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STUDIES ON THE DISTRIBUTION OF
ADENOSINETRIPHOSPHATASE

JOHN REBAR, JR., BLANCHE TIGERMAN, AND CHARLES D. PROCTOR

Stritch School of Medicine,

For a considerable time our in-
terest has been focused on the en-
zymatic activity of the heart and
other organs under the influence of
digitalis-like glycosides. One of
these enzymes is adenosinetriphos-
phatase (ATPase).

Our previous work, directed by the
late Dr. A. G. Mulder (1951 :95)
had demonstrated a significant de-
crease in the adenosinetriphosphate
(ATP) content of dog hearts in situ
in experimentally induced pathologi-
cal states as compared with normal
dog hearts in situ. It is conceivable
that the decreased mechanical effi-
ciency observed in the hearts ex-
amined in these cases might be cor-
related with the decreased ATP
levels found. It is also possible that
at least a part of the mechanism of
action of the cardiac glycosides
might reside in their effect on the
enzyme system which regulates the
level of ATP in heart muscle.

The ATPase is responsible for the
hydrolysis of ATP in the muscular
tissue. Within the scope of our pres-
ent knowledge it would seem that the
balance between the ability of the
carbohydrate metabolism to produce
ATP and the activity of ATPase is
the principal factor governing the
level of ATP in the myocardium.

It has been shown by Barron and

Singer (1945) that ATPase is a
sulfhydryl eritical enzyme. This

property of the enzyme affords a

Loyola University, Chicago

mechanism by which the cardiac
glycosides may inhibit the ATPase,
thus preserving the ATP in the tis-
sue. Digitalis-like glycosides con-
tain an unsaturated lactone ring at
(.17 in the steroid moiety of the
molecule, the integrity of which is
essential for cardiac activity. The
presence of erit ical sulfhydryl
groups in ATPase and the presence
of a sulthydryl reactive unsaturated
lactone ring in the cardiac glycosides
presents the possibility of a glyco-
side-produced oxidation and/or com-
plexing of ATPase sulthydryl, yield-
ing inhibition of the enzyme and
preservation of ATP. Such an in-
hibition would foster increased effi-
ciency of cardiac contraction by the
sparing of ATP.

Our preliminary experiments seem
to indicate that administration of
caleulated therapeutic doses of digi-
toxin to dogs results in a rise of the
adenosinepolyphosphate (APP)
content of the heart, as compared
with the APP levels in control un-
digitalized dog hearts.

We have shown (Proctor, et al., in
press) in another series of experi-
ments employing the method of Ack-
erman and Potter (1941) that the
complex formation between digi-
toxin and ATPase is reversible.
Analyses of digitoxin ATPase in-
hibition, according to the method of
Hunter and Downs (1945), indicate
that the inhibition is substrate com-
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petitive and is therefore subject to
regulation by the substrate concen-
tration. A postulation which would
involve preservation of ATP by vir-
tue of cardiac glycoside inhibition
of ATPase due to a sulfhydryl
mechanism must countenance the ex-
istence of the sulfhydryl eritical
enzymes which are normally in-
volved in ATP syntheses. It would
appear that a selective inhibition by
sulfhydryl reaction with specific en-
zymes such as ATPase, to the exclu-
sion of such action on other enzymes,
is indeed possible in the case of the
cardiac glycosides.

Taking all these hypotheses into
consideration, we have undertaken
a series of in vitro studies of the dis-
tribution of ATPase activity in the
heart, muscle, kidney, liver, brain,
and the gut, as a part of the pre-
liminary work involved in our re-
search.

METHODS

ATPase activity of the tissue
homogenates was determined by a
method like that used by Bell, Carr
and Krantz (1952) to determine
ATPase activity in arterial walls,
The method of Griswold, Humeller,
and MecIntyre (1951) was used to
determine the phosphate liberated.
Phosphate spectrophotometer read-
ings were taken at 660 my wave-
length rather than at 450 mp wave-
length which they used. Modifica-
tions in the homogenate levels for
the tissues had to be made to effect
measurable enzyme action within
limits imposed by the enzyme levels
available.  'We have found 2%
homogenates of all organs most suit-
able for our work. We have also
substituted NaCl-glycine buffer at
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pH 7.0 forthe veronal buffer used by
Bell and co-workers, so as to exclude
any possible effect due to the bar-
biturate.

Rabbits were sacrificed by a blow
to the head. Dogs were anesthetized
with pentobarbital, 29 mg./kg. body
wt., intraperitoneally. After sacri-
ficing the animals, the organs were
removed and placed in ice-cold water.
Weighed tissue was then homoge-
nized, in cold sand with a previously
chilled mortar and pestle, and dilut-
ed to volume, This homogenate was
then centrifuged for 5 minutes at
590 x G to yield a distinetly turbid
supernatant fluid. This was then
kept in a constant temperature water
bath at 37° C. for 30 minutes. Mean-
while the reaction mixture was pre-
pared, consisting of 1.2 ml. 0.1 M
NaCl-glycine buffer, 1 ml. of 0.0096
M diNaATP, 0.5 ml. 0.032 M CaC1,,
and 1.1 ml. of water. To this, 1 ml,
of the 2% homogenate was added at
the end of the incubation period,
The mixture was well mixed and
again placed in the water bath, this
time for 15 minutes. The enzymatic
reaction was stopped with 0.2 ml. of
0.1 M Na acetate saturated with
ammonium sulfate and kept at 0° (.
for 10 minutes. After filtration, to
2 ml. of the filtrate, 3 drops of con-
centrated NH,OH and 1 ml. of Mg
mixture were added, and the solu-
tion kept in the refrigerator over-
night to precipitate the phosphate.
On the following day the determina-
tion of the phosphate liberated was
concluded.

REesvLTs

The ATPase units have been ex-
pressed as micrograms P liberated
by 1 mg. of tissue in 15 minutes,
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TapLe 1.—Distribution of ATPase Activity in the Rabbit.1
Experiment ‘ | ‘ .
number Heart ‘ Muscle | Liver Brain Kidney Gut
— l !

y - S U 0.760 2.100 1.120 0.370 2.400 1.100
B e g e R 0.300 2.800 1.425 0.475 0.325 0.850
E: S ‘ 0.725 1.875 1.475 0.725 2.100 4.175
. e 0.470 2400 0.970 0.770 0.520 2.070
B oommsmne seppme 40 0.625 2.750 | 1.600 0.475 2.300 0.500
Average......... 0.576 2.384 L1318 0.563 ! 1.529 1.739
+ . 085 ] +.114 +.077 + 433 + . 150
t=9.0 t=5.3 t=0.1 t=2.5 ] t=—4.3

1 Expressed as units of ATPase defined as meg. P libernted by 1 mgm. of tissue in 15 minutes.

TABLE

-

2. —Distribution of ATPase Activity in the Dog.

] |

Experiment ‘
number Heart \ Muscle ‘ Liver \ Brain Kidney Gut
7 SRR Sy , |
L o 0.702 1.500 2.100 1.075 3.725 0.600
TR 0.950 2.220 1.800 0.970 0.320 2.100
A == | 1.275 1.725 2050 1.000 3.400 1.150
TN 0.800 2.420 4.400 1.200 4.500 2.900
B e et ‘ 1.575 1.825 2.375 1.400 2.125 2.300
AVerage. ... .- \ 1.060 1.938 2.545 1.169 | 2.814 1.810
+ 161 +.167 +.211 + .080 +.748 +.400
| t=3.7 t—=2.9 =0.6 | —2.3 -| =1.7

1 Expressed as units of

The results obtained with rabbits
are listed in Table 1. Data from each
experiment listed by number present
findings from the organs of an indi-
vidual animal. From Table 1 it can
be seen that with the exception of
the brain, all organs have higher
ATPase activity than the heart. It
seems that the brain and the heart
show about the same ATPase ac-
tivity.

Data in Table 2 show the results
in the dog. Bach experiment lists
the findings for a given animal. Ex-
amination of the data reveals that
the distribution pattern observed in
the dog is similar to that observed

ATPase defined as meg. of P libe-ated by 1 mgm. of tissue in 15 minutes,

in the rabbit. However, in the dog,
the heart, brain, and liver show
greater ATPase activity per se than
in the rabbit. The apparent differ-
ence in the kidney is not statistically
significant. More experiments of this
type ave still in progress. '

DiscussioN

The rvesults of this preliminary
study have been of great interest to
us in a consideration of the hypoth-
esis on the mechanism of cardiac
olycoside action which we have re-
cently advanced (Proctor, et al., in
press). Based on findings previously
reported, the hypothesis postulates a
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digitalis glyeoside induced inhibi-
tion of ATPase, the degree of which
is regulated by the ratio of ATP
coneentration to enzyme level. To
ascertain whether or not our postu-
lates meet the test presented by the
relative organ specificity of action
on the heart, exerted by the thera-
peutic doses of cardiac glycosides,
determination of the ATPas> levels
and ATP content of the various
mammalian organs is necessary. Ex-
tra-cardiac ATPase levels equal to
or greater than that found for the
heart would support our hypothesis,
and therefore the experiments re-
perted here tend to sustain our ori-
ginal contentions. None-the-less, it
should be pointed out that the final
conelusion relative to this portion of
the mechanism cannot be arrived at
until the corresponding organ ATP
levels have been determined. This
is true even though digitoxin inhibi-
tion of ATPase has been shown to
be competitive in type, regulated by
substrate concentration and effected
to the highest degree in the heart.

SUMMARY

The ATPase activity of heart,
skeletal muscle, brain, gut, liver, and
kidney of the rabbit and dog has
been determined. The distribution
pattern for the enzyme is similar in
each species. No species difference
has been found in the case of the
gut, skeletal muscle, and kidney. The
ATPase activity of heart, brain, and
liver is greater in the dog than in
the rabbit. In both animals all the
organs except the brain are signifi-
cantly greater than the heart in
ATPase activity. The ATPase ac-
tivity of the brain is essentially
equal to that of the heart. The find-
ings have been discussed in relation-
ship to the action of cardiac glyco-
sides on the heart.
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