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Abstract—The effects of norepinephrine and dopamine were investigated on NaK-ATPase {ATP phos-
phohydrolase EC 3.6.1.3) activity from a beef brain microsomal preparation. These catecholamines
can produce a 1.5-fold activation in the NaK-ATPase activity. The catecholamines exert their effect
by reversal of divalent metal inhibition of NaK-ATPase activity. The physiologically important divalent
metals, Cu®*, Zn?*, Ca**, and Fe** are well-known inhibitors of NaK-ATPase. Norepinephrine and
dopamine could reverse only the inhibitory effects of Fe?*. A mode! system was devised wherein
the effects of several catecholamines and related compounds were tested for their ability to reverse
the Fe?™ inhibition of NaK-ATPase activity. Effective agents must have an ethylamine side chain
and two hydroxyl groups on the phenyl ring to completely reverse the inhibitory effects of Fe?*
on NaK-ATPase activity. The order of efficacy is isoproterenol > epinephrine = norepinephrine >
phenylephrine. Propranolol can block the effect of isoproterenol. No effect of cyclic AMP either in

the presence or absence of theophylline was observed.

Since 1957, when Skou [1] first demonstrated the
presence of an adenosine triphosphatase in crab nerve
that could be stimulated by Na and K [ATP phos-
phobydrolase, EC 3.6.1.3. (NaK-ATPase)], a great
deal of information has accumulated on the mech-
anism of action of this enzyme and on conditions
that modify its activity (for recent reviews, see Refs
2-4). All available data support the contention that
this enzyme is part of the sodium pump which regu-
lates the Na and K content of animal cells. Recently,
several workers have shown that certain biogenic
amines can modify NaK-ATPase activity in vitro
[5-131.

In 1970, Herd er al. [5] reported that the NaK-
ATPase from brown adipose tissue could be maxi-
mally stimulated with 6 mM norepinephrine and that
this effect could be blocked by low doses of proprano-
lol (4 uM). Subsequently other workers [6-8] using
crude preparations of NaK-ATPase from rat and cat
brain reported the stimulation of NaK-ATPase ac-
tivity by catecholamines. Schaefer et al. {6] reported
the requirement of a soluble, heat stable, dialyzable
factor for the stimulation by norepinephrine. Schaefer
et al. [9] also observed that tetrabenazine could
mimic the effects of dopamine, another stimulatory
catecholamine, and that chlorpromazine could anta-
gonize the effect of dopamine. Clausen and Formby
{107 and Schaefer et al. {117 have shown that the K
activated phosphatase which is believed to be part of
the NaK-~ATPase [2-4] is also stimulated by norepine-
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1 Abbreviations used are: NE, porepinephrine; DOPA,
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phrine. Tria et al. [12] and Glebov and Dmitrieva
{131, however, have reported that epinephrine and
norepinephrine are inhibitors of NaK-ATPase.

The mechanism by which catecholamines increase
NaK-ATPase activity is unclear. However, it is well
known that NaK-ATPase activity is inhibited in vitro
by such biologically important divalent metal ions as
Ca?*, Cu?**, Zn** and Fe?* [14,15]. Furthermore
it is known that catecholamines can form stable com-
plexes with these metals {16, 17]. Therefore, in con-
sideration of the above reported phenomena, one
possible explanation for the activating effect of cat-
echolamines on NaK-ATPase activity is the relief of
divalent metal inhibition through the formation of a
complex. Indeed Schaefer et al. {117 have shown in
a reconstituted system that the activating effect of cat-
echolamines on NaK-ATPase activity requires ascor-
bic acid and a metal, possibly Fe?".

The purpose of this paper is to investigate the acti-
vating effects of catecholamines on NaK-ATPase ac-
tivity from beef cerebral cortex microsomes. by deter-
mining: (a) the requirement for additional factors if
any; (b) the structural features of catecholamines
required for activation of the NaK-ATPase; (c) the
involvement of cyclic 3',5-AMP in the activation; and
{(d) whether any adrenergic blockers can antagonize
the effects of the catecholamines.

MATERIALS AND METHODSY

Microsomes containing NaK-ATPase activity were
prepared from beef cerebral cortex as described pre-
viously [18]. The microsomes were treated with high
concentrations of sodium iodide essentially as de-
scribed by Nakao et al. [19]. Magnesium chloride
was omitted from the sodium iodide solution without
any effect on purification. The Nal treated micro-
somes {Nal-enzyme) had a sp. act. ranging from
50-70 umoles P;/mg protein/hr.
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NaK-ATPase activity was determined by measur-
ing the amount of P, produced in 5 min at 37" under
the appropriate assay conditions. Each reaction tube
contained in a final vol. of 1.0 ml: 30 mM imidazole-
HCL pH 7.0; 130 mM NaCl; 20mM KCl; 8 mM
MgCl,, 4 mM Na,ATP and 3040 ug of Nal-enzyme
protein. The medium for measuring Mg-ATPase ac-
tivity was the same except for the addition of ocuabain
to a final concentration of 0.1 mM. After all additions
except enzyme were made, the reaction tubes were
incubated at 37" for 3min in a shaking water bath.
The reaction was initiated with enzyme and ter-
minated after Smin by the addition of 1 ml of 5%
trichloroacetic acid in chloroform-methanol (1:1).
After vigorous mixing, the tubes were centrifuged for
10 min at 1500 rev/min. The P; in the upper phase
was measured using a modified Fiske-SubbaRow
method [20]. NaK-ATPase activity (ouabain-sensi-
tive) was determined by subtracting the amount of
P, produced in the presence of ouabain from the
amount of P; produced in the absence of ouabain.
All determinations were made in duplicate. Protein
was measured according to the method of Lowry et
al. [21] using bovine serum albumin. Cohn Fraction
V. as the standard.

All chemicals were of the highest grade commer-
cially available and were used without further purifi-
cation. FeCl,, CuCl,, and Zn(C,H;0,), solutions (see
Ref 18) were freshly prepared. The drugs used in this
study were d-norepinephrine d-bitartrate and d-iso-
proterenol HCI (Sterling-Winthrop); d,/-propranolol
HCI (Ayerst); dopamine HCI and [-norepinephrine
d-bitartrate (Schwarz-Mann); phentolamine mesylate
(Ciba); and [-epinephrine d-bitartrate, [-DOPA,
[-phenylephrine HCI, tyramine HCI, /-tyrosine HCI,
catechol,  fi-phenylethylamine, d.[-3-methoxy.4-hy-
droxymandelic acid, d.-normetanephrine, dihydroxy-
phenylacetic acid. and d.l-34-dihydroxymandelic acid
(Sigma). To prevent auto-oxidation each drug was
freshly prepared as a 5mM solution in 5x 1073
NaEDTA, pH 7.0, that was 1 x 107°M in 2-mer-
captoethanol. The EDTA-mercaptoethanol solution,
which was diluted at least 10-fold by the assay
medium, had no effect on the inhibition of NaK-
ATPase activity by divalent metal. Water was glass
triple distilled and all glassware was cleaned in
chromic acid.

RESULTS

Activation of NaK-ATPase by norepinephrine and
dopamine. The addition of norepinephrine or dopa-
mine to the assay mixture for NaK-ATPase from beef
cerebral cortex causes a dose-dependent increase in
enzyme activity (Figs. 1 and 2). The nature of the
increase in activity was established by testing the
effects of these catecholamines on NaK-ATPase from
six different brain preparations. The means and stan-
dard errors for NaK-ATPase activity from the six
brain preparations were calculated for the effects of
each of the drugs and plotted as shown. Slightly
greater enhancement of activity occurred at lower
concentrations of norepinephrine but the character of
the curves is essentially the same. Norepinephrine and
dopamine were equally potent at 5 x 10~ * M. Pre-
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Fig. 1. The efiect of norepinephrine on NaK-ATPase ac-
tivity from beef cerebral cortex. The assays were performed
in duplicate as described in Methods. [-Norepinephrine
was added as the bitartrate salt. The means and standard
errors were calculated from sp. act. obtained from the
assay of six individual beef brain preparations of Nak-
ATPase. Fold stimulation was calculated by dividing the
sp. act. obtained with norcpinephrine by the sp. act.
obtained in the absence of norepinephrine.

liminary experiments showed the activation to be
linear with time.

Effect of ATP on activation of NaK-ATPase by cat-
echolamines. During the course of experimentation it
became necessary to utilize ATP of a different lot
number. A comparison of the effects of dopamine on
NaK~ATPase activity using ATP from two different
lot numbers is shown in Table 1. The activating effect
of dopamine (or norepinephrine—not shown) on
NaK-ATPase activity varies with the ATP supply and
dopamine could no longer increase NaK-ATPase ac-
tivity when ATP from lot No. 2 was used (Table 1).
These data suggest the presence of an inhibitor in the
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Fig. 2. The effect of dopamine on NaK-ATPase activity
from beef cerebral cortex. The assays were performed in
duplicate as described in Methods. Dopaminc was added
as the hydrochloride salt. The means and standard errors
were calculated from sp. act. obtained from the assay of
six individual beef brain preparations of NaK-ATPasc.
Fold stimulation was calculated as explained in Fig. 1.
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Table {. Variability of dopamine stimulation of NaK-
ATPase activity depending on supply of ATP*

Dopamine ATP lot No. | ATP lot No. 2
mM umoles P,/mg protein/hr
0 54.1 80.2
0.125 659 82.0
0.5 83.1 85.2

* Dopamine was added to the final concentrations indi-
cated. NaK-ATPase activity was assayed as described in
Methods. ATP lot No. 1 and ATP lot No. 2 indicate Na,
ATP of different batches from the chemical supplier.

ATP, which varied with the supply of ATP, and
whose effects could be reversed by catecholamines.
Attempts to identify the inhibitory species were not
successful {cf Specht and Robinson [22]). Barium,
which is frequently a contaminant of ATP prep-
arations, is not an inhibitor of NaK-ATPase activity
up to 1 x 107* M (T. D. Hexum, unpublished obser-
vation).

Effect of EDTA on activation of NaK-ATPase by
catecholamines. EDTA can mimic the effects of the
catecholamines (Table 2). The effect of EDTA was
dose-dependent and maximal at 2 x 1072 M. Nor-
epinephrine in the presence of a sub-maximal amount
of EDTA can no longer activate NaK-ATPase ac-
tivity to any significant degree (Table 3, lot No. i
ATP contains the inhibitory substance). A submaxi-
mal amount of EDTA was used in the presence of
norepinephrine since higher concentrations of EDTA
may alter the concentration of the substrate, MgATP.
The increase in activity produced by norepinephrine
at an EDTA concentration of 0.5mM is only 10 per-
cent (Table 3) whereas in the absence of EDTA the
activation is 40 percent {Fig. 1). Since {a) EDTA is
a chelator of divalent metals, (b) ATP complexes to
divalent metals [23], {¢) norepinephrine and dopa-
mine form stable complexes with divalent metals
{24-26], and (d) divalent metals are inhibitors of
NaK-ATPase activity [14, 15,181, it appears that the
mnhibitor is a divalent metal or metals. The NakK-
ATPase was not the source of inhibitory metal in
the experiments reported here because EDTA was in-
cluded in each step of the enzyme preparation. There-
fore by proper choice of the source of ATP the acti-
vating effects of norepinephrine and dopamine could
be reduced to an insignificant level.

Table 2. Stimulation of NaK-ATPase activity

by EDTA*

EDTA Specific activity
mM umoles P/mg protein/hr
0 399
0.1 40,7
Q.5 494
1.0 650
2.0 72.8

*EDTA (sodium salt) was added 1o the
final concentrations indicated. NaK-ATPase
activity was assayed as described in
Methods. The ATP used in the NaK-ATPase
assay contained an inhibitory substance.

Table 3. Stimulation of NaK-ATPase activity
by norepinephrine in the presence of EDTA*

Specific activity

Norepinephrine pmoles P/mg
mM protein/hr
0 615
0.05 64.6
0.125 69.1
0.25 744
0.5 740

* Norepinephring was added to the final
concentrations indicated. NaK-ATPase ac-
tivity was assayed as described in Methods.
Each tube contained 0.5 mM EDTA (sodium
salt), The ATP used in the NaK-ATPase
assay contained an inhibitory substance.

Effect of dopamine und norepinephrine on inhibition
of NaK~ATPase hy Cu**., Cu**, Zn**, and Fe*™*. Di-
valent metals which are present in nervous tissue and
particularly at the synapse are Cu?*, Zn*", Fe’™,
{16,171 and Ca®”. These metals are also inhibitors
of NaK-ATPase [ 14, 15, 18]. Therefore in light of the
fact that catecholamines can increase NaK-ATPase
activity by relieving divalent metal inhibition, it
seemed plausible to investigate whether any of these
metals may be involved in the activation of NaK-
ATPase by catecholamines.

The effects of norepinephrine in reversing the inhi-
bition produced by low concentrations of Cu’",
Fe?*, Zn** and Ca®* are shown in Table 4. Nor-
epinephrine is completely effective in reversing the in-
hibitory effects of Fe?” but ineffective in reversing
the inhibitory effects of Cu?". Zn** and Ca**. Simi-
lar results were obtained for dopamine {not shown).

Effects of catecholamines and related compounds on
Fe*™ inhibition of NuK-ATPase activity. As a result
of the findings that catecholamine activation of NaK-
ATPase can be mediated specifically by Fe?™. it was
decided to determine the structural features for cat-
echolamines to be active in this system. The effect
of increasing concentrations of various compounds on
Fe?* inhibition of NaK-ATPase activity are pre-
sented in Fig. 3. Dopamine, norepinephrine. epineph-
rine, and isoproterenol at 5 x 107*M can all com-

Table 4, The effect of norepinephrine in reversing the inhi-
bition of NaK-ATPase activity by divalent metals*

Norepinephrine  Cu?"* Fe* Zn*" Cat?
mM pmoles Pimg proteinhr
0 {66.77% (63.7) (66.7) (62.9)
Q0 127 319 399 472
0.005 119 327 391 44.2
0.025 119 42.1 361 46.3
0.25 9.3 62.0 378 47.2
0.5 8.5 64.6 40.8 50.1

* Norepinephrine was added to the final concentrations
as indicated. The final concentrations of inhibitory divalent
metals are Cu?™, 0025 mM: Fe**. 005; Zn**, 0.05 mM;
and Ca**, 0.2 mM. NaK-ATPase activity was assayed as
described in Methods.

t The specific activities given in parentheses arc values
obtained in the absence of added norepinephrine or di-
valent metal and are control values.
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Fig. 3. The effect of various agents on Fe?* inhibition of NaK-ATPase. The assays were performed
in duplicate as described in Methods. Percent reactivation was calculated by dividing the differences
obtained when the activity in the presence of Fe?* is subtracted from the activity obtained in the
presence of Fe?* plus agent, by the difference obtained when the activity in the presence of Fe?”

bsence of both Fe” and agent. The various agents
: O, l-epinephrine; @, dopamine; O. /-phenvlephrine:

and x, tyramine.

pletely reverse the inhibition of NaK-ATPase by
Fe?". The non-catecholamines are only weakly effec-
tive in reversing the inhibition.

Table 5 gives a comparison of the effects of these
agents with the effects of several other catecholamines

Table 5. Comparison of the eflects of v

and related compounds. Of all the other compounds
tested only -DOPA and d./-3.4-dihydroxymandelic
acid can give any appreciable reactivation of the Fe?*
inhibited NaK-ATPase activity. In addition to con-
taining an intact catechol moiety these compounds

arious agents on Fe?” inhibition of NaK-

ATPase activity*

+Fe?" +
Agent Controlt  +Fe?”* agent Percent
pmoles P;/mg protein/hr Reactivation
a b ¢ d

{-isoproterenol 50.1 27.1 55.7 1243
l-epinephrine 51.2 25.1 51.4 100.8
i-norepinephrine 537 27.0 53.7 1000
d-norepinephrine 61.9 36.3 62.9 103.9
dopamine 51.2 353 51.5 101.9
I-DOPA 68.5 385 65.4 89.7
[-phenylephrine 59.8 314 39.2 27.5
tyramine 54.9 34.1 42.3 394
[-tyrosine 64.6 41.8 40.9 —-3.0
catechol 59.5 28.1 351 223
hydroquinone 58.0 30.5 1.2 —70.2
fi-phenylethylamine 84.8 59.9 57.5 -96
dI-3-methoxy. 4-hydroxy

mandelic acid 66.6 374 395 7.2
d I-normetanephrine 36.0 10.2 16.3 236
dihvdroxyphenylacetic acid 56.2 29.0 39.8 39.7
d.I-3.4-dihydroxy

mandelic acid 66.0 371 58.1 72.7

* The NaK-ATPase activity was measured as described in Methods. All agents

were added to a final concentration of 5
to I x107*M due to its lower solub

x 107* M except tyrosine which was added
ility. All agents were freshly prepared in

5 x 107° M Na,EDTA, pH 7.0 containing | x 10~ M 2-mercaptoethanol and diluted

at least 10-fold in the assay medium. The

concentration of Fe?* was 0.05mM during

the assay. Each value is the average of three separate experiments done in duplicate
(see Methods). The percent reactivation is calculated by dividing the difference

obtained when the value in column b is
the difference obtained when column b
ie. {c — b)fa — b) = percent reactivation

¥ Control values were obtained in the absence of both Fe’

subtracted from the value in column c by
is subtracted from the value in column a;

" and agent.
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Table 6. Relative potencies of catecholamines in reversing
Fe’™ inhibition of NaK-ATPase activity*

Percent
Agent n reactivation P
Epinephrine 3 100.7 + 3.2
Norepinephrine 3 997 + 53 NS.
Isoproterenol 3 1243 + 33 <0.005
Phenylephrine 3 280 +85 <0001

* The experimental conditions and calculation of percent
reactivation are as given in Table 5. The ability of each
agent to reactivate Fe’* inhibited NaK-ATPase was com-
pared to that of epinephrine. The level of significance was
determined using student’s t-test (N.S-—not significant).

also have an ethyl side chain attached to a strongly
electronegative group (carboxyl). All other com-
pounds lack either the catechol groups or an ethyl
side chain. It appears that the catechol group specifi-
cally is required since hydroquinone which has hy-
droxyl groups in the para position is inhibitory in
character. Monohydroxylated compounds such as
tyramine and phenylephrine are only weakly effective;
tyrosine is completely ineffective. The stereospecificity
of the B-carbon does not have to be maintained since
both the d-, and IMorms of norepinephrine are equally
effective. The increase in lipid solubility brought
about by the addition of the isopropyl group may
be responsible for the increased effectiveness of liso-
proterenol (Table 6). Further inspection of Table 6
shows that the effectiveness of catecholamines follows
the beta adrenergic “pattern” of isoproterenol >
epinephrine = norepinephrine > phenylephrine.

Role of cvclic AMP in the reversal of Fe*™ inhibition
of NaK-ATPase. Since catecholamines exert their
effect in some tissues by increasing levels of cyclic
AMP it was decided to test whether cyclic AMP had
any effect on the inhibition by Fe?™ or could poten-
tiate the reversal of Fe?* inhibition of NaK-ATPase
by norepinephrine. Cyclic AMP was found to be com-
pletely without effect in either situation at concen-
trations ranging from 5 x {077M to 5 x 107%M.
The possibility was then considered that the NakK-
ATPase preparation may contain an active phosphodi-
esterase. The effect of theophylline, from
1 x 107 — 1 x 1073 M, was tested on the reversal
of the Fe?* inhibition by catecholamines. Neither
theophylline alone nor theophylline with cyclic AMP
(5x 1077M to 5 x 107*M) had any effect on the
reversal of Fe?™ inhibition.

Effects of various blocking agents on Fe*" inhibition
of NaK-ATPase. Propranolol, a beta adrenergic
blocker, and the alpha blocker, phentolamine were
tested for their ability to block the reversal of Fe’*
inhibition of NaK-ATPase activity by catecholamines
(Table 7). Propranolol at a concentration equal-molar
{5 x 10~* M) with isoproterencl prevents the reactiva-
tion of Fe’" inhibited NaK-ATPase activity (P <
0.025). Phentolamine, however, cannot block the effects
of norepinephrine at equal-molar concentrations
(5 x 107* M). Both blockers were slightly inhibitory
when added to the NaK-ATPase assay system in the
absence of Fe?’. Hence each of the controls given
in Table 7 contained the appropriate blocking agent.
Both norepinephrine and isoproterenol produced

+

I
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N

dose-dependent responses in the presence of the
blocking agent (not shown).

DISCUSSION

The results of this study confirm the earlier findings
of others [6-8], that norepinephrine can increase the
NaK-ATPase activity from brain. Evidence provided
here indicates that the mechanism by which nor-
epinephrine and dopamine increase the NaK-ATPase
activity is by reversal of divalent metal inhibition.
This evidence includes the following facts: (a) nor-
epinephrine and dopamine form stable complexes
with divalent metals [24-26]; (b} divalent metals are
inhibitors of NaK-ATPase activity [14,15,187; (¢)
EDTA can mimic the effects of catecholamines; (d)
EDTA can block the effects of catecholamines on
NaK-ATPasc activity; and (e) the likelihood that the
ATP used in the assay contained a divalent metal
contaminant. Consistent with this evidence are the
findings of Schaefer er al. [6] who reported their cat-
echolamine effect to be dependent on a heat stable,
dialyzable factor. Reversal of divalent metal inhibition
by norepinephrine may also explain the results of
Yoshimura [7] and Iwangoff [8]. These authors did
not take steps to bind divalent metals that might be
present in their assay media.

These findings suggest the possibility that physio-
logically important catecholamines such as norepine-
phrine and dopamine might regulate NaK-ATPase
activity by relieving in situ inhibition by divalent
metals. The plausibility of the hypothesis is supported
by the following observations: (a) the inhibitory
metals Cu?*, Zn**, Fe?*, and Ca®?’ are present in
nervous tissue [16, 17]; (b) Cu**, Zn>* and Fe?" are
potent inhibitors of NaK-ATPase activity with Iges
of 1 uM, 1 uM and 3 uM, respectively [187]; (c) Cu*™,
Zn*>" and Fe**' are present in whole brain tissue at
concentrations sufficient to inhibit NaK-ATPase ac-
tivity: 1.7x107*M, 3x107*M and 11 x107*M

Table 7. Effect of adrenergic blockers on catecholamine
reversal of Fe* inbibition of NaK-ATPase activity*

Addition n  Specific activity p
umoles P;/mg protein/hour

PTA 3 48 + 32
Fe’* + PTA 3 229 +52 <0.001
NE + Fe?™ + PTA 3 435 + 36 NS.
PROP 3 453 + 08
Fe'* + PROP 3 314 + 12 <0.001
1-PROT +

Fe?* + PROP 3 21+ 10 <(.025

* The assays were performed as described in Methods.
The values are reported as the average of three separate
experiments done in duplicate. The table shows for each
adrenergic blocker, phentolamine {PTA) or propranolol
(PROP). the sp. act. in the presence of blocking agent,
the inhibition by Fe?* and the reactivation after addition
of catecholamine, norepinephrine (NE) or isoproterenol
(i-PROT). Concentration of added agents are PTA, 5.3 x
1074 M; Fe?*, Sx 1075M; NE, 5x 10"*M; PROP,
5% 107* M; and i-PROT, § x 107* M. The level of signifi-
cance was determined using student’s -test (N.S.—-not sig-
nificant}.
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for Cu?", Zn*" and Fe’", respectively [27] and (d)
the relief of inhibition by catecholamines occurs in
a rapid fashion. A mechanism for regulating NaK-
ATPase activity by relieving divalent metal inhibition
has been suggested by Bader er «l. [28] although cat-
echolamines were not specifically implicated in their
hypothesis.

A model system was constructed of the effects of
various catecholamines and related compounds on
Fe?™ inhibition of NaK-ATPase activity. Fe?* was
chosen as the hypothetical inhibitor although it has
not been shown to be a regulator of the enzyme in
situ by direct measurement. Support for the use of
Fe** in the model system comes from the observation
that norepinephrine and dopamine were effective in
reversing only the inhibition of the NaK-ATPase
cause by Fe?™ and not the inhibition caused by Cu®™.
Zn?"_ and Ca’" although norepinephrine and dopa-
mine can form complexes with all four of these di-
valent metals [16]. The results of the study to deter-
mine the effects of a series of catecholamines and
related compounds on Fe?” inhibited NaK-ATPase
activity gave an efficacy pattern strikingly similar to
that of the beta adrenergic “pattern™ (Table 6), ie.
isoproterenol > epinephrine = norepinephrine >
phenylephrine.

As can be seen from the structure activity relation-
ships (Table 5) ring hydroxyl groups ortho to each
other are required for maximal activity. Removal of
one of the hydroxyl groups, para placement of the
hydroxyl groups, or methylation of one of the hy-
droxyl groups all result in reduced ability of a com-
pound to reverse divalent metal inhibition of NaK-
ATPase activity. The importance of the ring hydroxyl
groups in Fe’ " chelation is well known (cf Graziano
et al. [29]). In addition to the hydroxyl groups on
the ring, the ethylamine side chain is also important.
For example. the percent reactivation with dopamine
is 101.9 per cent whereas for catechol it 1s only 223
per cent (Table 5). The ethylamine side chain by itself
contributes little to the reactivating effect since
B-phenylethylamine is devoid of activity. Hence,
neither the ring hydroxyl groups nor the ethylamine
side chain by themselves are sufficient for maximal
activity. Only when both are present on the molecule
does the resultant structure produce optimal activity.

Other sites on the molecule which may increase
the efficacy of the compounds include the amino
nitrogen and the f-carbon. Alkyl groups on the
amino nitrogen may increase the lipid solubility of
the catecholamines and thus account for the increased
potency of isoproterenol. The stereospecificity of the
f-hydroxyl group is not important for the reversing
action of the catecholamines (Table 5), since the
(diisomer of norepinephrine is as potent as the
(/)-isomer.

The mechanism by which the catecholamines exert
their effect on the Fe?" inhibition of NaK-ATPase
activity is probably by removal of Fe*™ through che-
lation. Rajan et al. [24] have established the ability
of norepinephrine to form a ternary chelate with Fe?™
and ATP by potentiometric equilibrium studies. The
alternative hypothesis, that Fe®* is involved in the
oxidation of catecholamines, can be ruled out on the
basis of the findings that preincubation of Fe?" with
catecholamines under assay conditions ({minus
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enzyme) and the subsequent use of the catecholamines
to activate Fe’" inhibited NaK-ATPase, does not
reduce their ability to reactivate the inhibited enzyme
(T. D. Hexum, unpublished observation, see also Ref.
16).

Other workers have suggested that catecholamines
exert their effects on NaK-ATPase activity through
a similar mechanism. They have, however. suggested
different requirements for this effect. Schaefer er al.
{117 suggested that Fe*" is the inhibitory metal. Un-
like the study reported here these workers have postu-
lated a requirement for ascorbic acid in the catechol-
amine effect on NaK-ATPase activity. As can be seen
from the above reported results the effect of catechol-
amines on Fe?"* inhibition of NaK-ATPase can be
demonstrated in the absence of ascorbic acid. Fur-
thermore ascorbic acid had no effect on the system
described here (T. D. Hexum, unpublished observa-
tion). Godfraind et al. [30] have suggested that the
effect of catecholamines on NaK-ATPase activity is
due to reliel of Ca*"* inhibition of the NaK-ATPase.
This seems unlikely since no direct effect of catechol-
amines on Ca®"’ inhibition of NaK-ATPase activity
could be demonstrated in the experiments reported
here or by Schaefer er ol. [11].

Additional studies which were designed to establish
the possible physiological significance of the catechol-
amine facilitated reversal of inhibition of NakK-
ATPase activity included the effects of cyclic AMP
and modification by adrenergic receptor blocking
drugs. Cyclic AMP has no action of its own on NaK-
ATPase activity or on the Fe*" inhibition of NaK-
ATPase activity, and could not potentiate the action
of norepinephrine in reversing the inhibition of NaK-
ATPase activity by Fe?*. Furthermore. the addition
of theophylline did not result in an effect by cyclic
AMP. Of the two blocking agents tested only pro-
pranolol was effective in preventing the action of iso-
proterenol to completely reactivate the Fe?* inhibited
enzyme at a concentration equal-molar to that of iso-
proterenol. Propranolol may be exerting its effect by
binding to the NaK-ATPasc at a site near that where
Fe?™ interacts and thus sterically prevent the action
of isoproterenol.

The structure activity relationships reported here
together with the blocking action of propranolol sug-
gest that the catecholamine facilitated relief of inhibi-
tion of NaK-ATPase activity by Fe®' may be of
physiological significance. In addition to the blocking
effect of propranolol reported here, Schaefer er «l. [9]
have shown that chlorpromazine can antagonize the
action of dopamine on the NaK-ATPase. Clearly
more work is needed to further establish the validity
of the hypothesis and is in progress. Points needing
further clarification include the relatively high con-
centration of catecholamine (5 x 107°M ~ 5 x 107*
M) needed to produce the effect, the relatively high
concentration of propranolol needed to block the
action of isoproterenol and the lack of stereospecifi-
city required of the f-carbon. The disruption of the
tissue through homogenization and the subsequent
fractionation may be largely responsible for the lack
of sensitivity of the enzyme.

The possible significance of these findings may be
related to the postulated role of NaK-ATPasc mn
transmitter function. For example, the NaK-ATPase
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has been implicated as the driving force in the uptake
of some neurotransmitters [31]. In addition, Gilbert
and co-workers [32] have suggested that norepine-
phrine may regulate its own release by stimulation
of nerve terminal NaK-ATPase. These workers sug-
gest that the NaK-ATPase is part of the alpha pre-
synaptic receptor believed to be involved in the feed-
back regulation of norepinephrine release. Finally,
Phillis 337 has suggested that catecholamine induced
hyperpolarization of central neurones is a result of
the stimulation of NaK-ATPase. Alternatively, this
particular system may f{ail to prove physiologically
significant but might reflect a mechanism important
in adrenergic function.
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