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Cyclic nucleotide modulation of the sarcoplasmic reticulum calcium pump has been recognized for some time.
Little is known, however, of cyclic nucleotide effects on the sarcolemmal Ca’*-pump. In sarcolemmal
vesicles prepared from ventricular muscle by a recent technique (Jones, L.R., Maddock, S.W. and Besch,
H.R. (1980) J. Biol. Chem. 255, 9971-9980) we have demonstrated via Millipore filtration that 10 ~3 M and
10 =2 M cyclic GMP depressed the rate of ATP- and Mg?* -dependent “°*Ca’* uptake by 34% and 52%,
respectively. Only at millimolar levels did cyclic AMP have any effect and the respective 5'-nucleotides had
no effect at all. Parallel measurement of the associated (Ca>* + Mg?*)-ATPase in the presence of either
cyclic or 5’-nucleotides, however, revealed no concomitant depression in ATP hydrolysis. In another series of
experiments, the cyclic GMP effect on “*Ca?* uptake was associated with a significant decrease in the pump
V..., and at the most effective concentration of cyclic GMP increased the apparent K, for Ca’>*. These
results suggest that cyclic GMP may depress ventricular Ca?* efflux by decreasing the enzyme turnover and
to a limited extent, decreasing pump affinity for Ca?*. This supports a hypothesis whereby cyclic GMP
might modulate both local biochemical and electrophysiological events by an effect on a discrete, regional
pool of intracellular Ca’*.

Introduction

The concentration of cytosolic free Ca’* in the
mammalian myocardial cell is maintained at below
107° M due, in a large part, to active Ca’* extru-
sion by the Ca?*-stimulated, Mg?™* -dependent
ATPases of the sarcolemma and sarcoplasmic re-
ticulum [1-3]. Both enzymes can respond to in-
creased intracellular Ca’* and have been shown to
be regulated by Ca’* + calmodulin-dependent
mechanisms, whether directly as in the sarco-
lemmal (Ca?* + Mg?*)-ATPase [4] or indirectly
as in the sarcoplasmic reticular enzyme [5,6]. In
addition, the sarcoplasmic reticulum Ca’* -pump
can respond to hormonal stimulation. The B-re-
ceptor-mediated abbreviated systole is obtained
through a cyclic AMP-dependent phosphorylation
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of a 22 kDa protein component of the sarco-
plasmic reticulum membrane, phospholamban, and
augmented Ca®* pumping into myocardial sarco-
plasmic reticulum [6-8]. However, unlike its
sarcoplasmic reticulum counterpart, little is known
about the hormonal or cyclic nucleotide modula-
tion of the sarcolemma (Ca®* + Mg2*)-ATPase. In
the present study we have investigated the effect of
cyclic nucleotides on both the Ca’*-pump and the
(Ca?*+ Mg?*)-ATPase activity in highly purified
heart sarcolemmal vesicles. There is some evidence
from previous reports that cyclic AMP-dependent
phosphorylation could increase Ca’* uptake in
cardiac membrane preparations [9-11], but there
is some question as to the sarcolemmal purity and
the possibility that some, if not all, of the changes
noted were due to contaminating sarcoplasmic re-
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ticulum. We now report that low concentrations of
cyclic GMP, but not cyclic AMP, caused marked
inhibition of the sarcolemmal Ca’*-pump with
little change in Ca’*-dependent ATP hydrolysis,
i.e., a cyclic GMP-dependent uncoupling of ATP
hydrolysis and Ca’* movement. This cyclic
nucleotide-mediated event was associated with sig-
nificant changes in pump V,,,, and at one con-

centration of cGMP, an additional change in the
apparent K of the pump for Ca®*.

Materials

**Ca (5-30 Cis/g Ca**) as CaCl, and [y-
*2PJATP (200 Ci/mmol) as the sodium salt were
both purchased from ICN (Montreal). Cyclic AMP,
cyclic GMP, isobutylmethylxanthine, histone Type
II S, dithiothreitol and Tris-ATP were all obtained
from Sigma. The Ca’* ionophore A23187 was
obtained from Calbiochem (La Jolla, CA). All
other chemicals were of reagent grade.

Methods

Sarcolemmal vesicles were prepared from 100 g
of ventricular muscle obtained from mongrel dogs
by the method of Jones et al. [12]. The vesicles
were washed and suspended in 20 mM Tris-
HC1/0.25 M sucrose (pH 7.4) and immediately
frozen in liquid nitrogen at a protein concentra-
tion of approx. 600 pg-ml~! The vesicles were
stored at —20°C and were used within 1 week of
preparation.

(Na* + K*)-ATPase and cyclic AMP- and
cyclic GMP-dependent protein kinase activities
were assayed as described by Post and Sen [13]
and Grant et al. [14] respectively. In the cyclic
GMP-dependent protein kinase assay, the con-
centration of Mg2* was increased to 30 mM after
Shoji et al. [15]. Protein content was determined as
described by Lowry et al. [16] using bovine serum
albumin as a standard.

The “*Ca uptake studies were performed by
means of Millipore filtration as described by
Caroni and Carafoli [17] with the following minor
changes. Tris-HCl buffer and Tris-ATP were
utilized instead of Hepes buffer and dipotassium-
ATP. Also, oligomycin addition, a mitochondrial
inhibitor, was found unnecessary and was omitted.

Studies on calcium uptake characterization, i.e.,
ATP and Mg?* dependence, and reaction to
A23187 and Na™ addition were performed as de-
scribed by Caroni and Carafoli [17].

The (Ca®* + Mg?*)-ATPase activity was mea-
sured in a medium identical to that described for
the “*Ca uptake studies, but with one exception.
The Tris-ATP contained a minimum of 10® dpm -
ml~! [y-3?P]JATP. The enzyme preparation was
incubated for 10 min at 37°C. The reaction was
stopped by the addition of perchloric acid and the
hydrolyzed **P released was extracted as described
by Post and Sen [13]. One ml of the butyl acetate
extraction medium was then assessed for **P by
means of liquid scintillation counting. Specific ac-
tivity of the enzyme was measured in the presence
of Mg?* and was defined as the difference in 3P
released in the presence and absence of 150 pM
Ca’*. All assays were performed in duplicate.

In experiments designed to measure the Ca®*-
dependence of both the Ca’* uptake and (Ca?* +
Mg?2*)-ATPase activity, the free Ca’* concentra-
tion was maintained at the required micromolar
and submicromolar range by utilizing the buffer-
ing ligand ethylene glycol bis( 8-aminoethylether)-
N, N’-tetraacetic acid (EGTA) after the method of
Pershadsingh and McDonald [18].

Statistical analysis, when performed, was done
according to the Student’s t-test. The rate of “*Ca
uptake was obtained by means of linear regression
analysis of the linear portion of the uptake curve.
Double reciprocal plots were constructed to allow
a rigorous calculation of apparent K, and V,
values for the Ca’* -dependence studies.

Results

Sarcolemma prepared as described appeared as
irregular vesicles with diameters varying between
0.05 and 0.35 pm in electron micrographs (Fig.
1A). The micrographs also showed that the pre-
parations were substantially free of contamination
by mitochondria and other recognizable cell de-
bris. Greater magnification showed that the vesicu-
lar membranes maintained the familiar bilayer
structure (Fig. 1B).

Measurement of (Na* + K*)-ATPase activity,
a marker for plasma membranes, showed an en-
richment of about 15-fold over the measured activ-
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TABLE I

MEMBRANE-BOUND CYCLIC GMP- AND CYCLIC
AMP-DEPENDENT PROTEIN KINASE ACTIVITY OF
CANINE HEART SARCOLEMMAL VESICLES

Protein kinase activity was assayed using histone as a phos-
phate acceptor as described by Grant et al. [14]. The data are in
pmol 3P transferred/mg protein per min. Compared in the
absence of both cyclic nucleotides, P < 0.05.

Nucleotide Nucleotide concentration (M)

0 107° n
i ¢cGMP 58044+ 151.6 118544 178.5 7
ii cAMP 632.9 + 146.6 1314.9+268.7 7

ity in the crude homogenate. (Na*™ + K™ )-ATPase
activity averaged 35.2 + 3.6 pmol P, released /mg
protein per h in eight sarcolemmal preparations.
Treatment of the membranes with 0.3 mg sodium
dodecyl sulfate/ml, a method to unmask latent
enzyme sites, increased the activity of one prepara-
tion from 26.7 to 79.0 pmol P, released /mg pro-
tein per h.

Table I shows that, in addition to (Na* + K*)-
ATPase, the preparation contained significant
amounts of membrane-bound cyclic AMP- and
cyclic GMP-dependent protein kinase activity,
enzymes through which the effects of both cyclic
nucleotides are thought to be mediated in most
cases.

The uptake profile of the “*Ca uptake experi-
ments is shown in Fig. 2. Uptake was linear during
the initial 5 min period and then plateaued. The
slope of this initial 5 min was defined as ‘uptake
rate’ and was calculated by linear regression analy-
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Fig. 2. ATP- and Mg?*-dependent **Ca uptake profile in dog
heart sarcolemma. Sarcolemmal vesicles (50-60 pg protein)
were preincubated at 37°C in 1 ml of a medium containing 160
mM KCl,/20 mM Tris-HCl/5 mM MgCl, /1 mM ouabain (pH
7.4). After 5 min 150 nmol of 4*Ca were added; 2 min later the
first aliquot was withdrawn (time zero averaged approx. 35
nmol *3Ca/mg sarcolemma protein) and 1 mM Tris-ATP was
added. Further 100 pl aliquots were withdrawn at the indicated
points, filtered and washed through Millipore filters. The values
were corrected for the 4°Ca found associated with the vesicles
before ATP addition (time zero aliquot). ® ®, No sup-
plementary addition (control + S.E.), n = 6: Four representative
experiments; O------ ©, no ATP or no Mg“; Ao A, at
the arrow 5 uM A23187 or 30 mM NaCl (final concentrations)
were added. The slope of the linear regression analysis of the
initial 5 min uptake was defined as ‘Ca’* uptake rate’ (nmol
45Ca/mg protein per min).

sis. The omission of ATP or Mg?* from the
uptake medium resulted in no Ca’* uptake. As
well, the addition of either 30 mM Na™ (as NaCl)
or 5 uM A23187, a Ca’* ionophore, resulted in
complete loss of intravesicular Ca?* . Furthermore,

EFFECT OF CYCLIC GMP ON Ca?* UPTAKE RATE INTO HEART SARCOLEMMAL VESICLES

(i) No additional agents; (ii) uptake in the presence of isobutylmethylxanthine (1.0 mM) as well as cyclic GMP. Data represent
mean + S.E., where uptake rate is defined as the slope of the linear regression line through the initial 5 min uptake period. Units are
nmol *3Ca/mg protein per min, i.e., uptake rate. ® P < 0.05 as compared to the proper control (zero cyclic GMP).

c¢GMP concentration (M)

0 10710 10~° 10°8 1077 n
i 8.08+ 1.70 6.69+1.22 4.19+0.472 5.33+1.082 5.57+0.91 6
ii 7.26 +1.31 5.58+0.80¢ 4.79+0.71 2 556+1.13¢ 6
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EFFECT OF CYCLIC AMP (i), SAMP (ii) AND 5'GMP (iii) ON Ca2* UPTAKE RATE INTO HEART SARCOLEMMAL

VESICLES

Data in nmol 4*Ca/mg protein per min, i.e., uptake rate, represents mean + S.E. for experiments with # as shown. In (i) it should be
noted the concentration range tested was much greater than that for (ii) and (iii). The experiments were performed at different times
and on different sarcolemma preparations and accounts for the slightly different control values.

Nucleotide Nucleotide concentration (M)
0 107° 1073 1073 n
i cAMP 7.11+£1.04 8.01+0.63 7.12+£042 6.02+0.17 52440501 3
0 10710 1078 1077
ii AMP 4.93+1.29 5.224+1.87 458 +1.29 4.50+1.39 5.00+1.32 4
iii 5GMP 6.91+2.50 591+2.17 5.51+£1.35 4.79+0.77 4.62+1.25 4

while oxalate addition did not stimulate uptake
(data not shown), low (10~ M) concentrations of
chlorpromazine, thought to antagonize calmodulin
activation of (Ca’*+ Mg?*)-ATPase [27], de-
pressed it (data not shown). This information taken
together suggests that the vesicles isolated are in-
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deed of sarcolemmal origin, that they ‘accumulate’
Ca’* rather than simply ‘binding’ Ca’* and that
the accumulation is partly dependent upon
calmodulin.

The addition of cyclic GMP resulted in a sig-
nificant depression in *°Ca uptake rate. As shown
in Table II, 1078 M and 107°M cyclic GMP
depressed “°*Ca uptake by 34% and 52%, respec-
tively. If the phosphodiesterase inhibitor iso-
butylmethylxanthine was added to the assay with
the cyclic GMP, the decrease in “*Ca uptake rate
was observed with a concentration as low as
1079 M cyclic GMP (Table II).

Table III confirms that the effect is indeed
specific for cyclic GMP. Cyclic AMP had no effect
on *Ca uptake rate except at a concentration of 1
mM which, in all probability, is unphysiological.
In addition, ’AMP and 5GMP could not alter
45Ca uptake rates.

To ensure that the (Ca’* + Mg?*)-ATPase ac-
tivity that was measured in this sarcolemmal pre-

Fig. 3. Ca’*-dependence of both ATP-driven Ca?* uptake (A)
and of (Ca®* +Mg?™ )-dependent ATPase activity (B) of heart
sarcolemmal vesicles.  Ca uptake and (Ca®* +Mg?* )-ATPase
activity were measured as described in Methods, based on work
by Caroni and Carafoli [17]. Free Ca’* concentration was
maintained from 100 pM to 0.1 uM by EGTA as described by
Pershadsingh and McDonald [18]. Data are shown as mean +
S.E. for three separate experiments in each case. Insets:
double-reciprocal plot of same data; A, nmol *°Ca uptake /mg
protein per min and B, pmol P, released /mg protein per h vs.

activation due to 100, 25, 5, 0.75 and 0.1 uM free Ca’+,
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TABLE IV

EFFECT OF CYCLIC AND 5-GUANOSINE AND ADENOSINE NUCLEOTIDES ON HEART SARCOLEMMA (Ca’* +

Mg?*)-ATPase ACTIVITY

Sarcolemmal vesicles (20-30 pg protein) were incubated for 10 min in 1 ml of a medium comprising 160 mM KCl/20 mM
Tris-HC1/5 mM MgCl, /1 mM ouabain (pH 7.4). The reaction was started with the addition of 1 mM Tris-ATP containing a
minimum of 10° dpm/ml [y-32PJATP. Specific activity of the enzyme was defined as the difference between P, released in the
presence and in the absence of 150 pM CaCl,. Data are in gmol P, released /mg protein per h and represent mean+S.E. ? P < 0.05 as

compared to the respective control.

Nucleotide Nucleotide concentration (M)

0 10710 10-° 10°% 1077 n
i c<cGMP 3.13+0.64 3.77+0.802 3.67+£0.92 4.30+0.70 3.36+1.01 6
ii cAMP 3.13+0.64 3.70+0.80 3.71+091 3.8740.95 3.14+0.46 6
iii 5’GMP 3.22+0.48 4.36+0.54 4.08+0.33° 3.744-0.49 3.64+0.61 5
iv. 5AMP 3.22+0.48 4.08+0.53 3.54+0.38 3.744-0.56 424+0.53% 5

paration was the biochemical manifestation of the
associated **Ca uptake, the Ca’* dependence of
both the Ca?* uptake and (Ca>* + Mg2*)-ATPase
was measured in three separate experiments. As
Fig. 3 shows, the apparent K, values, 0.39 uM
Ca?}, for the “’Ca uptake (Fig. 3A) and 0.35 pM
Cal!, for the (Ca’* + Mg?*)-ATPase (Fig. 3B)
were separated by only 0.04 uM Ca?" . These data
support our hypothesis that these two parameters
are two separate measurements of the same en-
Zyme system.

Table IV illustrates the results of five or six
experiments measuring the specific activity of the

TABLE V

EFFECT OF 1078 M AND 10~°M CYCLIC GMP ON THE
APPARENT KX, AND V,, OF THE HEART SARCO-

max

LEMMAL ATP-DRIVEN Ca?* UPTAKE

Data represents mean+ S.E. for four determinations derived
from double-reciprocal plots of the Ca*-dependence of *>Ca
uptake experiments as described in Fig. 3A and as shown in
part in Fig. 4. ? P < 0.05 as compared to control; ® P < 0.005 as
compared to control.

Additions Apparent K, Vinax
(M Ca3}t, (nmol Ca®*/mg
protein per min)
None 0.509+0.104 9.88+1.27
107 M ¢cGMP 0.543 +£0.056 899+1.17%
107°M cGMP 0.636+0.137° 7.89+1.32°

(Ca’* + Mg?* )-dependent ATPase associated
with the sarcolemmal vesicular preparation, in the
presence of cyclic GMP, cyclic AMP, $GMP and
5’AMP. It is obvious that although cyclic GMP
depressed **Ca uptake rates there was no concom-
itant depression in (Ca’* + Mg?*)-ATPase activ-

nmoies **Ca
(mg protein)* min-!

1
| (Ca*|
10*

Icee

10

ov

Log Free [Ca®*]| M
Fig. 4. The effect of 107°M cyclic GMP on the Ca®*-
dependence of ATP-driven Ca?* -uptake in heart sarcolemmal
vesicles. Methodology is as described in Methods and in Fig. 3,
except that Ca*-activation has been extended to include 150
#M free Ca’*. Data are shown as mean + S.E. for four separate
experiments in both cases. Inset: Double-reciprocal plot of
same data. O O, no supplementary additions; ®------ o,
1072 M cyclic GMP.

1
107




ity. Indeed, in a number of cases there is a small
but significant increase in specific activity. How-
ever, since this effect was not either concentration-
or compound-dependent, it would seem highly un-
likely that it represents a physiological phenome-
non.

The Ca?* dependence of the “*Ca uptake was
measured in the presence of 107 M and 10°° M
cyclic GMP, in order that we might determine the
mechanism whereby the cyclic nucleotide de-
presses Ca’* transport. The results for this series
are shown in Fig. 4 and in Table V. The data from
these experiments show that in the presence of
cyclic GMP, at concentrations effective in decreas-
ing the rate of *°Ca uptake, there was a significant
and parallel depression in the V,_, of the pump.
As Fig. 4 shows, at 150 pM free Ca’*, for exam-
ple, 107° M cyclic GMP depresses *°Ca uptake by
approx. 23%. This is associated with a 20% de-
crease in pump V, ... A similar effect was seen at
10~ % M cyclic GMP (data not shown).

In addition to the pronounced effect on V_,,,
cyclic GMP at 107° M also significantly increased
the apparent K_ of the enzyme for Ca’*. The
effect at 107® M, while not significant, showed a
tendency to increase the K as well.

Discussion

The cyclic nucleotide modulation of several
transport enzyme systems has become increasingly
clear in the last decade. The most ubiquitous and
clearly understood transport enzyme regulated by
a cyclic nucleotide mechanism is the plasma mem-
brane-bound (Na* + K*)-ATPase. Cyclic AMP
has recently been demonstrated to inhibit (Na* +
K™ )-ATPase activity in membrane preparations
from kidney [19], liver [20], heart [21] and brain
[22]. Conversely, the same nucleotide has been
hypothesized to control smooth muscle contractil-
ity via (Na® + K*)-ATPase stimulation [23].
Cholinergic agonists have been shown to increase
the Na* -pump activity in avian sait glands and in
rat submandibular glands, an effect that appears
to be mediated via cyclic GMP [24].

Ca’* -dependent ATPases, especially those as-
sociated with the myocardium, are another group
of transport enzymes that are regulated by cyclic
nucleotides. Perhaps the best example is the cyclic
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AMP-dependent stimulation of the sarcoplasmic
reticular Ca?* -pump in response to B-adrenergic
agents, resulting in an increased rate of Ca’*
removal from the cytosol and a shortened cardiac
systole [6-8]. In addition, a Ca®* + calmodulin-
dependent regulation of the sarcoplasmic reticu-
lum Ca’*-pump has also recently been demon-
strated [5,6]. With the relatively new development
of techniques that make possible the unequivocal
separation of sarcolemma and sarcoplasmic re-
ticulum isolated from myocardial cells {12,25,26}, a
highly specific (Ca’* + Mg?*)-ATPase has been
shown to exist in the sarcolemma as well
[4,17,25,26]. This enzyme has subsequently also
been demonstrated to be stimulated by a Ca’* +
calmodulin-dependent mechanism [4], identical to
the phenomenon identified for a similar enzyme in
mammalian erythrocytes [27]. However, little, if
anything, is known concerning a cyclic nucleotide
modulation of the sarcolemmal Ca®* -pump.

In this investigation, evidence has been pre-
sented that suggests that cyclic GMP inhibits the
Mg?* -dependent Ca?* -pump in canine heart
sarcolemma. In sarcolemmal vesicles prepared
substantially free of contamination, submicro-
molar levels of cyclic GMP inhibited the rate of
ATP- and Mg?*-dependent Ca’* uptake. This
transport is into inside-out vesicles prepared as
described and simulates an in vivo Ca’* efflux
mechanism [4,17]. In addition, the concentrations
of cyclic GMP used are low and reflect levels that
might exist intracellularly [28]. The cyclic GMP
effect was specific, as is shown by the lack of
cyclic AMP efficacy, even at a wider concentration
range, and of the 5-nucleotides. Indeed, the evi-
dence that the phosphodiesterase inhibitor iso-
butylmethylxanthine supported inhibition and in-
creased the significance to 107'° M cyclic GMP,
further supports the conclusion that it is a specific
GMP-mediated effect.

The finding that the ATP hydrolysis does not
change in parallel with Ca’* uptake is, at first
glance, puzzling. The (Ca’* + Mg?* )-ATPase
located in various cell membranes is thought to
serve the dual function of energy transduction and
ion translocation in supporting the active trans-
port of Ca’* | i.e., it is the biochemical manifesta-
tion of the Ca’* -pump. Extensive studies of the
Ca’* transport system of red blood cells and



198

skeletal muscle sarcoplasmic reticulum have shown
a tight coupling between Ca’* translocation and
ATP hydrolysis, with a stoichiometry of 2 mol
Ca’* transported/mol ATP hydrolyzed [29,30].
However, in the present study this stoichiometry
could not be obtained (estimated ratio approx.
0.18 mol Ca** /mol ATP). This lack of agreement
with theoretical efficiency can be found throughout
the literature, specifically when examining the data
available concerning the Ca’* pump from the
plasma membrane of various tissues [4,17,25,31,32].
It may well be that, for some as yet unknown
reason, the Ca’* transport across the plasma-
lemma is already dissociated from hydrolysis, re-
flecting a somewhat more inefficient mechanism.
Secondly, there are numerous reports in which
altered Ca’* transport is not reflected in parallel
changes in ATP hydrolysis. Work done on both
sarcoplasmic reticulum and sarcolemma vesicles
has shown that whereas Ca’* uptake into aged
heart sarcoplasmic reticulum was depressed and
the same uptake into sarcolemma vesicles was
enhanced as compared to the young rat, there was
no difference in the (Ca?™ + Mg?* )-ATPase activ-
ity in any of the membranes [33]. Secondly, a
marked inhibition of Ca?* transport was seen
after binding of anti-ATPase antibodies to
sarcoplasmic reticulum membranes without caus-
ing a significant change in ATPase activity or
Ca’* permeability [34]. Similarly, following tryptic
cleavage of a specific region of the ATPase mole-
cule from sarcoplasmic reticulum, ATP hydrolysis
remained unchanged while Ca®* transport was
wholly abolished [35]. In two different skeletal
muscle sarcoplasmic reticulum preparations, while
palmitic acid addition augmented Ca’* sequestra-
tion and arachidonic, linoleic and oleic acids de-
pressed Ca®™* uptake, all the long-chain fatty acids
stimulated the associated ATPase activity [36,37].
Work in reconstituted enzyme systems reflects sim-
ilar changes. For example, a number of reports
have shown that Ca’* translocation in recon-
stituted enzyme systems can be altered by mem-
brane phospholipids and various proteolipids
without invoking a change in ATPase activity
[29,38]. Finally, studies from the laboratories of
Racker and of Katz have shown that in recon-
stituted Ca’* -pump vesicles of sarcoplasmic re-
ticulum, augmented ATPase activity was associ-

ated with diminished Ca?" transport rates, a dif-
ference that could not be accounted for by in-
creased Ca’* permeability of the reconstituted
vesicles [38,39].

Thus it seems conceivable that the decreased
rate of “Ca uptake seen after the addition of
cyclic GMP may reflect further impairment in
coupling of ATP hydrolysis to Ca’* translocation.
The exact mechanism of the cyclic GMP-depen-
dent regulation of the Ca’* pump is at present
unclear and further work aimed at elucidating it is
underway in this laboratory. Although there are
data indicating that cyclic GMP can act directly to
modify some enzyme activities [40], most evidence
concerning cyclic nucleotide modulation of trans-
port enzymes occurs through the appropriate pro-
tein kinase [41]. Recent work from Carafoli’s group
has indicated that a cyclic AMP-dependent pro-
tein kinase phosphorylation process might be in-
volved in stimulating the cardiac sarcolemma
Ca’* -pumping ATPase [42]. This regulation was
only seen, however, after extensive initial dephos-
phorylation of the membranes, and it is probably
the reason cyclic AMP had no effect in our study.
It is tempting to speculate that the modulation
demonstrated in this study is dependent upon a
cyclic GMP-dependent phosphorylation as the
sarcolemma preparation used here contained sig-
nificant levels of the appropriate kinase. Whatever
the exact mechanism, whether direct or via a cyclic
GMP-dependent protein kinase phosphorylation
of the enzyme or a nearby substrate protein, our
data indicate that the cyclic nucleotide ultimately
decreased the turnover rate of the Ca’* transport
enzyme. In addition, cyclic GMP caused a signifi-
cant decrease in enzyme affinity for Ca’* at its
most effective concentration in depressing **Ca
uptake rate. At 1-107% M cyclic GMP, while the
change in K, was not significant, it also showed a
tendency to increase. In our experiments, at the
concentration of Ca?* used in most cases, the
inhibition of **Ca uptake rate would most cer-
tainly have to be associated with the decrease in
V,.ax- However, the change in enzyme affinity can-
not be discounted. At levels of calcium of 1 uM or
lower, a change in the apparent K, of this magni-
tude would most certainly contribute to enzyme
regulation. This inhibition of the sarcolemmal
Ca’* -pump, i.e., where there are decreases in both



enzyme turnover and affinity, is an example of a
mixed type of enzyme inhibition.

The impairment in Ca’** transport observed in
the sarcoplasmic reticulum from aged hearts by
Narayanan [33] was hypothesized to be associated
with a decreased conformational response of the
ATPase due to age-related changes in membrane
composition. A similar impairment, leading to both
a decreased enzyme turnover, and a decrease in
Ca’" affinity, might be caused by a cyclic GMP-
dependent event at, or near, the sarcolemmal
ATPase molecule. Although the reports often con-
flict, the calmodulin stimulation of various plasma
membrane Ca’*-pumps has been shown to in-
volve significant increases in the enzyme turnover
and /or increases in affinity for Ca?™ [4,43-45]. It
is therefore conceivable that a cyclic GMP-depen-
dent event might decrease the calmodulin-enzyme
interaction, resulting in a decrease in the V. or
an increase in the apparent K.

Cholinergic agents and cyclic GMP have been
most often associated with reducing the contractile
force in most heart preparations. It is unlikely,
however, that a cyclic GMP-dependent modula-
tion of the sarcolemma Ca’* pump would be
associated with this phenomenon. Firstly, the
sarcolemma used in these experiments is derived
from ventricular muscle, and it is known that
cholinergic agents have little effect on the force of
contraction in mammalian ventricle [46,47]. Sec-
ondly, it is not likely that the (Ca’*+ Mg?*)-
ATPase of the sarcolemma can modulate Ca*
levels in quantities sufficient to effect contractility.
The enzyme makes up, at most, only 1% of sarco-
lemmal protein [4]. In addition, the Ca®*-pump
has a very high affinity for Ca’* and a relatively
fow maximal pumping rate and has been hypothe-
sized to be responsible only for the maintenance of
low Ca’* levels during diastole [4,25]. Since
changes in cyclic GMP concentration have been
possibly associated with only small local effector
pools [48] and due to the nature of the Ca?* -pump
itself, it seems likely that this enzyme alters the
Ca’* level only in discrete intracellular compart-
ments and by this means the cyclic GMP-depen-
dent inhibition of activity may modulate only local
biochemical and electrophysiological events. By
changing Ca’* fluxes through the sarcolemma,
cyclic GMP may increase the K* conductance
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associated with cholinergic stimulation in the
myocardium [49]. Secondly, by increasing the
[Ca’*] in intracellular pools, the depression in
enzyme activity may regulation various biochemi-
cal pathways, especially 3’,5'-cyclic nucleotide
metabolism, by activating the Ca** -binding mod-
ulator protein, calmodulin. It may be by this means
that choline esters and cyclic GMP exert part of
their ‘antiadrenergic’ antagonism. However, con-
troversy surrounds the role of cyclic GMP in the
myocardium. Recent work has suggested not only
a dissociation between negative inotropy and in-
creases in cyclic GMP, but a concomitant separa-
tion in cyclic GMP elevations and electrophysio-
logical and metabolic effects of acetylcholine [50].
Indeed, before assigning a definitive role for this
nucleotide control mechanism, the role of cyclic
GMP in cardiac function awaits further clarifica-
tion.
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