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REGULATION OF RAT BRAIN (Na* +K*)-ATPase ACTIVITY BY CYCLIC AMP
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The interaction between the (Na* +K™* )-ATPase and the adenylate cyclase enzyme systems was examined.
Cyclic AMP, but not 5-AMP, cyclic GMP or 5-GMP, could inhibit the (Na* +K*)-ATPase enzyme
present in crude rat brain plasma membranes. On the other hand, the cyclic AMP inhibition could not be
observed with purified preparations of (Na* +K* )-ATPase enzyme. Rat brain synaptosomal membranes
were prepared and treated with either NaCl or cyclic AMP plus NaCl as described by Corbin, J., Sugden, P.,
Lincoln, T. and Keely, S. ((1977) J. Biol. Chem. 252, 3854-3861). This resulted in the dissociation and
removal of the catalytic subunit of a membrane-bound cyclic AMP-dependent protein kinase. The decrease in
cyclic AMP-dependent protein kinase activity was accompanied by an increase in (Na* +K*)-ATPase
activity. Exposure of synaptosomal membranes containing the cyclic AMP-dependent protein kinase holoen-
zyme to a specific cyclic AMP-dependent protein kinase inhibitor resulted in an increase in (Na* +K%)-
ATPase enzyme activity. Synaptosomal membranes lacking the catalytic subunit of the cyclic-:AMP-depen-
dent protein kinase did not show this effect. Reconstitution of the solubilized membrane-bound cyclic
AMP-dependent protein kinase, in the presence of a neuronal membrane substrate protein for the activated
protein kinase, with a purified preparation of (Na* +K*)-ATPase, resulted in a decrease in overall
(Na* +K™*)-ATPase activity in the presence of cyclic AMP. Reconstitution of the protein kinase alone or
the substrate protein alone, with the (Na™ + K™ )-ATPase has no effect on (Na* +K™)-ATPase activity in
the absence or presence of cyclic AMP. Preliminary experiments indicate that, when the activated protein
kinase and the substrate protein were reconstituted with the (Na* +K™* )-ATPase enzyme, there appeared to
be a decrease in the Na* -dependent phosphorylation of the Na* -ATPase enzyme, while the K* -dependent
dephosphorylation of the (Na* +K* )-ATPase was unaffected.

Introduction the cell membrane (for references, see Refs. 1 and
2). In addition, the sodium pump is involved,

The sodium-potassium adenosine triphos- either directly or indirectly, in several physiologi-

phatase (Na* + K™ )-ATPase) is the biochemical
manifestation of the sodium pump. The (Na™
+K™*)-ATPase enzyme regulates the active trans-
port of sodium (Na*) and potassium (K*) across
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cal processes. These include (i) the release and
uptake of neurotransmitters [3,4]; (ii) the genera-
tion of the Na®™ and K* gradients across the cell
membrane necessary for the maintenance of the
cell membrane resting potential; (iii) the control of
vascular [5] and visceral [6] smooth muscle tone;
(iv) the transport of glucose across cell membranes
[7}; and (v) the secretion of fluid in several epi-
thelial tissues [8]. The activity of the sodium pump
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is also affected by ethanol [9], as well as by insulin
[10] and thyroid hormone [11].

It is clear that changes in (Na* +K™)-ATPase
activity will affect several physiological processes
and it is apparent that cellular mechanisms must
exist which can closely regulate (Na® +K™Y)-
ATPase activity.

Despite the fact that the enzymatic properties
of the (Na™ +K™*)-ATPase are known in consid-
erable detail, little is known about the cellular
mechanisms that regulate enzyme activity. Evi-
dence from this [12,13] and other laboratories
[14,15], indicate that an important form of control
resides in the cellular mechanisms that regulate
protein synthesis and degradation. Changes in Na™
and K" transport that occur as a result of changes
in enzyme content would occur rather slowly and
would not be an efficient mechanism for produc-
ing rapid changes in transport rates. Therefore, it
is possible that other cellular mechanisms must
exist that are capable of producing a rapid change
in the turn-over rate of the (Na* + K" )-ATPase
enzyme. It is now recognized that cyclic nucleo-
tides can modulate the activities of several enzyme
systems (for references, see Ref. 16). The effects of
cyclic nucleotides in mammalian cells are media-
ted through protein kinases.

Mammalian tissues contain cyclic AMP-depen-
dent protein kinases. There are two principal solu-
ble enzymes, namely protein kinases I and II (for
references, see Ref. 16). The protein kinase iso-
zymes can be readily distinguished from each other
by standard biochemical techniques (for refer-
ences, see Ref. 17). In several tissues, including
brain [18], human erythrocytes [19] and rabbit
heart [20], approx. 50% of the total cyclic AMP-
dependent protein kinase activity is found in par-
ticulate subcellular fractions. This membrane-
bound cyclic AMP-dependent protein kinase activ-
ity is similar to the soluble type Il protein kinase
[21] and may be important in the cyclic AMP-reg-
ulated phosphorylation of specific membrane pro-
teins (for references, see Ref. 22). The phosphory-
lation of specific membrane proteins has been
correlated with changes in membrane function [24]
and in particular, with the transport of ions across
the cell membrane [23].

In a previous communication we have reported
that the (Na* +K™")-ATPase enzyme prepared

from rat brain could be inhibited approx. 30% by
cyclic AMP [25]. In this communication we report
that the mechanism of cyclic AMP inhibition is
mediated through a cyclic AMP-dependent protein
kinase which phosphorylates a substrate protein.
Phosphorylation of the neuronal substrate protein
leads to a decrease in the overall (Na® +K ' )-
ATPase activity. The decrease in (Na' +K")-
ATPase activity appears to be due to inhibition of
the Na™-dependent phosphorylation step of the
(Na* + K™*)-ATPase enzyme.

Materials

[y-*PJATP (>200 Ci/mmol) was purchased
from ICN (Montreal, Quebec) as the sodium salt.
Cyclic AMP, cyclic AMP-dependent protein kinase
inhibitor, Na,-ATP (vanadium free), benzamidine,
histone type 11 S and dithiothreitol were obtained
from Sigma. All other chemicals were of reagent
grade.

Methods

{a) Preparation of synaptosomal membranes with
and without the catalytic subunit of the cyclic AMP-
dependent protein kinase

Synaptosomes were prepared from the brains of
male Wistar rats (180-200g) by standard tech-
niques of differential and density gradient centri-
fugation [26]. The synaptosomal membranes were
prepared by lysing the synaptosomes in an hypo-
tonic medium containing 10 mM Tris-HCI, pH
7.4, followed by centrifugation at 39000 X g for 20
min. The pellet was resuspended in a volume of 10
mM Tris-HCI, pH 7.4, such that the protein con-
centration was approx. 3-4 mg,/ml and divided
into two portions. One portion was mixed with 2
vol. of 20 mM benzamidine, 1.0 mM Na,EDTA,
10 mM Tris-HCI, pH 7.4, while the other portion
was mixed with 2 vol. of the same solution con-
taining in addition 10 uM cyclic AMP. The tubes
were vortexed and centrifuged as before. The su-
pernatants from each tube were poured off and
kept on ice while the pellets were resuspended in
10 mM Tris-HCI, pH 7.4.

(b) Purification of (Na™ + K™ }-ATPase
Rat brain microsomes were obtained as



described by Sweadner [27]. The microsomes were
exposed to 0.055% sodium dodecyl sulphate (SDS),
in the presence of 3 mM Na,ATP, according to
the procedure of Jargensen [28]. Following slow
stirring at room temperature for 30 min, the SDS-
treated microsomes were layered on a discontinu-
ous sucrose density gradient consisting of 10, 15,
20 and 50% sucrose in 5.0 mM imidazole-HCI, 1.0
mM Na,EDTA, pH 7.6. Following centrifugation
at 105000 X g for 3 h, the gradient was fractionated
at each interface. The (Na™ +K™)-ATPase activ-
ity was found at the 35% sucrose interface (be-
tween 20 and 50%) and at the 17.5% sucrose
interface (between 15 and 20%). The enzyme
specific activities at the 35% and 17.5% sucrose
interfaces were 575 and 325 pmol P,/mg per h,
respectively. These preparations of (Na* +K™)-
ATPase did not contain any cyclic AMP-depen-
dent protein kinase activity.

(c) Solubilization of the membrane-bound cyclic
AMP-dependent protein kinase

The membrane-bound cyclic AMP-dependent
protein kinase was solubilized, from the crude
synaptosomal fraction, with 0.2% Triton X-100 in
the presence of 20 mM Tris-HCl, 4.0 mM
Na,EDTA, and 0.1 mM dithiothreitol pH 7.4,
essentially as described by Rubin et al. [21]. The
solubilized cyclic AMP-dependent protein kinase
was placed on a DEAE-Sephacel column (1.6 X 20
cm) which has been equilibrated with 20 mM
Tris-HCl, 40 mM Na,EDTA and 0.1 mM di-
thiothreitol, pH 7.4. The column was washed with
the same buffer until all the unbound protein had
been removed. The cyclic AMP-dependent protein
kinase activity was eluted with the above buffer
containing 350 mM NaCl. The peak of cyclic
AMP-dependent protein kinase activity was pooled
and concentrated with 36.9% (w/v) solid am-
monium sulphate. The precipitated protein was
collected by centrifugation, resuspended in 20 mM
Tris-HCl, 40 mM Na,EDTA and 0.1 mM di-
thiothreitol, pH 7.4, and dialyzed overnight against
1000 vol. of the same buffer. This preparation of
cyclic AMP-dependent protein kinase did not con-
tain any (Na* +K™*)-ATPase activity.

(d) Preparation of the substrate protein
A neuronal membrane protein (substrate pro-
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tein) was isolated from a crude synaptosomal frac-
tion essentially as described by Ueda and Green-
gard [29]. Following the acid and base extraction
procedures, the suspension was fractionated with
80% saturated ammonium sulphate. The precipi-
tated protein was collected by centrifugation, re-
suspended in 20 mM Tris-HCl, 4.0 mM
Na,EDTA, and 0.1 mM dithiothreitol, pH 7.4 and
dialyzed overnight against 1000 vol. of the same
buffer. This fraction could be phosphorylated by
the solubilized cyclic AMP-dependent protein
kinase as reported by Ueda and Greengard [29].
This fraction did not contain any (Na* +K%)-
ATPase or cyclic AMP-dependent protein kinase
activities. The cyclic AMP-dependent protein
kinase and substrate protein was reconstituted with
the (Na* +K*)-ATPase enzyme as described in
the legend to Table III.

(Na* +K*)-ATPase and cyclic AMP-depen-
dent protein kinase activities were assayed as de-
scribed by Post and Sen [30] and Grant et al. [19],
respectively. The substrate protein was phos-
phorylated and visualized as described by Ueda
and Greengard [29]. Protein content was de-
termined as described by Lowry et al. [31] using
bovine serum albumin as a standard.

Statistical analysis, when performed, was done
according to the Student’s z-test. The correlation
coefficients and P values in Fig.2 were generated
by performing a linear regression analysis.

Results

We have previously reported that the (Na*t
+K™*)-ATPase enzyme prepared from rat brain
could be inhibited by low levels of cyclic AMP
[25]. In this investigation we attempted to eluci-
date the mechanism of the cyclic AMP-mediated
inhibition.

It is generally accepted that the effects of cyclic
AMP are mediated through soluble and mem-
brane-bound protein kinases. We posulated that
the cyclic AMP-mediated inhibition of the (Na™*
+K™*)-ATPase enzyme initially proceeded through
activation of a membrane-bound cyclic AMP-de-
pendent protein kinase. We believed that cyclic
AMP would have little or no effect on (Na*
+K*)-ATPase activity if the enzyme had been
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prepared in the presence of activating agents such
as deoxycholate or SDS.

To examine this possibility we prepared mem-
branes, containing the (Na* +K™*)-ATPase en-
zyme, in the absence and presence of activating
agents, and monitored the effects of cyclic AMP
and 5-AMP on (Na™ +K™*)-ATPase activity. The
results (shown in TableI) indicate that cyclic AMP
could decrease the (Na* + K *)-ATPase activity in
membranes prepared in the absence of SDS. The
metabolite, 5-AMP, also produced a small de-
crease in (Na* +K™)-ATPase activity; however,
the effect of 5-AMP was not as pronounced as
that of cyclic AMP.

Table1 also shows that purification of the (Na™*
+K*)-ATPase enzyme with SDS resulted in high
levels of enzyme activity being obtained. Cyclic
AMP and 5-AMP had no effect on the (Na*
+K™*)-ATPase activity. In addition, several other
nucleotides, such as cyclic GMP, 5-GMP, cyclic
CMP, 5-CMP and cyclic TMP, had no effect on
the (Na* +K™*)-ATPase activity (unpublished ob-
servations).

We also monitored the protein kinase activity in
the absence and presence of cyclic AMP. The
results indicated that crude plasma membranes, in
contrast to SDS-treated membranes, contained an
highly active cyclic AMP-dependent protein kinase.

TABLE ]

The activity in the former membranes was 21.1, in
the absence, and 199.8 pmol *P transferred per
mg per min in the presence of cyclic AMP. There
was no detectable protein kinase activity associ-
ated with the SDS-treated membranes. We con-
cluded from these preliminary results that the cyclic
AMP-mediated inhibition of the (Na”™ +K™*)-
ATPase enzyme reported in a previous [25] and
this (TableI) communication initially proceeded
through activation of a membrane-bound cyclic
AMP-dependent protein kinase.

The next step in this investigation was to dem-
onstrate a more direct relationship between the
(Na* +K*)-ATPase enzyme and the cyclic
AMP-dependent protein kinase. To this end, we
utilized a technique originally described by Corbin
et al. [20]. These investigators reported that it was
possible to specifically remove the catalytic sab-
unit of the cyclic AMP-dependent protein kinase
from rabbit heart membranes by treating the
membranes with cyclic AMP and hypertonic NaCl,
but not with NaCl alone. We theorized that re-
moval of the catalytic subunit of the cyclic AMP-
dependent protein kinase should result in an in-
crease in (Na™ +K™*)-ATPase activity.

Synaptosomal membranes were prepared and
treated as described in the Methods. The effects of
the two treatments on total protein kinase activity

THE EFFECT OF CYCLIC AMP AND 5-AMP ON (Na* +K™ )-ATPase ACTIVITY IN RAT BRAIN PLASMA MEMBRANES

Conc. (M) (Na* + K™ )-ATPase activity (% of control)
Crude plasma membranes * Membranes treated with SDS P
Cyclic AMP 5'-AMP Cyclic AMP 5"-AMP
0 100 © 100°© 100 ¢ 100 ¢
10°° 83.2+6.8 91.9+59 107.8 95.4
1078 89.025.0 91.3+0.8 102.9 105.4
1077 86.8=5.6 90.9+2.5 108.3 99.2
10°°¢ 89.7+6.5 95.1%+3.1 107.0 96.9
1073 91.3x3.4 94217 95.4 93.8
10~4 78.8+5.6 92.1+4.1 102.1 102.3

2 Membranes were prepared, in the absence of detergents, as described by Post and Sen [30].

b Membranes were prepared as described by Sweadner [27].

¢ The absolute enzyme activity ranged from 55 to 75 pmol P, /mg per h in three separate experiments. Values are mean*S.E.
9 The absolute enzyme activity was 574.9 pmol P, /mg per h. Values are the means of two determinations done in duplicate.
(Na* + K" )-ATPase activity was assayed as described by Post and Sen [30].



present in the soluble or particulate fractions are
shown in Fig. 1. Following the NaCl treatment
alone, a small amount of protein kinase activity
appeared in the supernatant (Fig.1, group A).
Approx. 30% of the total protein kinase activity in
this fraction was cyclic AMP-dependent. The pres-
ence of this cyclic AMP-dependent protein kinase
activity in the NaCl-soluble fraction can be ex-
plained either by the fact that NaCl was capable
of removing a proportion of the cyclic AMP-de-
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Fig. 1. The effect of treating ruptured synaptosomal mem-
branes with cyclic AMP plus NaCl or NaCl alone on par-
ticulate or solubilized total protein kinase activity. Rat brain
synaptosomal membranes were prepared and treated as de-
scribed in Methods. Protein kinase activity was assayed using
histone as a phosphate acceptor as described by Grant et al.
[19]. (A) The supernatant following the NaCl wash. (B) The
pellet following the NaCl wash. (C) The supernatant following
the cyclic AMP plus NaCl wash (prior to assaying for protein
kinase activity, this fraction was passed through a Sephadex
G-25 column to remove the cyclic AMP added during the
extraction procedure). (D) The pellet following the cyclic AMP
plus NaCl wash. The data are the means=S.E. from 11 experi-
ments. Statistical comparison was as follows: (i) In the absence
and presence of cyclic AMP; A, P<<0.05; B, P <0.05; C, not
significant; D, not significant. (ii) The cyclic AMP-dependent
protein kinase activity in Group B was different from the same
activity in Group D, P <0.05.
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pendent protein kinase holoenzyme from the
membrane or that the centrifugal force and the
time it was applied to sediment the membranes
were insufficient. In keeping with the latter point
it was observed that there was (Na* + K*)-ATPase
activity (12.6 = 4.4 pmol P,/mg per h) present in
the NaCl-soluble fraction. The particulate fraction
(Fig. 1, group B) displayed significant levels of
protein kinase activity of which approx. 43% was
cyclic AMP-dependent.

There was a dramatic increase in the total pro-
tein kinase activity in the cyclic AMP plus
NaCl-soluble fraction (Fig. 1, group C). The pro-
tein kinase activity in this fraction was cyclic
AMP-independent (see legend to Fig.1). As be-
fore, there was (Na™ +K™*)-ATPase activity (14.2
+6.5 pmol P,/mg per h) in this soluble fraction.
The particulate fraction (Fig.1, group D) dis-
played significant levels of protein kinase activity.
This fraction, when compared to the control mem-
brane fraction (Fig. 1, group B), had similar levels
of cyclic AMP-independent protein kinase activity.
However, the cyclic AMP-dependent protein kinase
activity in group D (Fig. 1) was significantly lower
than that in group B (Fig. 1).

It appeared that the experimental technique
described by Corbin et al. [20], when extrapolated
to rat brain synaptosomal membranes, could suc-
cessfully remove the catalytic subunit of a cyclic
AMP-dependent protein kinase.

The effects of the two treatments on (Na%
+XK*)-ATPase activity are shown in Table I1. The
results indicate that treating the synaptosomal
membranes with NaCl alone had no effect on the
absolute (Na®™ +K™*)-ATPase activity since un-
washed synaptosomal membranes had the same
activity as synaptosomal membranes washed with
NaCl alone (Table II). However, washing the
membranes with cyclic AMP plus NaCl produced
a small, but significant increase in (Na* +K™)-
ATPase activity. Washing the membranes with
cyclic AMP alone did not affect the (Na* +K*)-
ATPase activity (unpublished data).

These results suggested that removal of the
catalytic subunit of a membrane-bound cyclic
AMP-dependent protein kinase (Fig. 1) resulted in
an increase in (Na* + K™ )-ATPase specific activ-
ity (Table II). If this was indeed the case then one
would expect a correlation to exist between the
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TABLE II

THE EFFECT OF CYCLIC AMP PLUS NaCl or NaCl
ALONE TREATMENT OF RAT BRAIN SYNAPTOSOMAL
MEMBRANES ON (Na* +K™*)-ATPase SPECIFIC ACTIV-
ITY

Rat brain synaptosomal membranes were obtained and treated
as described in Methods. (Na® +K ™ )-ATPase activity was
assayed as described by Post and Sen [30].

Group (Na* +K*)- % of control
ATPase

activity (pmol

P; /mg protein

per h)

Untreated synapto-
somal membranes
NaCl-treated synapto-

somal 47.5=42 (10) 100
Cyclic AMP plus NaCl

treated synapto-

somal membranes

48.3=4.8" (9)

56.5£4.3¢ (10) 120.3=2.8 ¢

a Values are the mean=S.E. The values in parentheses indicate
the number of experiments.

® The increasein (Na* +K™* )-ATPase specific activity in terms
of percent stimulation ranged from a low of 7 to a high of 32.

¢ These values are significantly different from the NaCl-treated
synaptosomal membranes, P <<0.001.

cyclic AMP-dependent protein kinase activity and
the (Na* + K™*)-ATPase activity in synaptosomal
membranes containing the cyclic AMP-dependent
protein kinase holoenzyme. One would not expect
a correlation to exist between the cyclic AMP-de-
pendent protein kinase activity and the (Na™*
+K*)-ATPase activity in synaptosomal mem-
branes devoid of the catalytic subunit of the cyclic
AMP-dependent protein kinase.

To this end the absolute cyclic AMP-dependent
protein kinase activity (that is, the difference be-
tween the protein kinase activity in the presence of
cyclic AMP minus that in the absence of cyclic
AMP) was plotted against the (Na* + K" )-ATPase
activity from individual experiments and the re-
sults are shown in Fig. 2.

Panel A (Fig.2) shows the negative correlation
that exists between the cyclic AMP-dependent
protein kinase activity and the (Nat +K™')-
ATPase in membranes containing the cyclic
AMP-dependent protein kinase holoenzyme. It is
apparent the individual membrane preparations
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Fig. 2. The correlation between the membrane-bound cvclic
AMP-dependent protein kinase activity and the membrane-
bound (Na* +K™*)-ATPase specific activity following treat-
ment of synaptosomal membranes with cyclic AMP plus NaCl
or naCl alone in individual experiments. Synaptosomal mem-
branes were obtained and treated as described in Methods.
Cyclic AMP-dependent protein kinase activity was assaved as
described by Grant et al. [19]. (Na™ +K " )-ATPase activity
was assayed as described by Post and Sen [30]. Panel A shows
the correlation that exists following treatment of the mem-
branes with NaCl alone. Panel B shows the correlation that
exists following treatment of the membranes with cyclic AMP
plus NaCl. The correlation coefficient and P values in Fig. 2
were obtained by performing a linear regression analysis.

which display high levels of cyclic AMP-depen-
dent protein kinase activity also display low levels
of (Na® +K™*)-ATPase activity. As expected. the
converse is also true. Panel B (Fig. 2), on the other
hand, shows the correlation between the cyclic
AMP-dependent protein kinase activity and (Na*
+K™*)-ATPase activity in membranes lacking the
catalytic subunit of the cyclic AMP-dependent
protein kinase. It is clear that no correlation exists
between the two parameters being examined.

The interaction between the cyclic AMP-depen-



dent protein kinase and the (Na* +K™*)-ATPase
enzyme was examined further by making use of a
specific cyclic AMP-dependent protein kinase
inhibitor. We postulated that inhibition of the
cyclic AMP-dependent protein kinase should re-
sult in an increase in (Na* + K™ )-ATPase activity.
To this end, a commercially available cyclic
AMP-dependent protein kinase inhibitor was ob-
tained. Prior to monitoring the effect of the inhibi-
tor on (Nat +K™")-ATPase enzyme activity, the
specificity of the cyclic AMP-dependent protein
kinase inhibitor was examined. The inhibitor
caused a decrease in the level of cyclic AMP-de-
pendent protein kinase activity in synaptosomal
membranes without affecting the levels of cyclic
AMP-independent protein kinase activity (results
not shown). The inhibitor did not display any
endogenous (Na*t +K™)-ATPase activity (results
not shown).

The protein kinase inhibitor was able to in-
crease (Na* +K™*)-ATPase activity in membranes
containing the cyclic AMP-dependent protein
kinase holoenzyme while it was without effect in
membranes lacking the catalytic subunit of the
protein kinase, except at the highest concentration
used (Fig. 3).

From the results described above we concluded
that the (Na* +K™)-ATPase presented in syn-
aptosomal membranes could be regulated, in part,
by a cyclic AMP-dependent protein kinase. The
next step in this investigation was to elucidate the
mechanism by which the cyclic AMP-dependent
protein kinase could modulate (Na® +K™*)-
ATPase enzyme activity.

To effectively demonstrate an effect of the cyclic
AMP-dependent protein kinase on (Na* +K™*)-
ATPase activity these two membrane components
had to be purified to a certain extent. The (Na*
+K™*)-ATPase enzyme and the cyclic AMP-de-
pendent protein kinase were prepared as described
in the Methods. As stated in the Introduction the
particulate cyclic AMP-dependent protein kinase
present in brain tissue is similar to the soluble type
I1 isozyme. The soluble type II isozyme is capable
of catalysing an intra-molecular phosphorylation
of the regulatory subunit of the solubilized cyclic
AMP-dependent protein kinase in the presence,
but not absence, of cyclic AMP. We were able to
phosphorylate the regulatory subunit of the
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Fig. 3. The effects of a cyclic AMP-dependent protein kinase
inhibitor on (Na* +K*)-ATPase specific activity in synapto-
somal membranes treated with cyclic AMP plus NaCl or NaCl
alone. Rat brain synaptosomal membranes were prepared as
described in Methods. (Nat + K™ )-ATPase specific activity
was assayed in the presence of 20 or 80 ug cyclic AMP-depen-
dent protein kinase inhibitor. The use of 10 pg of cyclic
AMP-dependent protein kinase inhibitor did not affect the
(Na* +K™*)-ATPase specific activity of either membrane pre-
paration. Values are means=S.E. of four separate experiments.

solubilized protein kinase in the presence of cyclic
AMP. The molecular weight of the phosphorylated
peptide was 55000 (results not shown) which is in
good agreement with the other published reports
(see Ref. 21 and references therein).

We attempted to reconstitute the solubilized
cyclic AMP-dependent protein kinase with either
purified preparation of (Na* +K™*)-ATPase. We
discovered that, despite several biochemical
manipulations, we could not demonstrate an effect
of the cyclic AMP-dependent protein kinase on
either purified preparation of (Na®™ +K%)-
ATPase. These results were unexpected in that we
had postulated that cyclic AMP could modulate
(Na* +K*)-ATPase activity through the initial
activation of a cyclic AMP-dependent protein
kinase. It appeared to us that the cyclic AMP-de-
pendent protein kinase did not interact directly
with the (Na® +K™)-ATPase enzyme. We the-
orized that the cyclic AMP-dependent protein
kinase activated a substrate protein which, in turn,
regulated (Na™ +K*)-ATPase activity. We were
of the opinion that purification of (Na™ +K™)-
ATPase with SDS resulted in removal of the sub-
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strate protein from the membrane and that this
accounted for the lack of effect of the cyclic
AMP-dependent protein kinase on the (Na® +
K*)-ATPase in the presence of cyclic AMP.

In 1977, Ueda and Greengard [29], described
the presence of a neuronal membrane protein
(substrate protein) which could be phosphorylated
by a membrane-bound cyclic AMP-dependent
protein kinase. We partially purified this substrate
protein from the crude synaptosomal fraction of
rat brain as described in the Methods. The sub-
strate protein preparation could be phosphory-
lated by the solubilized cyclic AMP-dependent
protein kinase. The molecular weight of the phos-
phorylated substrate protein was between 80000
and 86000 (results not shown) which is in agree-
ment with Ueda and Greengard [29]. The substrate
protein preparation did not display any endoge-
nous cyclic AMP-dependent protein kinase or
(Na* +K™")-ATPase enzyme activities (results not
shown).

We attempted to reconstitute the solubilized
cyclic AMP-dependent protein kinase and the sub-
strate protein with the purified preparations of
(Na* +K™")-ATPase. The results are shown in
Table 111. Using the preparation of (Na™ +K™)-
ATPase that sedimented out at the 17.5% sucrose
interface (specific activity = 325 umol P,/mg per
h) we were able to demonstrate an effect of the
cyclic AMP-dependent protein kinase and sub-
strate protein on the (Na* +K ™ )-ATPase activity
in the presence, but not absence, of cyclic AMP.
The (Na®™ +K7* )-ATPase enzyme activity
decreased approx. 18%. The cyclic AMP-depen-
dent protein kinase alone or the substrate protein
alone, did not affect the (Na* + K™ )-ATPase ac-
tivity in either the presence or absence of cyclic
AMP.

The results described above led us to conclude
that the overall (Na™t + K ¥ )-ATPase activity could
be inhibited by a membrane-bound cyclic AMP-
dependent protein kinase. The activated protein
kinase does not interact directly with the (Na*t
+ K™ )-ATPase enzyme but appears to manifest
its’ effects through an intermediate protein. If the
overall (Na® +K™)-ATPase activity is indeed
decreased then it should be possible to demon-
strate an effect on the partial reactions of the
(Na® +K™*)-ATPase enzyme. The (Na* +K™%)-

TABLE 111

THE EFFECT OF CYCLIC AMP-DEPENDENT PROTEIN
KINASE AND SUBSTRATE PROTEIN ON (Na' +K ' )-
ATPase ACTIVITY

Reconstitution of the cyclic AMP-dependent protein kinase
and the substrate protein with the (Na™ + K * )-ATPase was
done as follows: 78.4 pg (Na' + K™ )-ATPase, 20 pg protein
kinase and 11.7 pg substrate protein, in the volume of 0.14 ml,
were incubated at 0°C. The reaction was initiated by the
addition of 0.01 ml of 0.15% deoxycholate. The tubes were
gently vortexed and incubated at 0°C for 60 s. The protein
suspension was diluted 25-fold with 30 mM imidazole-HCl, 250
mM sucrose and 1.0 mM Na,EDTA, pH=7.6. Aliquots were
assayed for (Na™ + K™ )-ATPase activity in a mixture contain-
ing 30 mM imidazole-glycylglycine, pH=7.6, 100 mM Na, 20
mM K, 9.0 mM MgCl, and 4.5 mM [y-?2P]JATP. The released
radioactive phosphate was extracted as described by Post and
Sen [30]. Aliquots of the butyl acetate extract were counted in a
Nuclear Chicago Mark II Liquid Scintillation counter.

(Na™ +K " )-ATPase specific activity
(pmol P; /mg per h)

—cyclic AMP +cyclic AMP
(1.0 M)
Enzyme @ 224.0 2333
Enzyme + protein
kinase 2123 2342
Enzyme + substrate
protein 2143 221.4

Enzyme + protein
kinase + substrate
protein 233.3 (100%) 192.0
(82.2%+2.7) "

a This was the (Na® + K" )-ATPase preparation that sedi-
mented at the 17.5% sucrose interface.

> Cyclic AMP decreased the (Na " + K™ )-ATPase activity ap-
prox. 18%. These are the means=S.E. of three separate
reconstitution experiments.

¢ These values, in the presence of cyclic AMP, are significantly
different from those in the absence of cvclic AMP (P <<0.05).

ATPase enzyme reaction is known to consist of the
following partial reactions which can be measured
and include (1) an Na™ -dependent phosphoryla-
tion step, (ii) a K" -dependent dephosphorylation
step, and (iii) an Na'-dependent ADP-ATP ex-
change step (for references, see Refs. 1 and 2). We
decided, therefore, to examine the effect of the
activated protein kinase and its’ substrate protein
on the partial reactions of the (Na* + K™ )-ATPase
enzyme.



New batches of (Na™ +K*)-ATPase, cyclic
AMP-dependent protein and substrate protein
were prepared as outlined in the Methods. The
catalytic subunit of the cyclic AMP-dependent
protein kinase was dissociated from the regulatory
subunit as described in the legend to Table IV.
The activated protein kinase and the substrate
protein were reconstituted with the (Na® +K%)-
ATPase enzyme as described in the legend to
Table IV.

The results (shown in Table IV) indicate that
the activated protein kinase could depress the total
Na™ -dependent phosphorylation of the (Na™
+ K *)-ATPase enzyme by approx. 11%. The pres-
ence of the substrate protein, along with the
activated kinase resulted in a further decrease in

TABLE IV

THE EFFECT OF THE CATALYTIC SUBUNIT OF THE
CYCLIC AMP-DEPENDENT PROTEIN KINASE AND
THE SUBSTRATE PROTEIN ON THE Na-DEPENDENT
PHOSPHORYLATION OF THE (Na* +K™*)-ATPase EN-
ZYME :

The partially purified cyclic AMP-dependent protein kinase
was bound to a DEAE-Sephacel column (1.6X10 cm). The
column was washed with two bed volumes of 20 mM Tris-HCl,
4 mM Na,EDTA and 0.1 mM dithiothreitol, pH=7.4. The
catalytic subunit (that is, the activated protein kinase) was
eluted with 10 uM cyclic AMP and 200 mM NaCl. The
enzyme, the enzyme plus activated kinase, or the enzyme plus
activated kinase plus substrate protein was combined as fol-
lows: 0.72 mg of (Na* +K* )-ATPase enzyme, 101.2 pmol of
protein kinase and 0.2 mg of substrate protein, in volume of
1.12 ml, were incubated at 0°C. The reaction was initiated by
the addition of 0.08 ml of 0.15% deoxycholate. The tubes were
gently vortexed and incubated at 0°C for 60 s. The protein
suspension was diluted 5-fold with 30 mM imidazole, 1.0 mM
Na,EDTA and 0.25 M sucrose, pH=7.6. Aliquots, containing
0.054 mg protein, were phosphorylated as described by Post
and Sen [30]. The values are the means of two experiments
done in duplicate.

pmol 32P %
incorporated Inhibition
per mg protein

Enzyme 233.1
Enzyme + activated protein

kinase 207.1 11.2
Enzyme + activated protein

kinase + substrate

protein 190.2 18.4
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the level of phosphorylation. The activated protein
kinase and substrate protein did not appear to
affect the K*-dependent dephosphorylation step
of the enzyme (results not shown).

Discussion

In the last few years it has become increasingly
clear that cyclic AMP and cyclic GMP can regu-
late the activities of several enzyme systems. With
regards to the (Na* +K™*)-ATPase enzyme,
cholinergic agonists have been shown to increase
the (Na*+K™*)-ATPase activity in avian salt
glands and rat submandibular glands. The
carbachol-mediated increase in enzyme activity
appears to be due to cyclic GMP (Ref. 8, and
references therein). Cyclic AMP, on the other hand,
has been shown to inhibit (Na® +K™*)-ATPase
activity in membrane preparations from kidney,
[32], liver [33] and heart [34]. Several classes of
cyclic AMP-dependent protein kinases exist in
mammalian brain including both soluble and
membrane-bound protein kinases. The
membrane-bound kinases are present in nerve end-
ings [18] and appear to be located both pre- [35]
and post-synaptically [18]. The post-synaptic cyclic
AMP-dependent protein kinases have been pos-
tulated to be involved in regulating the permeabil-
ity of the post-synaptic membrane to ions [24].

We would like to suggest that the changes in
intracellular ion concentrations that occur within
both pre- [35] and post-synaptic [18] structures
may be partially due to the inhibition of the
(Na™ + K™ )-ATPase enzyme system as well as to
changes in the passive permeability of the mem-
brane to ions. In this investigation evidence has
been presented that suggests that cyclic AMP in-
hibits the (Na®™ +K™*)-ATPase enzyme in rat
brain. The inhibition is not direct but involves the
initial activation of a membrane-bound cyclic
AMP-dependent protein kinase. Removal of the
catalytic subunit of the membrane-bound cyclic
AMP-dependent protein kinase leads to a decrease
in particulate cyclic AMP-dependent protein
kinase activity (Fig. 1) and a concomitant increase
in (Na* +K™")-ATPase activity (Table II).

Further evidence pointing to a relationship be-
tween the protein kinase and the (Na* +K™)-
ATPase enzyme comes from the finding that a
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protein kinase inhibitor was able to activate the
(Na® +K™*)-ATPase enzyme only when the pro-
tein kinase holoenzyme was present in the syn-
aptosomal membranes but not in its absence
(Fig. 3). The protein kinase inhibitor is a heat
stable protein that specifically inhibits cyclic
AMP-dependent protein kinases without affecting
other protein kinases [36]. The inhibitor decreases
the cyclic AMP-dependent protein kinase activity
by interacting with the dissociated catalytic sub-
unit but not with the cyclic AMP-dependent pro-
tein kinase holoenzyme [36]. It has recently been
shown that the cyclic AMP-dependent protein
kinase inhibitor present in brain and skeletal
muscle have many properties in common [37]. It is
possible that the inhibitor used in these experi-
ments shares these properties and that this accounts
for the fact that it is capable of inhibiting the
cyclic AMP-dependent protein kinase in synapto-
somal membranes.

Although we have not attempted to characterize
the membrane-bound cyclic AMP-dependent pro-
tein kinase, a recent report by Rubin et al. [22] has
indicated that the cyclic AMP-dependent protein
kinase present in bovine brain is similar to the
soluble type II protein kinase. The kinases exhibit
nearly identical immunological, physio-chemical,
and structural properties.

Reconstitution of the protein kinase and the
substrate protein with the (Na* +K™)-ATPase
enzyme resulted in a small, but significant de-
crease in (Nat +K™)-ATPase activity in the pres-
ence of cyclic AMP (Table I1I}. We also attempted
to reconstitute the protein kinase and the substrate
protein with the (Na* + K™ )-ATPase preparation
of higher specific activity (575 pmol P, /mg per h)
but could not demonstrate any effect on the (Na™
+ K" )-ATPase activity in the presence of cyclic
AMP. One possible reason for this may be that the
membrane matrix of this (Na® +K™')-ATPase
preparation was sufficiently disrupted by the de-
tergent treatment such that the protein kinase and
substrate protein could not insert into the mem-
brane. Preliminary experiments indicate that the
inhibition of the (Na®™ + K™ )-ATPaes enzyme ap-
pears to be due to the inhibition of the Na™-
dependent phosphorylation step of the reaction
mechanism (Table 1V).

From the above discussion we feel than an

interaction between cyclic AMP and (Na® +K " )-
ATPase does exist. Cyclic AMP does not interact
directly with the (Na " + K" )-ATPase. The effects
of cyclic AMP are expressed through soluble (un-
published results) and membrane-bound cyclic
AMP-dependent protein kinases. The cyclic
AMP-dependent protein kinases do not interact
directly with the (Na™ + K™ )-ATPase enzyme sys-
tem. It appears that phosphorylation of a substrate
protein by the cyclic AMP-dependent protein
kinases is a necessary step to modulate the activity
of (Na” +K™")-ATPase. A scheme showing the
interactions of the protein kinase and the substrate
protein with the (Na® +K*)-ATPase enzyme is
outlined in Fig. 4.

(Na® +K™*)-ATPase is an enzyme that is in-
timately involved in several physiological processes.
Since changes in the (Na = + K )-ATPase activity
will affect the cellular processes subserved by the
enzyme system, it is imperative that, for normal
cell function, dramatic changes in enzyme activity
and ions fluxes should be avoided. We would like
to suggest that the modulation of (Na” +K"})-
ATPase activity by cyclic AMP to the extent of

= Protein Kinase Holoenzyme
Activated Protein Kinase
Substrate Protein

Na-K ATPase

"3

Fig. 4. Postulated interaction of the cyclic AMP-dependent
protein kinase and it's substrate protein with the (Na™ + K" )-
ATPase enzyme. It is believed that cyclic AMP inhibits (Na’
+K ' )-ATPase (D) by initially activating a membrane-bound
cyclic AMP-dependent protein kinase (A). The activated kinase
transfers the terminal phosphate of ATP in the presence of
Mg?! to a substrate protein (D). Phosphorylation of the
substrate protein (C) inhibits the (Na™ + K ' )-ATPasc enzvme.



20-30% reported in this and a previous communi-
cation [25] is physiologically significant.
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