriched in sarcolemma were contaminated by mito- 
chondria, containing 4.74 and 2.63 per cent respectively of the succinate dehydro- 
genase (SDH) activity of the mitochondrial fraction. The contamination by mito- 
chondria of the same fractions from isoproterenol-treated hearts established by the 
presence of SDH activity represented 4.47 and 2.63 per cent of the lowered mitochon- 
drial SDH activity observed after isoproterenol treatment. However, no measurable 
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No+ mM 

120 
Kf mM 

FIG. 1. Na+,K+-stimulated ATPase activities of the hearts from control and isoproterenol-treated dogs 
in the presence of varying concentrations of Na+ and K+ in an incubation medium containing 50 mM 
Tris-HCl, pH 7.4, 1 mM EDTA, 5 mM MgCl,, 4 mM TrissATP with and without ouabain (0.2 mM) for 
10 min at 37”. Na+,K+-stimulated ATPase activity was calculated by subtracting the values in the pres- 

ence of ouabain from those in the absence of ouabain (n = 5). (0) Control; (0) isoproterenol-treated. 

Na+,K’-ATPase activity could be detected in fractions of heavy microsomes and 
mitochondria. 

The content of protein-bound sulfhydryl groups in the fraction containing 
Na+,K+ stimulated Mg2+-ATPase increased in the isoproterenol treated hearts 
from 8.60 + 0.85 to 9.55 $- 1.05 pmoles/mg protein, but the difference was not sig- 
nificant (n = 5 ; P > 0.05). 

Changes in some special properties of Na’,K+-All’ase. The extent of isoproter- 
enol-induced diminution of Na+,K+-ATPase activity was found to be characteristic 

PH 

FIG. 2. Na+,K+-stimulated ATPase activities of the hearts from control and isoproterenol-treated dogs 
at different pH of the incubation medium. Membrane fractions (6@70 ng/ml) were incubated in a medium 
containing 50 mM Tris-HCl, 1 mM EDTA, 5 mM MgCl,, 4 mM Tris-ATP, 100 mM NaCl, 20 mM KCl. 
at different pH with and without ouabain (0.2 mM) for 10 min at 37”. Na+.K+-stimulated ATPase acti- 
vity was calculated by subtracting the values in the presence of ouabain from those in the absence of oua- 

bain (n = 5). (0) Control; (0) isoproterenol-treated. 
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TABLE 2. THE INFLUENCE OF SOME ~~~~B~~Rs ON Mg 2 ‘-ATP,GE AND NA’,K*-ATPA.% ACTIVITIES tso- 
LAXZD FROM NORMAL AND ISOPROTERENOL TREATER W?R’iZi 

Inhibitor 
Inhibition in % of original activity 

Mg”-GTPase Na+,K+-ATPase 

Control 
hearts 

fsoproterenof 
treated 
hearts 

lo-’ M Ouabain 
5 pg/ml Oligomycin 
5 mM NaN, 
0.i mM HgCI, 

10W5 M Ouabain 
5 @g/ml Qligomycin 
5 mM NaN3 
@1 mM HgCl, 

The results are expressed as mean k SE. of three estimations. Membrane fractions (6@70 pg/ml) were 
incubated in a medium containing 50 mM Tris-HCl pH 7.4, 1 mM EDTA, 5 mM MgCl,, 4 mM Tris- 
ATP, 100 mM NaCl, 20 mM KC?. 

in a wide range of Na+ :K+ ratios (Fig. 1); maximal activities in both controls and 
in isoproterenol-treated dogs were observed in the presence of 100mM Naf and 
20 mM K’. The pH optimum for Naf ,K’-stimulated ATPase was 7.6 for control 
and 7.2 for isoproterenol-treated hearts (Fig. 2). 

The Ic, value of Na+,Ki-stimulated ATPase was 6-6 x 1W4M and 1.20 x 
10e4 M. For control and isoproterenol-treated heart respectively. 

~n~ue~~ of some i~~~~~t~rs an Na~,K~-AT2%se ~ct~~~t~. No essential differences 
in ouabain, sodium azide and oligomycin sensitivity could be found in Na+,K+- 
ATPase and Mg ’ ’ -ATPase preparations obtained from control and isoprotere~ol- 
treated hearts. An increase in the inhibition of Na+,K+-ATPase by HgQ2 was found 
in isoproterenol-treated heart (Tabie 2). 

DISCUSSION 

In trying to explain the observed decrease of Na”,K” -ATPase and Mg2’ -ATPase 
activities and the increased yield of the respective subcellular fraction at least two 

-0.5 0 0.5 I.0 L.5 2.0 
S 

hcz 3. Hanes plot of the effect of ATP ~~n~ntrat~ons on Na+,K+-ATPase activity. Concentrations 
of ATP ([S]) are expressed in mM and the velocity (V) in pmoles ffi li~rated/mg protein per hr. The 
straight line was plotted by linear regression and extrapolated to esnnate fc,. The in~bation medium 

was the same as described in Figs. 1 and 2 (0) Control; (e) ~soproterenol-seated. 
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interrelated influences should be considered: (a) unspecific overall tissue destruction 
by isoproterenol accompanied by elevated intracellular Ca2+ concentration resulting 
in an overall decrease in the activities of structurally bound enzymes such as acto- 
myosin ATPase,23 Na+,K+-ATPase, MgZf -ATPase, SDH and 5’-nucleotidase in 
various membrane fractions (for the latter see Table 1). (b) Changes of some specific 
properties of enzymes particularly those of Na+,K+-ATPase, such as pH optimum, 
some kinetic properties (K, value) and increased sensitivity to HgC12 (see Figs. 2 and 
3 and Table 2). 

The above conception is supported by the fact, that the observed decrease by 65.6 
per cent of Na+,K+-ATPase by 61.0 per cent of Mg2+-ATPase, by 74.6 per cent of 
5’-nucleotidase and by 33.4 per cent of SDH activities cannot simply be explained 
by a 29.0 per cent increase in the yield of the NaI-treated fraction after isoproterenol 
administration. Neither can these results be explained by contamination of the sarco- 
lemma-enriched membrane fraction by other membranes nor by altered validity of 
the fractionation procedure for isoproterenol-treated plasma membranes, since an 
approximately similar depression in the activities of marked enzymes could be 
observed in plasma membrane fractions, as well as in microsomal and mitochondrial 
fractions (see Table 1) thus not showing any increase in their mutual contamination. 
The increased yield of the NaI-treated membrane fraction can therefore be consi- 
dered to be due to more non-enzyme protein being separated by the same procedure. 
This protein may originate from destroyed membranes and other destroyed cellular 
compartments6*‘0 which then may have altered properties in regard to isolation. 

As regards changes of specific properties of Na+,K+-stimulated Mg2+-dependent 
ATPase it should be pointed out that our control values were similar to those 
reported by other authors as to pH optimum,14 influence of Na+ and K+,24 K, and 
V,,,“’ and influence of certain inhibitors.14V’ s,26 
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