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INTRODUCTION

The marked effects of catecholamines on cardiac func-
tion point to an immortant role of symnathetiec innervation
in rerulatine the heart beat, The first renort of the
cardiovascular effects of adrenal extracts was made by
Oliver and Schafer (1) in 1895, The similarity of the
effects of exorenous epilnenhrine and those of svmnathetic
nerve stimulation was noted somewhat later by Elliot (2).
Exnerimental nroof of chemical neurotransmission, however,
was not provided until nublication of the exneriments of
Loewi (3) and by Cannon and Uridil (4) in 1971, Desnite
recornition at that time of the abllity of catecholamlines
to increase heart rate (3) and to modify systolic ejec-
tion natterns (5) the major efforts of the succeedin-
decades in research on the control of cardiac verformance
lay in other directions (A), In the last twenty vears,
however, recornition of the role of chanres in myocardial
contractility in the resulation of cardiac function has
led to intense study of the effects of catecholamines
on the heart, Table 1 presents a recent listine of the
effects of catecholamines on isolated cardiac muscle and

the intact heart,



TABLE 1 Parallel Actions of Catecholamines on Cardiac HMuscle and Intact Heart

Inotropy

Chronotropy

Conduction

Energetics

Cardiac Muscle

Isometric contractions

+Rate of tension develcopment
{(+dP/dt)

tRate of Tension decay
(-dpP/dt)

+Twitch duration

¥Time to peak tension (TPT)

+Relaxation time (RT)

tPeak contractile tension

Isotonie contractions

tMagnitude of shortening

+Rate of shortening
+Twitch duration

+Rate of diastolic depolar-
ization
Activation of latent opace-
maker cells

YRefractory pveriod of atrio-
ventricular node
tConduction velocity in His-
Purkinje fibers

tActivation heat

Reproduced from reference 74

Intact Heart

+Rate of isovolumic pressure rise
(+dP/dt)

tRate of isovolumic pressure fall
(=dP/dt)

+Duration of systole

+Isovolumic contraction time

+Isovolumic relaxation time

+Peak nressure

+Stroke volume, end-systolic volume,
U e jection fraction

*Rate of volume ejection (d4V/dt)
tEjection time

tHeart rate

Ectopic beats

Facilitated atrioventricular conduction

Greater synchrony of contraction

t0xygen consumption



The discovery that a hormone nroduces an effect raises
the nuestion of how such a resrponse 1s nroduced, 1t is a
rnremise of molecular endocrinolosy that the initial event
leading to the resnonse of the tarset tissue involves the
hindine of the hormone to a snecific recentor, This re-
centor concent was originally susppgested by studies of drup
actions on the neuromuscular junction which nromnted Lanpgley's
surcestion (7) that a specific "recentor substance" medlates
the action of neurohumors, Concurrently, the concent of
snpneclific receptors was invoked by Ehrlich in describing the
interaction of toxins with cells (R), and antirens with anti-
bodies (9),

The first comnrehensive review of recentors was that
of A,J. Clark (10) who concluded that "the more accurate
nuantitative data can be interpreted as the expression of
a chemical reaction between the drug and snecific receptors,
which later in a large number of cases can be interpreted
as heing situated on the c¢ell surface", The recentor con-
cent does much to exnlain the snecificity of hormonal ef-
fects, the relation of hormone concentration to the marni-
tude of the observed resnonse and the ability of drugs to
block selectively the effects of hormone, No insight, how-
ever, is provided as to how the response of the target
tissue 1is related to events takina vlace when the hormone

binds to the receptor,



The segond messenger hypothesils, formulated by Suther-
land co~-workers (11), provided a model explaining how the
interaction of a hormone with a receptor on the outer sure
face of the cell can affect metabolic events within the cell,
The concept is based on stimulation by the hormone of the
enzyme adenvlate cyclase, This enzyme catalyzes the con-
version of ATP to 3'=H' cyclic AMB which has the ahillity to
stimulate the activity of a class of cyclic AilP-denendent
protein kinases wlthin the cell, The process is illustrated
schematically in Firure 1,

Simply stated thie hypothesis postulated that the hore
mone receptor is part of, or closely associated with, the
adenylate cyclase system, 'The hormone-=receptor interaction
modifies adenylate cyclase activity, thereby leadins to a
change in the cyclic AUl content of the cell, This model
repards the hormone asz the first messenger and cyclic AMP
as the second messenser which transfers the information
carried by the hormone to the internal mechanism of the
cell,

In order tn establish that the response t0 a hormone
in a pgiven tissue is indeed medlated by cyelic AWl acting
as a second messenger, the followinp criteria must be

satisfied (12).



Verisd

ol
| f
» . -= ~ -
.’ . 8'-AmMP
i Endesrine 1
Sl /
" ]
o . ’ ____L
J’ Adoryiete Cyclic 3'3'-AMP
Cyclase -—"".
Nermene ) {second messenger)
{ tirot msesenger)
’ E“zm". ”'m“““’. [ [ .
Ingetiveted hermene Paysisiegieel respenses

Figure 1. Schematic representation of the second messencer
concept. Reproduced from Robison et al, (151).



Firstly: adenvylate cyclase in broken cell nrrenarations
should resnond to the same hormones which nroduce biolorical
resnonses in intact tissue., 1In cases where a number of hor-
mone analoc~s are available the order of notencv should bhe

the same in vitro as in vivo, Similarly, if comnetitive

antaronists are available they should he effective in vitro
as well as in vivo,

Secondly: since the concentration of evelic AP 1is also
modifie«d by chanres in nhosnhodiesterase activity that con-
verts cvelic AVP to 5'~AMP, the actions of hormones vhich
stimulate adenvlate cyclase should be notentiated bv drurs
that inhihit nhosnhodiesterase activity., This eriterion is
subject to several nualifications, 1In order for a nhosnho-
diesterase inhihitor to notentiate the resrnonse to a hormone,
nhosnhoriesterase activity must be nresent in the broken
cell nrenaration, It is also necessary that the concentra-
tion of hormone is low enourh so that the maximal resnonse
is not elicited in the absence of the rhosnhodlesterase in-
hibitor, and that the effects of the nhosphodiesterase in-
hibhition is not obscured by other effects of the drus,

Thirdly: the level of cyclic AMP in intact tissue
should chansze in resnonse to hormonal stimulation, Optimal-
ly these studies should be done under conditions in which a
nhysiolorical response can be monitored simultaneously, The
increase 1n c¢ycliec AlIP should nrecede or at least arvear

concomitant to the nhysiolowslical response,



Finally: it should be nossible to demonstrate that
anplication of exogenous cyclic AP or a suitable analogs can
mimic the effects of the hormone.

Cateche¢lamine-sensitive adenylate cyclase activity in
cardiac muscle was first renorted in 1958 by Sutherland and
all (13), These investicators were able to detect mea-
surable amounts of cyclic AMP in the incubation medium of
a cardiac particulate prenaration only in the presence of
the hormone eninenhrine, Later reports by ilurad et al,

(14, 15) »nresented a more complete study of the effects of
catecholamines on c¢yclic AlP formation, Using a particulate
prenaration of canine ventricular muscle, these investigators
tested a series of catecholamines for relative potency in
stimulating cyc¢cliec AMP nroduction as well as the ability

of the competitive beta blocking agent dichloroisonroterenol
(DCI) to inhibit this effect. The results obtained were very
similar to those nreviously renorted by lilayer and iloran (16)
when measurine contractile force and nhosphorylase a con-
tent in vivo, In both studies the increase in the measured
resnonse was denendent on the concentration of the beta
adrenersic aronist used in the exveriment, Furthermore,

the increase in cyclic¢ AIIP production and the rises in con-
tractile force and nhosphorylase a activity produced by

the addition of catecholamine could be blocked by DCIL,

Other studies of the effect of beta adrenergic blocking

arents by Robison et al, (17) lend further sunnort to the



hy~othesis that interaction of adrenerric aronists with
thelr recentor leads to an increase in the cyeclic AMHP level
in the heart,

Fulfillment of Sutherland!s second criterion for the
establishment of cyclic AP mediation of the effects of
eninerhrine on the heart; notentiation of the myocardial
resnonse to eninenhrine by nhosnhodiesterase inhibitors, is
comnlicated hv the nonsnecific effects of the nhosphodiester-
ase inhihitors. Theonhylline was found to notentiate the
inotronic resnonse to noreninenhrine (1£) as well as to in=
crease the force of contraction when administered alone (19),
The responze to theonhylline, however, is associated with
an increase 1n the time to neak tension, a decrease in the
rate of relaxation and an overall nrolonration of systole
(20) which is rulite different from the resnonse to
catecholamines (21), These differences mav bhe exnlained
by the findinc that methylxanthines interfere with calcium
retention by the sarconlasmic reticulum (27, 23), The
effects of the nhosphodiesterase inhihitors would therefore
represent a balance of different effects, 13links et al,
(74) have surrested that methylxanthines nroduce at least
two different resnonses: 1) an increase in sarcolemmal
calcium flux (which is nerhans cvclic AMP mediated) and 2)
a direct inhibition of calcium accumulation by the sarco-

nlasmie reticulum,



Develonment of a notent nhosnhodiesterase inhibitor,
Ro 7=-2956 (4-(3,4=dimethoxybenzyl-2-imidazolidinone} which
is chemically unrelated to the methvlxanthines, nrovided =a
new tool which is anmnarently free of side effects (25),
Tsien et al, (26} showed that low concentrations of this
acent were able to mimic the effects of catecholamines on
the level and duration of the nlateau nhase of the action
rotential of Purkinje fibers as well as to accelerate the
nacemaker notential which follows renolarization.

An alternative annroach was utilized by Kukovetz and
Poch (27) who found that imicdazole, which has the abilitv
to stimulate nhosrhodiesterase activity in vitro, was ahle
to inhibhit the nositive inotronic effect of methvlxanthines
as well as the resnonse to low concentrations of catechol-
amine, In peneral, therefore, it can be concluded that the
effects of nhosrhodiesterase inhibitors on the heart are
comnatible with the second messenger hynothesis,

butherland's third criterion for the establishment
of cyclic AP as a second messenger; a correlation between
tissue c¢cvelic AP and the nhysiolojic resnonse to hormone,
led to considerable controversy, The effect of eninenhrine
to increase the cyclic Al content of nerfused hearts was
first demonstrated in the rat by fye et al, in 1964 (28)
and in the rabbit by Hammermeister et al, in 1965 (29),

In the nreliminary study of @ye et al, no dissoclation in

the increases in cyelice AlP, nhosnhorylase a activity or
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contractility was anparent. In later work from the same
laboratory, however, (30) the rise in cyclic AMP clearly
preceded the increase in contractlle force or phosphorylase
a activity. A similarly rapid rise in cyclic AMP content
after exposure to epinenhrine was also noted by Cheunga and
Williamson (31) who reworted the increase in cyclic ANP

not only preceded the rise in contractile force hut that
chanses in phosphorylase followed both of these parameters,
Further evidence of this sequence of events, nre-

sented by Williamson (32) and ijayer et al, (33), sugprested
that the effects on contractility and glycopenolysis either
followed a different time course or differed greatly in
sensitivity to the effector. Experiments by Drummond et al,
(34) that compared the time course of cyclic AMNP accumulation
with phosphorylase b kinase activation showed that these
events occured almost simultanecusly, the inotropic response
to epinephrine occuring several seconds later, A similar
relationship between cyclic AlNP content and phosphorylase

b kinase activity was demonstrated by Namm and liayer (35).
These results imply that the conversion of phosphorylase b
to phosphorylase a is the rate limiting step in glyco-
renolysis, and therefore, the lag of phesphorylase activa-
tion relative to the inotronic response cannot be taken as
evidence for separate mediatory mechanliasms for the two

effects,
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Several studies, however, fall to sunrort the concent
that cyelic AP mediates the inotropic resnonse to the cate-
cholamines, Ilayer et al, (36) renorted that qlucagon, which
nroduces both nositive inotronic and chronotropic effects
(37-239}, caused increases in both nhosphorylase a and con=-
tractile amnlitude before an increase in cyeclic AP could

1, (40) renorted a riissociation

be detected. Shanfeld et
between increases in cyelie AMP and the nositive inotronic
effect of noreninenhrine by the druc l=isonropvl methoxamine
(LA}, When IlA was nresent, noreninenhrine did not in-
crease elither cardiac cyelic AP or nhosnhorvlase activity
althou~h the increase in contractile force was not imvalred,
Similarly, Benfevy and Carolin renorted that althou~h rhenvi-
enhrine increased the force of contraction in rabhit and
chicken hearts, 1{ did not increase adenylate cyclase activi-
tv in narticulate nrenarations of these tissues (41),
Donamine was also found to be 1neffective in increasine
cyclic AMP content of heart slices or adenylate cyclase
activity in rabhit heart homor~enates (42), The inotronic ef-
fects of ohenylenhrine and donamine have been well charact-
erized (43-45).

The concensus of oninion has returned to favor cvelic
AP as an imnortant mediator of the inotronic effects of the
catecholamines, In the discussion of their results, Mayer

et al, {36) nointed out that their data were not conclusive

inasmueh as their assay for cyeclic AMP content was not as
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sensitive as their contractile force measurements, The lar
in evelie AMP chanr~es, therefore, could result from failure
to detect an increase in the nucleotide that was still larsre
enourh to nroduce a nhysioloric resnonse,

ticNeill and Vermna (45) rnointed out that the failure of
Benfev to rletect an effect of nhenylerhrine on adenvlate
cveclase activity mirht be due to tissue disruntion, Vhen
measurements were macde of cveclic AMP content of whole hearts,
nhenylenhrine was found to be effective, alheit at much hich-
er concentrations than renuired to elicit resnonses with nor-
eninerhrine, Similar increases in cyclic nucleotide content
bv nhenvylenhrine or dopamine were reported by Osnes et al,
(47, 48)., The latter csroun found, however, that when the
tissue was treated with the beta blocking arent nronranolol,
phenylennrine still »nroduced a nositive inotronic effect
even thourh the increase in cyclic AdP was fullyv inhibited,
This latter inotronic effect is attributable to an alpha
adrenergic component to the effects of phenylenhrine as
Schuman et al, (49) renorted that the glpha aronist
methoxamine alone increased the contractile force of rab=-
hit pannillary muscle without sirnificant increase in cyc¢lic
AP content, In the nresence of the nhosnhodiesterase in-
hibitor nanaverine, methoxamine increased contractile force
while cyclic AlIP concentration decreased, The inotronic
resnvonse to alpha adrenergic agonists therefore avpears to

be mediated by mechanisms independent of cyclic AlIP, The



13

difference in mechanism is also reflected in qualitative
differences in effects on the shane of the isometric tension
development curves, as phenylenhrine in the nresence of
pronranolol leads to an increase in the duration of systole
(50), which is in contrast to the shorteninn of systole as-
sociated with the effects of beta anonists (see below)., The
failure of IlA to inhibit the inotropic resnonse to nor-
eninenhrine may perhans also be exnlained by the well known
alpha adrenercic activity of norepinephrine,

It can be concluded that most evidence favors the hypo-
thesis that cyclic AP mediates the effects of beta adrenergic
stimulation in the heart and that the interaction of adrener-
ric amines with cardiac alpha receptors produce a nositive
inotropiec effect by a different mechanism that does not re-
aquire cyclic AiiP,

Attemnts to fulfill the fourth requirement of Suther-
land et al, dunlication of the resnonse to adreneraic
stimulation by treatment with cyclic AP or its analocs,
beran in 1965, At that time Robison et al, (51) reported
the failure of cyclic AP and several of its derivitives to
elicit a nositive inotropnic resnonse in nerfused rat hearts,
Later attemnts by that groun were also unsuccessful (17),
nerhans hecause of the low concentrations of nucleotide

that were used for those studies,
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The first revort of cardiovascular effects of cvclic
AMP anneared in 1966 when Levine and Voeel (52) found an
increase 1n heart rate, cardiac outnut and blood rlucose
after injectlon of larre doses of cvelie AP into
unanesthetized dors, whereas no sirnificant chances fol-
lowed administration of 2'3'-AlP, 5'-AMP or ATP, Similar
resnonses were elicited by cvelic AMP in human mnatients
(53, 54), The authors of the clinical studies concluded
that these were direct effects on the heart and not due to
reflex action, This hynothesls was suhstantiated bv studies
of the effects of dibhutvryl cyeclic AMP (db-cvecliec ANP) on
isolated nerfused hearts from the ocuinea nic (5%) and rat
(56«58), Gkelton et al, (59) noted that the increments in
tension and rate of tension develorment in isolated cat
nanlllary muscle caused by a maximally effective -dose of
db=-cyclic AP were similar to those produced by ontimal
concentrations of norepinenhrine, Ahren et al, (58)
showed that dbe-cyclic ANP could mimic the metabolic effects
of eninenhrine as well,

In all of these studies there was a rdelav of several
minutes hefore any chanre in the measured narameter was
observe:«, In contrast, the resnonses to noreninenhrine
were much more ranid, maximal effects heinr seen after less
than one minute, Measurements of the entry of labeled
dbh=cyclic AP into pnerfused rat hearts indicated that cell

membrane nermeabllity to this nuclecotide was verv low so
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that some time would be required to achleve a nhysiologically
active level (60), In contrast, cultured isclated rat heart
cells showed an immediate nositive chronotropic response to
dh-cyclic AlP (61), This ranid effect was attributed to
the trynsin treatment of the heart cells nrior to culture.

Althousgh studies of the effects of catecholamines or
nhosnhhodiesterase inhibitors on the nacemaker current of
cardiac Purkinie fibers ape consistent with the hynothesis
that cyclic A:ll®? mediates th:z effente nof thegme arents, at-
temnts to demonstrate the ability of dibutvryl (62) or
monohutyryl (A3, 64) cvelie AP to mimic the action of
eninenhrine on the nacemaker current have not succeeded,
This 1is especially nuzzling as monobutyryl cyclic AP has
nrofound effects on the plateau (¢calcium) currents of the
same nrenaration (246), The fact that it is nogssible to
duvlicate the pacemaker effects of epinenhrine by intra-
cellular iontophoresis of cyclie AP into Purkinje fibers
(uH) or sino-atrial node (536) suscests that it is nerhaps
some difference in the structure of dibutyryl or mono-
butyryl cvclic AllY that limits their access to or effects on
the relevant site of action within the cell,

Ltudles on the inotropic effects of epinephrine and
cyclic AP have prover more amenable to analysis, ijost
investicators now believe that myocardial contractility is

rlfetermined, at least in nart, by the amount of calcium

rielivered to the contractile oroteins during systole (67).
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It is well established that catecholamines increase the
amplitude of a slow inward current carried largely by
calcium lons during the plateau phase of the cardiac action
potential (68-70), This increase in the slow inward cur-
rent appears to be mediated by an increase in the specific
conduc tance of the membrane for calcium with no change in
the associated membrane parameters (69), The effect of
catecholamines on this ionie channel has been duplicated
by superfusion with mono (60,71) and dibutyryl cyclic AMP
(69) as well as intracelluarly applied cyecliec AIIP (65).

The indenendent effect of eninephrine to increase the
rate of relaxation of cardiac muscle has also been studied
(72-74), A direct relaxant effect of db-cyclic AllP on cat
papillary muscle in potassium-induced contracture has been
reported by ileinertz et al, (75). The addition of cyclic
AMP itself was also found to increase the rate of relaxa-
tion in "skinned" cardiac fibers (76). The mechanism by
which cyclic AP’ increases the rate of relaxation has been
identified, Entman et al, (77) reported an effect of
cyclic AIlP to increase the rate of calcium segquestration
by sarcoplasmic reticulum vesicles (microsomes) isolated
from canine cardiac muscle., This was partly confirmed by
Shineborne and White (78) who found that only very high
(1 mM4) concentrations of cyclic AMP produced this effect.
Kirchberger et al, (79) found that in the presence of
partially purified protein kinase much lower concentrations
of the nucleotide were required to stimulate calcium transport,

half maximal activation being seen at 2 x 10-7 1 cyclic AMP,
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This value was similar to the apnarent Km for cyelic AP
stimulation of nhosvhorvlation of cardiac microsomes hy
nrotein kinase., An intrinsiec rrotein kinase of cardiac
microsomes was also identified by LaRaia and liorkin (80)

and Viray et al, (8l), This intrinsic nrotein kinase is

able to nhosnhorylate a substrate in the sarcovlasmic
reticulun (81)., It now apnears that a the phosnhorylaterl
suhstrate that mediates the relaxant effect of catecholamines
ig a 22,000 dalton nrotein, phosnhorylation of which is
stroncly correlated with increased caleium transnort activity
by cardiac sarcoplasmic reticulum vesicles (82-34), Con-
versely, when the 22,000 dalton nhosphoprotein in these mem~
branes 1s dephosphorylated, the rate of calcium transport
falls to control values (83).

Another mechanism by which cyclic AP may influence
contractility is by the nhosrhorylation of contractile nro-
teins., Troponin has been phosrhorylated by partially puri-
fied cyclic AliP-denendent nrotein kinase (86, #7) and by a
Kinase endorenous to the native trononinetropomyosin complex
(88), Phosnhorylation of carciac trononin anpears to decrease
the calcium sensitivity of actomyosin AiPase (89, 90), Al-
thourh these data are consistent with the increased rate of
tension development seen in the nresence of catecholamines,

there is as yet no proof of their physioclogical releveance,
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The wide ranpe of processes sensitive to change in
myocardial cyclic AP makes studies of the properties of
cardiac adenylate cyclic and factors that resulate its
interaction with the catecholamines of central imnortance
to an understandineg of cardiac funetion, In view of these
consideratlions, the work oresented here was aimed toward
the characterization of the control of a hormone sensitive
cardiac arlenylate cvyclase,

The first objective of these studies is the localiza-
tion of adenylate cyclase within the cardic cell, Amine
and nolvmnentide hormones that stimulate arlenylate cyclase
are renerally anreed to interact with receptors on the
nlasma membrane, and cardiac membrane nrenarations enriched
in sarcolemma (nlasma membrane) markers show a hizhly active,
hormone sensitive, adenylate cyclase {91-94), Other studies,
however, have shovn that an eninenhrine~sensitive adenylate
cyclase is conurified with membranes enriched in ATP-derend-
ent calcium transnort activity: the latter beinr a marker
for the sarconlasmic reticulum (77, 95, 94). This adenylate
cyclase activity is unlikely to be due to contamination by
sarcolemma as nrenarations showine noth the hirhest caleium
trans»ort activity and the hirhest acienylate cyclase activity
were virually free of (lla + K)*ATiPase and ouabain-bindine

sites, which are markers for the sarcolemma,
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Evidence from cytochemic studles nerformed by Shulze
et al, surgest that there are two classes of adenylate
cyclase in cardiac musecle (97). These studies were hased
on the nrorerty of lead ions to nrecipitate with nyronhos-
nhate which is one of the products of the adenylate cyclase
reaction, VWhen ventricular slices were incubated with lead
and then examined under the electron microscone nrecinitate
was found alonr the plasma membrane, T tubules, subsarcolem-
mal cisternae, and the nlaces of contact between the T
tubules and the sarconlasmic reticulum, Incubation of the
tissue with either eninerhrine, rlucacon, or NaF, arents
which stimulate cardiac adenylate cyclase, increated the
density of all lead denosits., On this basis Sulze et al,
conclurded that there are two sites of catecholamine«
sensitive adenylate c¢yclase in the cardiac ventricular cell;
one on th. nlasma membrane and the other on the subsarcolem-
mal cisternae and the sarconlasmic reticulum,

Other annrroaches to the localization of the catecholamine
recentor in cardiac muscle measured the effects of catechol-
amines on resnonses other than cycliec Al'P nroduction, 1i.e.
membrane notential chan~es and force of contraction, Since
an intact cell was necessary for these studles, sneclal
techninues were utilized to differentially apnly catechol-
amines to either the outside or inside of the cell, Ventner

and coworkers (98, 99) found that isoproterenol immobilized



20

on rlass beads, and nresumably only able to interact with
extracellular bindines sites, nroduced an inotronic resnonse,
These investicators concluded that the isonroterenol re-~
centors were on the cell surface as immobillization did not
reduce the effect of isornroterenol, hut the stability of
the ~lass bead-isoproterencl complex has been questioned
by Yon~ {100) who calculated that enou~h free druc could
have leached off the <lass to account for these effects,

reuter (39) utilized intracellular iontonhoresis of
noreninenhrine and isonroterenol and found no effect on
either the nacemaker activitvy or the nlateau level of the
action notential of oardiac Vurkinije fibers, Similar
stimulation after the electreode was wilthdrawn fram the cell
nroduced marked acceleration of nacemaker activitv and in-
creansed the nlateau level of the action notential, Fabiato
ans Fabhiato (76, 101) nrenared mechanically skinned ven-
tricular cells and found that enrninevhrine has no effect
on tension develormment mnless at least a small area of the
sarcolemma was left intact. These results imnly that
cardiac beta adrener~ic receptors and therefore catechol-
amine-sensitive adenvylate cvclase are localized on the
sarcolemna,

The discrerancies between the two conflictin~ gsrouns
of exneriments, one of which supports the idea of two
locations for catecholamineesensitive adenylate cyclase,

the other 1limitine the location of the beta recentor to
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the sarcolemma, may be explained if latent enzyme activity
in nonsarcolemmal membranes becomes unmasked during isola-
tion (91).

The second objective ol these studies is to characterize
the effects of CIF on the adenylate cvclase of the sarcolemma,
The first renort of the interacition of this nucleotide with
adenylate cyclase anpeared in 1962 in which Cryer et al,

(102) noted that GIP inhibited basal adenylate cyclase activi-
ty in fat cells at concentrations ran«ings from 5 x 10~7 to

5 x 10~% il. Later work by Rodbell et al, showed that

GT? stimulated basal activity of the hevnatic adenylate cyclase
and gsreatly increased the resnonse of that enzyme to slucaron
(103). This latter effect of GT¥, to enhance the hormone
sensitivity of adenylate cyclase, appears to be a general
mechanism as similar rhenomena were observed in the adrenal
sland (104=104), bovine (107) and human thyroid (108), fror
bladder epithelia (109), pnancreatic islets (110-112),
nlatelets (113), fat cells (114, 115), the anterior nituit-
ary (11G), canine heart (117), and avian (118, 119) and
mammalian ervthrocytes (190),&3 well as beinpg ambhly cone-
firmed in the liver (l121-124). One notable exception to

this rule is the vasonressin-sensitive adenylate cyclase

of the bovine renal medulla in which the action of the

hormone is inhibited by GTP while basal activity is in-

creased {(125).
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In most svstems studied GTP alse increases basal
activity, but this effect is usuallyv sli~ht, luch larrer
increases in adenylate cvclase activitv,both in the absence
and nresence of hormones, have been elicite<d by the svnthetic
analors 5' ~uanvlyrl-inido=dinhosrhate (GiIP=2il*) and
5' ruanvlvl (g-y) methylene dinhosnhonate (GPP-CHQ-P) (104,
106, 119, 120, 124, 126=132). These synthetic analors an-
rarently hind at the same site as GIP, but differ from the
naturally occurine nucleotide in that the activation bv
GNP=PHP anc G“P-CHQ—P is irreversible (133-135),

“oth the localization of cardiac adenvlate cvclase
and the interaction of this enzyme with the ~uanyl nucleo-
tides have heen examined in this studv, The effects of
catecholamines and other acents knovm to modifv adenvlate
cvclase activitv were tested with sercolemmal and sarco-
nlasmic reticulum nrenarations derived from the ventri-
cular muscle ol the ~uinea nis heart,

The n»nresent studies on the effects of M'" on the sar-
colemmal anenylate cvclase hacd alreadv been hecun when
the eflects of GIPP=I’Hi> on canine cardiac adenylate cvclase
were renorted by Lefkowitz (127}, UDifferences in thc
effects of nucleotides on the two enzymes promnted a more
comnlete investiration of the suinea pir enzvme., These studies
which were carried out in lisht of newer work by HKodbell
and co-workers (135-139) stressed the imnmortance of time

as a variable affecting the observerd resconse to added
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nucleotides. In addition to the testing of various ruanyl
and other nucleotides for effect on basal activity of the
adenylate cyclase of the nuilnea pip sarcolemma, special
attention was devoted to the interaction of the ruanyl
nucleotides with other enzyme lirands, i,e., catecholamines,
NaF, substrate, and Me2+, Careful time course experiments
were routinely employed in an effort to develon a more com-
nlete kinetic model that could account for the observed

effects,
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METHODS

Preparation of Guinea Pic Ventricular Sarcolemma

Sarcolemma was prepared from gulnea nie ventricles
by a modified method of Tada et al, (91), Adult female

guinea pirs (Cavia cobava) weirhing 300-400 gm were

gacrificed by a sharp blow to the head and their hearts
exclsed and trimmed of the atria and large vessels,
Ventricular tissue was washed in ice-cold 2.5 mM imi-
dazole - 0,2 mM EDTA (pH 7.4), suspended in five volumes
of the same buffer and homecgenized in a Virtis Omnimixer
at full speed for 1-2 sec, The homogenate was allowed
to settle and the supernatant was filtered through four
layers of gauze, The remaining slices were homogenized
again in the same buffer and the process repeated until
all the tissue was broken down t¢ sinrle cell fragments
as determined by phase contrast microscopy. The pooled
sunernatants were centrifuged at 1600 x g for 30 min

and the pellets resusnended in 10% sucrose - 0,2 mii

EGTA = 10 ml Tris-HC1l (nH 7.5) and dispersed gently by
hand in all glass Dounce homogenizer with a 1oose fite
ting pestle, The suspension was centrifuged at 1600 x g
for 30 min and resulting pellets were resuspended in the
same buffer, The cells were again collected by centri-
fupation at 1600 x g for 30 min and susnended 1in an

equal volume plus 2 ml of 40% sucrose - 0,2 mld EDTA -
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10 mM Trig-HCl (pH 7.5) with the Dounce homogenizer,
Three volumes of 407 sucrose -~ 1,3 mM KCl - 0,26 mM EDTA -
13 m4 Tris-HC1l (pH 7.0) were then added and the suspension
stirred overnight at 4°C to extract contaminating contractile
proteins, After extraction the solution was diluted with
three volumes of 5 md Tris-HC1l (pH 7.5) and centrifuged at
1600 x o for 30 min, The pellets were resuspended in half
the initial volume of the same buffer and centrifuged again
at 1600 x g for 30 min, The final pellets were dispersed
in the appropriate buffer (as dictated by assay conditions)
with the Dounce homogenlizer,

Protein concentration of the resusnended membranes was
determined by a biuret procedure with bovine serum albumin

as standard,

Preparation of Guinea Pip Cardiac lilcrosomes

Guinea pig cardiac microsomes were prenared by a modi-
fied method of Haripaya and Schwartz (140), Ventricular
tissue was minced with scissors and homogenized in a Waring
blender in 30 ml of ice-=cold 10 mid sodium bicarhonate for
30 sec at maximum speed, The homorenate was centrifupged
at 9,000 x g for 10 min, The supernatant was filtered
throuch four layers of gauze and centrifuped again at
9,000 x o for 20 min, The supernatants were removed and
centrifured at 37,000 x g for 30 min., The pellets were

resuspended in 0,6 M KC1 = 20 mi Tris-=tiCl (pH 7.0) and
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centrifuced at 37,000 x « for an additional 30 min, The
final nellets were resuspended in a buffer appropriate for
subsequent assays by rentle homocenization with a Potter-
Elvehjem homorenlzer fitted with a Teflon restle,

Protein concentration was assayer] hy 2 biuret method

with bovine serum albumin as standard.

Preparation of ilicrosomal Fractions of liucosal Enithelia

of the Urinary iladder of the Turtle (Pseudymnis scripta)

iicrosomal fractions of rwucosal enithelia were nre-
nared hy the method of Solincer et al, (141). All stens
in the mnrocedure nrior to centrifu~ration were carried out
at roomn temnerature; centrifusation and later nprocedures
wvere nerformed at 49C, Three bladders in the form of
closed sacs were immersed in Ca-free, choline Rin<er
solution containings 2 mil EDTA, The mucosal surface was
washed 3-4 times in the same solution, The sacs were then
filled with 20 ml of the modified EDTA-~containin~ Rinser solu-
tion and immersed in the same solution feor 30 min, Durinc
the incubation the serosal fluid was rassed with 990 05=
15, CO5, The sacs were removed and their walls ~ently
rubbersd torether between thumb and forefinrer to release
the enithelial cells into the mucosal fluid, The cell-
containine fluid was removed and centrifuged at 10,000 x
¢« for 15 min, The nellets were homosenized in an all-class

Dounce homorenizer and resusrended in 100 ml of a solution
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containing 0,25 M sucrose, 1 mM Tris-EDTA and 0,1% Na
deoxycholate (pH 7.4). The cell suspension was centrifured
at 10,000 x o for 15 min and the resultinc supernatant re-
centrifured at 65,000 x ¢ for 1 hr, The pellet so obtained
was resusnended, homopenized in the Dounce homogenizer and
diluted to 50 ml with a solution containine 0.25 M sucrose,
1 mM Tris<EDTA and 0.05% Na deoxycholate (nH 7.,4), This
suspension was centrifuged at 20,000 x » for 20 min and the
resulting surernatant was centrifuged at 65%5,000 x ¢ for 1
hr, The final nellet was homogenized and suspended in 10 ml
of 0,25 M sucrose - 1 miM EDTA solution (nH 7.4).

Protein concentration of these preparations was deter-
mined by the method of Lowry et al, (142) with bovine serum

albumin as standard,

Purification of Cyecliec AlP-Dependent Protein Kinase

Cyclic AliP=denendent protein kinase was partially nuri-
fied from bovine hearts following the method of Miyamoto
et al, (143} throuch the DEAE-cellulose chromatography step,
Frozen bovine hearts were thawed and trimmed of atria, large
vessels and fat, The ventricular muscle was sliced into
small vlieces and homogenlized for 2 min in a Varing blender
in 3 volumes of 4 mii EDTA (pH 7.0), The homogenate was
centrifuged at 27,000 x ¢ for 30 min and the supernatant
filtered throupgh four layers of gauze, Acetic acid (1 1)

was added dropwise to the filtered supernatant until a pH



of 4,8 was reached. After 10 min the precipitated protein
was removed by centrifugation at 27,000 x g for 30 min,
The supernatant was again filtered through four layers of
rauze and the pH adjusted to 6,5 by the addition of 1 U
potassium phosphate buffer (p!I 7.0). The volume of the
solution was measured and 37,5 5§ of so0lid ammonium sulfate
was added ner 100 ml of solution, Thirty minutes after
the salt was fully dissolved the solution was centrifuged
at 16,000 x g for 20 min, The pellets were dissolved in

a volume of 5 mil potassium phosnhate, 2 mi EDTA, pH 7,0
buffer equal to 6% of the volume of the initial muscle
homogenate and dialyzed overnight against 20 volumes of
the same solution, hDurincs the dialysis period the ex-
ternal buffer was chansed twice. After dialysis the solu-
tion was centrifuged at 27,000 x o for 30 min and the
precipitate discarded,

The supernatant was anplied to a DEAE-cellulose

column that had been equilibrated with 5 mll votassium rhos-

phate buffer (pH 7,0). The column was then washed with

2 volumes of 0,1 I notassium nhosphate buffer, nil 7,0,

and the enzyme eluted with 0,3 [l potassium phosphate, nii
7.0. All potassium phosphate buffers contained 2 m:l EDTA,
Active fractions were pooled and dialized for 14 hours
arainst 20 volumes of 5 mM histidine-HC1l, (pil 6,8) with

two chan~es of the external buffer.
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After dialysis the concentration of nrotein was deter-
mined by the method of Lowry et al, (142) and 0.5 ml aliquots

were frozen in a dry ice-acetone mixture and stored at -20°c,

Preparation of Mp-ATP

Disodium ATP was freed of metal lons by cation exchanre
chromatoararhy on Dowex 50 (Hi* form), An equimolar amount
of MgCl, was added and the solution adjusted to nH #,8

vwith the addition of Tris,

Prenaration of Calcium EGTA TQuffers

In some exneriments the calcium ion concentration was
maintained with a calcium=EGTA buffer system, The concen-
tration of EGTA renuired to maintain a niven lonic calcium
concentration under assay conditions was calculated accord-
ing to the equations of Katz et al, (144) with a calcium-
EGTA binding constant of 4,4 x 105 H™} (ni 6.8) as deter-

mined by Ocsawa (145),

Adenylate Cyclase Assay

The adenvlate cyclase activity of the isolated mem-
brane nreparations was assayed accordinrs to the method of
3ar and Hechter (146) as modified by Bar (147), Under
standard assay conditions 30-55 ¢ of membrane nrotein

were incubated at 37°C for S min in a total volume of

50 ul containing 50 mM Tris HC1 (nH 7.5 at 37°C),



0.2 mti ATP, 1-2 uci [«3%p] ATP, 10 mM MgCl,, 1 me/ml
creatine phosphokinase, 25 mM creatine nhoschate, 0.5 mi
cyclic AMP, 1 mM EGTA and 1 mg/ml bovine serum albumin,
The resction was started by addition of nrotein and
terminated by addition of 5 ul of a solution containine

20 mM each of ATP, AMP and cvelic AMP in 0,2 M EDTA

(rH 7.0) and the tubes nlaced on ice., When the time course

of cyclic AMP production was determined, the total reac-
tion volume was increased to 100 ul, After the start of
the reaction, 10 vl aliquots were removed from the reac=
tion mixtures and transfered to tubes containing an equal
volume of an ice~cold solution containine 4 mil each of
ATP, AMP and cyclic AMP in 40 mM EDTA (pH 7.0)., The cone
tents of the tubhes were mixed thoroucrhly and the tubes
nlaced on ice,

Labeled nucleotides were sevarated by anplication of
5 pl aliquots of the reaction mixture to neclvyethvleneimine
(PEI) imprernated cellulose TLC nlates, which were then
reveloned in 0,25 M LiCl, After the plates were dried,
cyeclic AMP, ATP and AMP spots were located under UV
illumination, These were then cut out and counted in
toluene scintillation fluid [4,0 g PPO (2,5-dinheny-
loxazole) and 0.2 g POPOP (1,4-bls (2~ (5-phenyloxazole))-
benzene /1] with a liquid scintillation spectrometer,
The ratitc of cyclic AMP assoclated radiloactivity to total
radicactivity was used as an estimated of the conversion

of substrate to cyclic AMP and the specific activity of
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the enzyme was expressed as pmol cyclie AMP produced per
mg nrotein per min,

To test the adequacy of the renenerating system, ali-
quots of the reaction mixtures were applied to PEI-im=-
nrepnated cellulose TLC plates and chromatographed in 0,5
LiCl - 2 N formic acid, The plates were dried and the
nucleotides visuallized as described above, Estimates of
the ratio between ATP and total radioactive nucleotide de-
monstrated that nearly 90% of the substrate was intact at

the end of the incubation period,

(Nat + KY)-ATPase Assay

The assay of (Nat + K¥)-ATPase activity was carried
out according to the method of Siepel and Albers (148),
Cardiac sarcolemmal membranes (25-40 up) were incubated
for S min in a volume of 100 ul containing 40 mM Tris-HC1l
(pH 7.4, 37°C), 0,1 mid Tris~EDTA, 3 mil ATP, 0.4 uCi
[y32p] ATP, 3 mi iipCl,, and either 60 mil NaCl alone or
60 mil HaCl + 25 mii KC1, Reactlons were started by the
addition of substrate and terminated by the addition of
25 ul of 25% perchloric acid, The reaction tubes were
centrifuged at 20,000 x o for 20 min and 50 Ul allquots
of the resulting supernatants were added to clean tubes
containing 35 pl of 5% ammonium molybdate in 1 N H2504.
The contents of the tubes were mixed and 200 ul of
isobutanol added. The contents of the tubes were mixed

araln and then centrifuged for 5 min at 10,000 x g to



senarate organic and aqueous phases, Aliquots (100 ul)
of the organic layer in each tube were removed for count-
ing in 10 ml of Rray's solution {60 gm naphthalene, 4 g
PPO, 0.2 g POPOP, 100 ml methanol and 20 ml of ethylene
zlycol/1), {Na* 4+ K¥)-ATPase activity was determined by
the difference in activity in the presence and ahsence of
IKCl, Actlivity was exrnressed in terms of umoles of Pi

liberated ner h ner mg sarcolemmal nrotein.

Assay of Calcium Transport Activity

Guinea nir ecardiac sarcovlasmic reticulum (1 mp) was
incubated in 4 ml of a solution containine 120 mii KC1,

40 mli histidine (nH 6.8), 5 m!ll notassium oxalate, calcium-
EGTA buffer (0,125 mli CaCls, 7.5 x 10=7 14 Ca?*), ani

0,3 pCi 45ca. Cconeentrations of hovine cardiac protein
kinase and cyelic AMP, when nresent, were 0,2 me/ml and

1 uii, respectively.

The membranes were added to the reaction mixtures
which were then nreincubated for 5 min at 25°C, Calcium
transnort was started by the addition of the calcium
buffer, Allquots of the reaction mixture were removed
in disnosable syringes and the reaction stonned by
filtration through a 0,45 ym Millinore filter held in
a Swinny adanter, Aliquots (50 ul) of the filtrates

were removed for counting in 5 ml of Bray's solution.

Calcium transnort was calculated from the decrease in
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radicactivity of the filtrates as comnmared to unfiltered
nortions of the same reaction mixture. Results are ex-
nressed in terms of ymoles of calcium transnorted ner mp

membrane protein,
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aLalLen
A —————-

Sharacterisation ol arcolenna .cto recentors

“he bheto arrener Le recentor associatesd with the adenyl-

ate ¢,clane olf Ehn suinen ni~ ventricular mrocarciium ias
chara;clberizersl in cevseral series of exneriinients, Ln the
first, the ability of the {wo stereo-isoner: of enineshirine
to cltimmlnate @ envlate crelase wetivity ol the sargolanuial
rerthrane crearation wvas cousarns (daple ©),  SAlthowh asal
aclivit:y undcer the condition: uoed was low, 10=V | 1l-cine-
~arine .croice-i o »@0 0 dinerease in the rate of cyelic AR
srocdietion vhercas the same concentration ol = inehrine
i nobt seinulace adienvlate cyelnose antivityr, ~or Lhis reo-
son only thie l=sterecisoners of catecholaniine: vwere tested
in later no eriments., fhe extent ol stimlation by 1-
ovinconrine wvao crecatl:ss recuced by oo rive=I0l¢ excess: of
the netla aorener-iec blockin. w-oent ., lenronranolol. “he
arility of vrovranolol to inhionib ¢he eiice:n o lan-ine-
chrine cnocentn that the reoecer tor involver, in the stiru-
locion of 2vienvlate cveclase i a neta adrener; ic recoe . Lar,
“he elfects of ¢ zeriesn ol adrerner:-ic a~onints vere
comnharesi to evaluate the bels rece tor -ro:crtics of the
sarcolemnal ~rennpations, bLoulmolar concencrations

(10-4

;) of isonroterenol, eninennhrine, nore~inehrine,
fonaine 2nfl henvleshrine were ndied Lo asgsay Lubes and

the ability ol thece a~entn to astinmulate adenvlate cyeclase



TABLE 2

Effects of 1- and d-Epinephrine and of d, l-propranoclol
on Cardiac Sarcolemmal Adenylate Cyclase Activity

Adenylate Cyclase Activity

Addition (pmol cAMP mg-1 min-1)
None 2.27 + 1.83
104 M 1-epinephrine 0.54 ¢+ 1.81"
10-4 M d-epinephrine 2.27 + 3.14
10-4 M 1-epinephrine + 3.20 + 0.91%

5 x 104 M d, 1-propranolol

Assays were performed at 25°C for 10 min in a
medium containing 2 mM [a-32PJATP, 5 mM MgCly, 0.5 mM
unlabeled cyclic AMP, 2.5 mg/ml sarcolemmal protein, a
calcium-EGTA buffer (125 uM CaCl,, 138 uM EGTA, 10 uM
Ca4*) and 100 mM imidazole buffer at pH 6.8. The values
of adenylate cyclase activity are means + SE of six
determinations.

* t = 2,815, P<0.01 compared with control.

+ t = 2.782, P<0,01 compared with 10-% M 1l-epinephrine.
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activity was zdeterminel, Tl'erresentzaltive results are shown
in I'i~ure 2, In rencr:l the order oi cifectivenensz of
these orento wast 1sosroterenol » e-iner-hrine » norenine-
“hrine » do-anine » shenvle-hrine, in oorme cixaerinents
{(inbhle 1) e-inerhrine was ncorievhot nore effective than inc-
~roterenol, e oraer of notener ol thna other ~-onisla o

che nnamne in a1l ex~erinents,
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;. ainilar nattern of effectiveness was seen vhen the cone-

contration Jderonrlency of the difilerent z~oniasts wan otuidied

. . -7 4
in the ran~e of 10

-

ol dira- re~uirest to wrohiuce hzlO oX the nrxinol recoonne tn

iat Srire e ounsel o as o measure o the recostnre aslffinivs Ior

Ehat 'ru o, Lo roterenol ~chovmeo the hil-hest ~ narent ar-
finity for tne recnztor nn vell an the “reatec:t naximal e.'-
Tect, which wac neen 4t oo concentration ol 1”'5 e oiine=
Shirine oo nlnonh o eriective 0 izooroierenol oL o con-
crntration of 10"5 Dout showver n laver afTinier Tor Lnn

reocecallor, concentrations of isonroterenol or chine: hrince

Ahove 107~ vere inhisitorr, An in the cx-eriaents ohowm
. . . e . o s " .
in Yanle 5, 1O - eninerhrine wnn slichtly nore crllective

in inecresnine ardenvrlate ocyelose aghtivicr thaon s 10~
ioroterenol, lorecine nrine oliciier o omuich smaller
aninnl res-onse; ito affinitrs for the rercentor, houever,
vmn sonovyat hicoher than that of erinerhrine, ononmine
rroducerd cirnificant stimulntion of cveclesse petivity only

. . _[_ .. -
1y concentrotion ahove 1077 71, The res-onse to ~henvle

o 107" (Fiure ). Me concentration



Adenylate Cyclase Activity

Fi~ure 2,
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Conmparison of effects of adrenerpic arconists on
sarcolemmal adenylate cyclase activity, Adenyl-
ate cyclase activity of puinea pis sarcolemmal
membranes was determined in the presence and
absence of 10—4 1l concentrations of indicated
agonists, DNars represent the mean i SE of three
renlicates, Reactions were carried out at 259C
for 10 min in a medium containinpg 2 mii [a32p] ATP
5 mil HpClo, 0,5 mil CaCl, and 50 mii HEPES buffer
at DH 7.5.
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TABLE 3

Scenrlatce <relase Jctivity

r=) Wit + AL "Ued o 1 Gesd e P B 1i:,7 4 V<, 0]
T 13, 7% 1 0.1 NoST g T B 51, % 4 1.°5 458G, T <u.001

SRS 17,20 £ Q.0 Uulh o L.
DT 11,55 & 1,50 15.91 ¢ 0.9
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YL = hentle nrine, no o= noc

o
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11 ‘ru -, “fien cresent, were ot 1)=4 inal ccn-
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Firure 3,

log Molar concaentration
of agonist

@ lsoprotersnol
O Epinephrine

@ Norepinephrine
O Dopamine

39

Dose resnonse relationshir of adrenercric agonists

anrl sarcolemmal adenylate cyclase activity,

Each

noint renresents the mean of two replicate deter-

minations, Assavs were nerformed under the

conditions listed in the lerend to Firure 2 ex-

cept that the nill was G.8.
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enhrine was minimal and so is not included in Firure 3,
The order of affinity determined for the adrenersic re-
centors in this tissue (Table 4) is consistent with that

of a tynical heta recentor,

Partial Characterization of Sarconlasmic Reticulum Adenyl-

ate Cvclace

The affects of heta aronists on sarconlasmic reticulum
arlenylate cyclase were studied hy the use of a microsomal
fraction of the ~uinea ni~ ventricles as a source of enzyme,
tlicrosomes vere nrenared as described under '“iilethods" and
vere assayer! for calcium transnort activity as a marker for
the nresence of sarconlasmiec reticulum, OSionificant amounts
of calcium were accunulated in the nresence of © mii notassium
oxalate and the rate of calcium accumulation was nreatly
enhancer by nreincubation of the microsomal vesicles with
nrotein kinase ans cycliec AlP (Firure 4)., The hish calcium
transrort activity indicates that these membrane rrenarations
contain vesicles derived from the sarconlasmic reticulum,

Comnarison of the ability of beta ar~onists at levels
of 104 ;1 to stimulate the microsonal adenvlate cyclase is
chovm in Filirure 5, As was seen nreviously with the sarco-
lemmal enzyme, isonroterenol was most effective in stimu-
latins microsomal adenylate cyclase activity fellowed by

eninenhrine and noreninenhrine, HNeither nhenylenhrine nor
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TABLE 4

Avparent Dissociation Constants of Adrenergsic Aponists
Tor Garcolemmal Beta Receptors

Isonrocterenol 2 x 10-7 1
loreninevhrine 3 x 10~7 1
Eninenhrine 6 x 1077 i
Donamine >3 x 10™" il

Values shown are means derived from three dose resnonse
experiments of the tyne renresented by Fiqure 3,
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o

s +PK +cAM

e control

calcium accumulation
Fmol - mg™

J

e
6 8

. e
2 4
min.

Firure 4, Calcium transport activity of guinea vnip cardiac
sarcoplasmic reticulum, Calcium transnort was
assayed as decribed in "Methods" in the nresence
and absence of 0,2 mp/ml nrotein kinase and 1 ul
cyclic AMP,
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Comparison of effects of adrenergic agonists

on sarconlasmic reticulum adenyvlate cyclase
activity, Adenylate cyclase was measured in
the nresence and absence of 10-4 II concen-—
trations of the indicated adrenergic agonists,
Bars represent the mean ¢ SE of four replicates.
The assays were performed under the conditions
described in the legend to Fipgure 2,
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donamrine sirnilicantly affected miacroconnl ndenylate
crelanse nctivitr, Attennts to find conqditions that wouls
inerense the ertent ol stinulation » the.oe beitn asirener-—ic
aronists and nlloy nore accurate cose-raensnonse sbiudien to
be nerfornen wera nol sucecesniul,

the oui clegnenaeney of che mderosenal acenylate cyclane,

shotm In Si-ure o, wns ddeterndined in the oresence ol Yrin-

sl, O lerosonl adenrlate cxelase activiery s naxilowl ol
. e e o ) - =l) - . ) .
- %Y.l in the sresence or obaoence od 1=t . iacovrocerenol

or & L .ol contrantine rith the 70 leoeneongey of the
carcolaominal adenvlate eveclase (Gi-are 11),  vhe acenvlale
cyclnane contained in the sorconlasuic reticulun reparc-
tions diitere:l {ror Lhe oarcolervaal ensyvioe in obher oo
as well, Lincreasine the ionic otrength ol the reacilion
radium wvith either 1 or .aCl was tound o increase parco-
lenmel acenylate erelase necbtiviiy (see i ure 12), inilar
conceniravions ol these ionn li~nily inaibited o ierg-
sonnl oranvlate crrelase activity (Lable L),

e+l oa concentration of 10‘5J .ol not sirnificantly
aifect rlenlate cvelase activity in narco-lamiiec reti-
culun vrenaration: (Firure 7). in other e:x:erinents the
coneontration of 1YY wag varied Trorn lﬂ""ﬂJ ife) ].U"’l U {Vicure
3). The eflTect of 4TI* on both hasal and Lol ctirmlater!
activity wrn not rinificant nt ansy concentration of the

micleoticde,
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Adenyiate Cyclase Activity
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&5 70 75 80 65 30
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Firure 6, pH dependence of sarcoplasmic reticulum adenyl-
ate cyclase activity. Each point renresents the
mean of three replicate determinations, Reac-
tions were carried out in 50 mM Tris buffer under
the standard conditions listed in the "Methods",



TARLE 8

Effects of Increasinc Ionic Strencsth on Sarconlasmic Reticulum Adenylate Cyclase
Activity.

+ 1072 3
lasal Isooroterenol + 8§ mil ilaF
control 97,96 + 0,56 97.26 + 0,97 258,30 + 33,00
+ 50 mil ~C1 82,20 + 7.15 110,85 + 9,60 260,18 + 8,43
+ 100 mii KC1 93.03 + 7.72 101,75 + 2,71 226,00 + 23,58
+ 50 m ilaCl 80,45 + 1.80* 78,00 + 7.03 258,08 + 7.885
+ 100 mii ijaCl 88,15 + 0,88% 88,60 + 6,13 227.84 + 14,70

Values are expressed as nmol c¢velic AP fornmed mg'l min=l and are the mean
+ SE of three assays of a sincle preparation, Assays were performed under standard
conditions in the nresence or ahsence of added salts,

* n <0,05 when comnared to controls,

9



Adenyiate Cyclase Activity

Fioure 7,

pmol - m‘-lom-l
8 .
=

o7

Z'_

&
?

8

control

Effect of GTP on sarcoplasmic reticulum adenylate
cyclase activity, Adenylate cyclase activity
wag assayed under standard %onditions in the
presence and absence of 1072 [I isoproterenol of
8 mll NaF, #ars indicate the mean + SE of three
replicates,
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[ 4]

e basal
o8 mM NaF

Adenylate Cyclase Activily
pmol - mg - min!

log MolarGTP

Firure 8, Concentration denendence of the GTP effect on
sarcoplasmic reticulum adenylate cyclase
activity. Assays were performed under standard
conditions in the presence and absence of 8 mii
NaF and the indicated concentrations of GTP,

Each noint represents the mean of three replicate
determinations,
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The standard conditions listed under ".ethods"

(rH 7,5, 379C) were adonted for this series of experi-
rents, The concentration of AT’ in the reaction mediumn

was reduced to 0,2 nil with a ten-=fold increase in the
speclific activity of the substrate, An ATP rerenerating
svstem was included to offset the increased A'lvase activity
observed at 37°9C, Ficure 9 shows the time course of the
adenylate cyclase reaction under these standard conditions,
The rates of hagal and HaFegstimulaterd enzyme activity re-
mained linear for at least 8 minutes., A reaction time

of 5 minutes was used in all suhsequent exneriments,

AL ore direct test of the adequacy ol the regenerat-
ing system was provided by concomitant measurements of the
amount of ATY remainin~ in the assay mixture as the reac-
tion nro-~ressed., As shown in Table 6, where the amount
of ATP remainin~ is expressed in terms of percentare of
ATP at the start of the assay, nearly 90.; of the ATP re-

mainerl after 5 minutes, For this reason the rereneratine
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3.0r
2.5
>
] 2.()' ()/
a
E
Q
© 1.5F
-
E
=
O basal
A+8mM NaF
— -
8 {

Figure 9, Linearity of the adenylate cyclase reaction with
time., Asmays were nerformed under standard
conditions in the nresence and absence of 8 mil
Ha¥F, Sarcolemmal protein concentration was
1 mr/ml, Each noint represents the mean of three
replicate determinations,



LN T
noehion

R Y

AT R VAL
cCoil o

1O

AT B NTsY

in

: itecs

Oy

¢ a !
Ly
.
(!
.

resvlon
recasinin

1. I
- g
[P ARV

cons

vitya b ho
0L,

oro

LTIl sorcolar ol e

TABLE &

Level Drrin

. .
S AR
;e -
PR

LSS f SRS T
oy L. - BRIy - B . .
[ T I S & SR it 8.0

ADIG T,
i

Lharou oo bhe

Lho L

O G
Lo control
vonsrol voaloe
Linnite

51

onclabe Chrelanie

e of rivgio-

Lo,

rooc oion,



avrstern was considerel ade~unte and woan not molified further,
‘me level of AYP reralnin~ in the tuhens eontainin- [lalf wag
hi~her than that of controls, This effect of I.aF won ceen
connistently »n cnn »e nccoumte ! Lor »h:r the inhibitor:
antion of ¥~ on the nmenbrane=hounsd filvrnen (Yabhle 7).,

he effect of increanin~ concentration: ol IinF on the
aden—rlate oclrse activiiy of Lhe soreolemsia 1o shom in
JYicure 10, Yhe rescronce to L vas rmaximnal ot S ol ovhiile
i her concentrations were inhibitor:y,

Lal o vmo founya to nwodily the nloderendeney of the
aaenvlaote eryelane in addibion to ~tirmaloatin~- the rnte of
cvrelic .0 Iopmation by this enagrme, the effecis of chan -
in: . on rvienylake cyvelase activity in the wrescence or
-~

shoenece of 4 om. Loy or 10 inoyroterenol arce chowil in

Vi-nre 11, oth hassl and isorroterenol-sitliniloted

1

noetvivitien were noaical oo ol .0, SOOI shifrted tahe

S

oo bl to YL, Stlnvlavion ol ernlase retivity
Inagarntorencl oo ninitnal e ot extreriaes o8 Che L prnce
Wit A onanrihnal oefstect secen av v Y.U=8,0

Inererasine ionie strens ©h roducec naall but Sl nie
Ticant incrences in basal and doconroberenol-soiaulales
alenvlate cyvelase acuviviey {(Pi-ure 12), ol an: 21 vere
crually eficctive in ctimulatin - azgenylate cvelioe ~etivity,
e sercent otinulntion ol eryeclase nctivity hy inourobtercnol

uns incesendent ol ionic o trencith.



I v
Loen e ol s oon mreclerinl Lo Pooe Sonlvitor,
LU Ao clvits
rol .; relensed /o
ro-oroatvion Aol oion T
1, n =3 none 10,76 & .75
+ 50 mil laF 6,02 £ .49
2, n = 3 rone 11.31 £ .95
+ 50 mi1 [la¥ 5,68 £ .73

Assays were performed as described in the !lethods.
The data shown are the means + 3E of the indicated num-
ber of replicates for each preparation.
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2 6 10 156 20 30 40
NaF (mM)

Figure 10, NaF dependency of sarcolemmal adenylate cyclase,
Assays vere performed under standard conditions
in the presence of indicated concentrations of
NaF, Each point represents the mean of three
replicates,
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Figure 11. pH dependence of sarcolemmal adenylate cyclase,
Reactions were carried out in 50 mM Tris buffer
under standard conditions, Each point represents
the mean of three replicate determinations.
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Figure 12, Effect of increased ionic strength on sarco-
lemmal adenylate cyclase activity, Adenylate
cyclase activity was assayed under standard
conditions in the presence and absence of
10-5 ¥ isoproterenol or 8 mM NaF. DBars repre-
sent the mean + SE of three replicate deter-
minations,
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sarcoleninnl ~cenrlate crrelane wns inhibIltens by G707 under
nlY conditions Lested (Fi-ure 13), “asal activity arpeareq
to he somevhat nore sensitive to Y than icowroterenol=
stinmlates aeglvity, resultin: in an inecrence in the reocsonse
ol Tthie ena e o catecholanine:ns,

lccaune the sore ununl reconne Lo MY is sn elevation
oi hornonc=soirmlots:d sdenvlate cvelase 2eolvity (nee Lntro-
raction), the -~osninhilityr of trace contaninants in the asany

(.

o1 nause ol an ano.solouns recoonse Lo

PTLLIEI ) H
B BN LR |

PGH”ChtS »edin -
crarine’ o oLestin~ the elfeet ol the nmuiclroti-in on oo dif-
fegront anayme ore arctlon,  S'lasns ne.seonan ol fhie mueosed
corlthelic of thie urinar- ala-vder oi the tartle 'seundrnis
serica viere cresored as oclescrihed in Uhie eihodn and foooayed
Tor adenylaice crelane aevivity usine olintots of the nnne
rca-enls wes. for the orevious cimveriooentls, n che oosence
ol iy, 10=" .. nore ine hrine only: ¢lichely inercane ! afdenyl-
ate cvelnse activitr, “he inereoaent ue to ino roterenol

was crontly Inereasel in thie srosence ofi 1u“5 oot (rible
). it wan therefore connluacred unliliedy it Lhe Inbiicition
o gorcolenmal a.enylaie cyclose aotivit o lue oo thie
‘rescnee ol contaninants in the ascar cvatew an:d the reac-

tion concitions were lolt unnocJdiiie-,
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Figure 13, Effect of GTP on sarcolemmal adenylate cyclase

activity. Adenylate cyclase activity was assay=-
ed under standard conditions in the presence or
absence of 10=5 M igoproterenol or 8 mM NaF,
Bars represent the mean 4+ SE of three replicate
determinations.



TABLE 8

Effects of GTP on the Stimulation of Turtle Bladder
Adenylate Cyclase by Norepinephrine (NE)

Adenylate Cyclase Activitx

Expt. Addition pmol cyclic AP mg=+ min~
i, none 30,25 & .40
10=4 M NE 38,93 + ,73%
10=%4 M NE +
10™° u GTP 46,05 & 1,05+
10 ml NaF 95,49 % 9,96
2. none 29,77 £ 4.17
10=4 M NE 37,57 & 4,698
10=4 1 NE +
10=% 11 GTP 70.69 4 2,831+
10 mH NaF 104,84 + 6.87

The results are expressed as the mean + SE of
three determinations.

*t = 14,91, P <,001 when compared to control,
tt = 5,18, P <.02 when compared to 10=4 M NE,
it l.24, ns when compuared to control,
tit = 6.04, P <,01 when compared to 104 M NE,
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An attennt was niade Lo characterize the nature of the
inhibhition of adenylate cwvelane activity —rodueced by <7,
Sinee the ntructurce ol G ane ATP ~re sindlar, it was ini-
tiall, ~omuaned that 19 was actins ans o cownetitive inhioni-
tor oi the crelace, in or:ler to teast Lhis rrwothernis the
followin~ creriment warn rerlorned, A envlate cvelase
e bivitry yon neasures ot either U2 or 2,0 170 LAY din the

“pocence ol vor-rine conceoentration: of UV, Thien Lhe cloin

were nloteel on o diron ~lot ( (L) wa, 1/v), uhich in o=

gioners to vield o Jor o ure coetitive inhibhitor, the
resul cins nonlineacritr of {he curwvern indicate« opilnl or

e

=iite t oinhibition (rFicure 14), These renulis cwecene, Lhere-

e vdindine sibte Lo o indenenslent ol theo

o)

Torn, Choun th
catilrtiec site of the asdnrlate er«clrne moleculce,

Celore kthe 0 inndviition wnn ore cleovel:t ecmcoiined, o
clesrer unrier:: E-n-in—- of the substrate de—qcendlencr of Lhe
aoenrlave crelrao wen conent, e velocitie:r of vacal, ion-
‘roterenel-ctinmilace ] ani Liot=ntinlatel (e
tap iinesT o A coneenirsations roenciny o fTror .08 Le Bl
The concentration of [I17Cls was held constant at 10 mil
throw-houl the entire L'V concentratlion ran o, "he reculin
are shom in Vdovare 1L here Lhe velocnicr ol thio reaclhlon
i lobbed no o fimetion ol AYS concencrocion. ihitn chie

creenbion off $licht inhibhicion ceen 2L P mo. AUy, Tthe enarne

acitivit inecreasecd wriih increncine nuboirate eoncontretion.
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Figure 14. Dixon plot of the effect of GTP on sarcolemmal
adenylate cyclase activity. Adenylate cyclase
activity was assayed under standard conditions
in the presence of either 0,2 or 2.0 mM ATP and
the indicated concentrations of GTP. Each point

represents the mean of three replicate determina-
tions.
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Fioure 15, ATP dependency of sarcolemmal adenylate cyclase,
Adenylate cyclase activity was assayed under
standard conditions in the absence (O) and pre-
sence of 10-5 i1 isonroterenol (@) or 8 mi aF (4 )
and the indicated concentration of ATP,
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When subjected to analysis by Lineweaver-Burk plots
(Figure 16}, however, the data deviated from classical
liichaelis-llenten kinetics, Instead of a linear rela-
tionship between 1/v and 1/S, a nonlinear (concave downe
ward) nattern was seen, The nonlinearity was not abolished
by the addition of isoproterenol or NaF (Ficure 16),
Rerression analysls of the data indicated that the devia-
tions from linearity were statistically sicniflcant

(P <0,01), The inhibition seen at 2 mi ATP (Ficure 15)
is reflected in the Lineweaver~Burk nlots as a small cone
cave unward sepment adjacent to the ordinate,

The nonlinearity of the Linewenver-urk plots can be
exnlained by the nresence of an allosteric bindins site for
ATP in addition to the catalytic site of the enzyme, ne-
cause Firsure 14 surgests that GTP interacts at such a site, it
was of interest to test the effect of that nucleotide on the
ATP dependency of the cardiac adenylate ecyclase, AsS shown
in Figure 16, GTP linearized the double recinrocal nlots,
indicating that this nucleotide can occupy one of the ATP
bindinc sites, GTP was inhibitory throurhout the rance of
ATP concantrations used in this study, but as the concen-
tration of ATP was raised the extent of inhibition by GTP
was greatly reduced, This finding nrovides evidence that

TP and ATP compete for a re~culatory site,
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+10°°™ GTP
+10°%W |
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Effect of GTP on the ATP dependence of sarco-
lemmal adenylate cyclase, Lineweaver-Burk
replot of adenylate cyclase activity measured
under standard conditions in the presence and
absence of 10-5 M isoproterenol, 8 mM NaF or
10=5> M GTP. Each poilnt represents the mean
of three replicate determinations,
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Fi~sure 17, 7Time course of the effect of GTP on sarcolemmal
adenvlate cyclase activity, Assavs were ner=-
formed under standard conditions in the pre-
sence and absence of 10-5 I isonroterenol, 10~ i
GTP or both 10-5 Ii isonroterenol and 10=5 Il aTP,
Each noint renresents the mean of three deter-
minations. The dashed line renresents cyclic
Al productlon under both basal and ;IS0 + GTPY

condlitions,
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nresent, Because the reaction rates of the basal and iso-
nroterenol + GTI' treated enzymes were nearly identical only

a sinrle dashed line is drawn in Fi~ure 17 to represents cyclic
AllP production under both conditions,

The absence of a lar in cycliec AP production in the
npresence of GTP surrested that either GTP itself is inhibi-
tory and that hydrolysis to GDP is not necessary for the
inhibition to be observed or that FTP is hydrolyzed very
ranicdly. OSunport for the former explanation was derived
from a survey of several nucleosicde triphosnhates for
their effects on nmyvocardial acdenvylate cyclase activity
(Fi-sure 18), Of special interest, in this resnect, is the
effect of the TP analor 5' ruanylyl imidodiphosphate (GiiP-
PLP), Althoush GiP=Dlil? is resistant to membrane bound
nhosphohydrolases (149), it is a notent inhibitor of both
hasal and fluorirle stimulated adenylate cyclase activity,.
Of the other nucleotides tested only the nurines LTP and
TP were inhibitory, »oyvrimidine based comnounds, i.,e,.,, CTP
and UTP were without effect,

The larce increase in isonroterenol-stimulated acdenyl-
ate cyclase activity in the nresence of GilP=PilP nromnted
testine of A series of puanyl nucleotides for their effects
on cyclic AMP production (Firure 19), Uniform concentrations
(L0=2 i) of GDP, GTP, GiiP=PNP and GPrP=Clip-I’ were added to
reaction tubes in the nresence or absence of isonroterenol

(10'5 1) or ilaF (8 mi), GDP was added only 5 sec, nrior to
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Figure 18. Survey of nucleoside triphophates for effect on
sarcolemmal adenylate cyclase activity. Assays
were performed under standard conditions in the
presence and absence of 10-5 I1 isoproterenol or
8 mil NaF, The concentration of all nuclecoside
triphosphates was 10-4 11, Bars represent the
mean + S5E of three replicates,
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Figure 19, Survey of guanyl nucleotides for effect on
sarcolemmal adenylate cyclase activity. Assays
were performed under standard conditions in the
presence and absence of 10-5 M isoproterenol or
8 mM NaF, The concgntration of all pguanyl
nucleotides was 10=~ M, GDP was added 5 sec
prior to the initiation of the reaction by the
addition of sarcolemmal membranes, Bars repre-
sent the mean + SE of three replicate determina-
tions,
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the start of the reaction with the addition of sarcolemmal
membranes, Control activity and the activity in the nresence
of GTP corresponded to results obtainerd in previous exneri-
ments, (PP=Cli,=P, which like GlIP=PiP 1is not suscentible to
hydrolysis (150), inhibited both basal and liaF stimulated
adenylate cyclase activity, The effect of isonroterencl,
however, was ~reatly increaserd, 'The effect of (GIiP on basal
and NaF stinulated activity was similar to that of GTP, The
resnonse to GDP riir! differ in that no enhancement of the
effect of isonroterenol could be observed,

Fi~ure 20 shows the time course of the effect of GbhP on
basal adenylate cyclase activity, :asal adenylate cyclase
activity was linear throuchout the § min., reaction overiod,
Adenylate cyclase activity in the r»resence of (DI was
essentially linear with the reaction rate beinr annroximately
705 of control values,

The effects of ~uanyl nucleotirles at a concentration
of 10-° i1 indicate that GTP can nlay a rerulatory role at
concentrations normally found in vive. It was therefore of
interect to examine the rlose resnonse relationshin for the
TP effect on sarcolemmal adenylate cyclase, GTP was
inhibitory of basal, iso»nroterenol-stimulated anc IlaF
stimulated cyclase activity in doses above 3 x 10~7 1

(Firure 21}, helf-maximal activity beina obtained at an-
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Figure 20, Time course of the effect of GDP on sacrolemmal
adenylate cyclase activity. Assays were per-
formed under standard conditions in the presence
and absence of 10~=° I1 GDP, GDP was added 5 sec
prior to the initiation of the reaction by the
addition of sarcolemmal membranes, Each point
represents the mean of three replicates,
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Dose response relationship for the effect of
GTP on sarcolemmal adenylate cyclase, Assays
were performed under standard conditions in the
presence and absence of 10=° isoproterenol or
8 miM NaF, Each point represents the mean of
three replicate determinations,
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Ficrure 22.
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Dose resnonse relationshin for the effect of
GlLiP=PIIP on sarcolemmal adenylate cyclase
activity. Assays were nerformed under standard
conditions in the nresence and absence of 10™5 i
isonproterencl or 8 ml llaF, Each noint renresents
the mean of three renlicate determinations,.
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Time course of the effect of GMP-PNP on sarco-
lemmal adenylate cyclase activity. Assays

were performed under standard conditions, The
concentration of both GMP-PNP and isoproterenol,
vhen present, was 10=° M. The insert reproduces
the first three points of each curve plotted on
an expanded scale, Each polnt represents the
mean of three replicate determinations,
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Figure 24, Assays were nerformed under standard condi-
tions in the absence (A) and presence (B)
of 10-5 !4 isoproterenol and the indicated
concentrations of GMP-PNP, Each noint re-

presents the mean of three replicate deter-
minations,
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[Firure 25, Hﬁd+ denendency of sarcolemmal adenylate cyclase,
Assays were nerformed under standard conditions,
The concentrations of TP, laF and isonroterenol,
wvhen nresent, were 10-5 i, 8 mii and 10~% il re-
spnectively. Fach noint renresents the mean of
three renlicate determinations,
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Figure 26. Double reciprocal plots of the Mg?+ dependence
of sarcolemmal adenylate cyclase, Data derived

from Figure 25,
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detalls.
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DISCUSSION

In view of the larsre number of cardiac functions affect-
ed by cyclic Al (see Introduction) it is not surprisinge
that cyelic Al production by the myocardial adenylate cvelase
is itself a hirhly reculate:d process, The experiments de-
seribed in the previous section examined the interactions of
three classes of endor~enous arcents with the adenvlate cyclase
of the ventricular sarcolemma o0f the ruinea nir, These
arents, catecholamnines, suanyl nucleotides and free mas-
nesium ion, annear to act at :(different sites of the arienvlate
cvclase svetem, 1In the following rarasraphs the results of
these exneriments will be related to nrevious studies of
rmyocarilal and other adenylate cyclases, after which an at-
temnt w1ill be made to construct a model to account for the
experimental finadinrs,

it has lonc been known that the gtimulation of cardiac
acenylate bv catecholamines is mediated by a heta adrenercic
recentor (l1%) as orisinally defined by Ahlauist (1%2), ‘this
assirnmment has been confirmed by the »resent study in two
wavs: by the relative notency of the adrenergic a~onists
tested for ability to stinulate adenvlate cyclase and by the
ability of the beta blocking arent pronranolol to inhibit
the resnonse oi the enzyme to eninenhrine, SGtimulation of

cyclic Ay nroduction by l=eninenhrine cannot be attribute-l
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to an antioxidant effect as the chemically identical d-
stereolsomer had no effect on ardenylate cyclase activity.

The affinitiec of the various a-ronists for the recept-
or, as estimated from the dose resnonse curves,wvere arnroxi-
matelyv one order of marnitude rreater than those renorted
by nrevious investlwsators of cardiac adenvlate cvclase
(15, 153=5), This discrenancy may be due to the use of
HEPES buffers for this series of exneriments, Previous
exneriments with ~uinea n»ni~ carrliac sarcolemmal adenvlate
cvclase, nerformed in this laboratory under the same condi-
tions as the present study excent for the use of imidazole
bhuffers, showerl 2 half maximal resnonse at a comevhat
hi~her eninenhrine concentration (156), in accord with esti-
mates from other laboratories, The maximnal stimulation of
arlenvlate cyeclase activity was the same in the »nresent ancl
nrevious studies, so that 1t annears that the hvdro-~en ion
buffers mav account for the different amrarent affinities of
beta adrenercic aconists for the recentor,

The concentration of adrenern~ic aconists required for
half-marximal stimulation of adenvlate cvclane activity in
the rregsence of HEPES is still much hi~cher than that renuir-
el to elicit half-maximal inotronic resnonses in nnnillary
muscle (157). It is nossible that this findine reflects
disruntion of recentor-catalvtic unit counlin~ durin~s the

homorenization and centrifuration re~uirer! for the lsola-



tion of nure membrane fractions, Alternatively, the dif-
ference in the sensitivity of the adenylate cvclase and
nhvsileolo~ic resnonses of the heart could he due to ‘re-
centor reserve! in which the hearts canacity for cvelic
AP nroduction creatly exceeds the amount re~uired for
maximal elaboration of nhysiolocic resnonses, ‘‘he latter
hvnotheslis is most likely, in view of the common findine

of redundazncy in biolo~rical control svstems,

Comnarison of Sarconlasmic Reticulum and Sarcolemmal

Arlenvlate Cvclase

The characteristics of the heta adrenercic recentor
activity associnted with the adenvlate cvclase found in
sarconlasmie reticulum vesiecles nrenared from ruinea ni-~
ventricle differed signifTicantly from those of the corres-
nondine sarcolemmal nrenarations, At nil 7.5 and 259, the
adenylate cyclase activity of the sarconlasmic reticulum
nreparations was si~nificantly increased by several
adrenerric aronists, The order of potency of these aronists
was: ilsonroterencl > eninevchrine > norepinenhrine »> donamine
= nphenylephrine, indicates that thece effects are mediated
by a beta adreneroic receptor, Catecholamine-sensitive
adenylate cyclase activity has also been demonstrated in
sarconlasmic reticulum orepared from canine ventricles (95,
9G) with half-maximal activation of cyelic AP production

=6

elicited by 5 x 10 Il eninerhrine, The low levels of this

86
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beta recentor activity in the nuinea pia sarcopnlasmic reti-
culum prenarations, in contrast to the more active sarco-
lemmal nreparations, precluded a comnlete characterization
of the beta adrenercic receptors in the sarconlasmic reti-
culum,

The sarconlasmic reticulum nrenarations tested for
adenylate cyclase activity did, however, exhibit sirnificant
calcium transport activitv, The rate of calcium transport
at 0.75 I Ca®t in the oresence of notassium oxalate
(0,015 pmol/m~/min), was about one half that exhibited by
canine cardiac sarconlacmic reticulum under the same condi-
tions (£3), and comnares favorably with values for the ~uinea
niy revorted by other laboratories (158),

‘he rll Jderendency of the sarconlaamie reticulum adenyvlate
cyclase differed from that of the sarcolemmal cnZyvme in that
mnaximal activity for the former was seen at il 7,9, even
in the rresence of ilaF, Furthermore, several nodulators of
the sarcolemmal adenvlate cvelase did not chanre the rate of
cvelie AP nroduction by the enzyme found in the sarconlaasmic
reticulum, 7Thus, no si~nificant increase in sarconlasnic
reticulum ecyclase activiitv was observed when the ionic
strength ol the medium was increased with KC1 or JdaCl, and
the addition of 1072 Ii 6% had almost no effect on either
hasal or isonroterencl stimulated adenylate cyclagse activity,
‘he sli~ht decrease in llaF-stimulated adenylate cyclase

activity of the sarconlanmic reticulum orenarations wvas
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not sirnificant even when GTP was nresent in hirh concentra-
tion,

Inasmuch as only the sarcolemma bhut not the sarcoplasmnmic
reticulum were exnosed to isotonic sucrose huffers during
isolation, the differences between the tvwo enzymes mirht have
arisen from the different methods used to nurify thegce mem-
brane fractions., Sucrose, however, has no strikine ahility
to activate sarconlasmic reticulum (96) or sarcolemmal (156)
adenylate cyclase, nor do the nrocedures used to rurify the
latter increase hormone-sensitivity (Katz et al., unnublished
ohservation)., Thus, it is most likely that these two enzymes
differ chemically, althourh the functional sieonificance of
the lesser repulation of the sarconlasmic reticulum enzyme

cannot he evaluated by these studies,

Lffects of Fluoride on the Sarcolemmal Adenylate Cyclase

Stimulation of cardiac adenvlate cyclase by catecho-
lamines can be nimicked by millimolar concentrations of
fluoride ion, "ecause the effect of fluoride is inderendent
of cell surface recentors and is anvarent in all eukaryotic
systems studied, the nercent cstimulation by fluoride can

be used to compare adenylate cyclases from disnarate sources,
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Sarcolemmal adenvliate cyvclase was maximallay stimulated
hy 6 mi! ilaF, which differs only slichtly from the 8 mli
ontimum nreviously renorted by Drurmond and Duncan (159) and
Tada et al, (15), Decreased activity seen at slirhtly hirh-
er fluoride concentrations (8-10 m!!) surrests that the anion
mav bind at more than one site on the adenvlate cvclase
system, while the more ~radunl fsall in activity at still
hi~her levels {(Fi~ure 17), is likelv to reflect, at least in

2+

nart, the comnlexation of ionized II~ by FT, the ivF, solu-

2
hilitvy nroduct bHeln- 10‘8'9. The rensultinge reduction in

Hd9+ concentration can account for the cdecrease in the

cetivity of this i€t orienendent enzvyne,

»ll Dependence of the Larcolemmal Adenvilate Cyclase

'he shift in the ni! ontimum Tor the sarcolenmal adenylate
cveclase in the »nresence of ilak (Fi~ure 11), which is not
annarent in sarcolemmal nrerared from canine hearts (922),
cannot be exnlaineri, The vl denenrdency renorted bv Drumnond
and Luncan (159) for the arienylate cyveclase activity of a
narticulate nrenaration of ruinea nic ventricle is strikino-
lv different from nresent findlnr-s, 1inasnuch as the nature
ol the ril buffer used often affects cenzyme activity (140)
the difference in boll nrofile may be due to the differcnce in
the buffer systems used by Drummonad and luncan to maintain

hydro~ren ion concentrations, The difference in the nre-

marations ugsed ardds Turther difficulties Lo the comnarison
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of the data of Drummond and Duncan with the results of the
nresent study. Vantanabe and ‘lezch (15%), who nrepared
ruinea nile membranes hy both the Tada technicue and the
method of Drummond and Duncan, foun< that vurification of
the sarcolemma increased the nercent resnonse Lo eninerhrine
and ilar in addition to raisine the basal cyclase activity
ol the '.renaration., Thus, qualitative az well as uanti-
tative nroverties of adenylate cvclase denend on the nre-
raratory method emnloyverl., Ouch chanres mav be due to the
removal of loosely bound proteins that are in association
with the enzyme svsten in intact tTissue.

Lflfecis of Alkali iietal 5alits on the sarcolermal Adcenylate

Cyclase

I'e effects ol increasine ionic stren~th on cardiac
anarcolennal adenvlate cyelase have heen nreviously been de-
scribed by Tada et al, (150) wvho reported small but con-
sistent increases 1in basal sctivity with increasing concen-
trations oi either .iaCl or 1iC1l, Non-electrolvtes such as
sucrose or urea did not chanre a‘ienylate cyclase activity
in this tissue, wousa (101) has demonstrateqd that similar
concentrations of Iat or Kt salts increased the recnonse of
canine renal arienylate cyclase to vasonrcssin or lial’ in
addition to stimulatin~ basal activity. The results of the
nresent study (Firure 12) show that increased ionic stren~th

ripen not rnodifvy the resnonse of carcolemmal adenvlate cvelase



to isonroterencl, The difference in the effect of electro-
lvytes on the renal and cardiac adenvlate cvclase may re-
flect the snecialized functions of the orcans from which
thev were isolated, 1n the nresence of vasonressin the
kiclney reabsorbs lar~e amounts of water at the distal con-
voluted tubule and collectin~s duct. This effect of vaso-
rressin is believed to be mediated by cvelic AP (162,
1n73), The action of salis to increase the efficacyv of =a
rriven concentration of vasorressin rrovides A short loon
ne~ative feedhack rathwa hy which =salt levels mav be re-
~ulaterd b vasonressin in zddition to the indenencdent ef'-
fect of increase«d tonicity on the releane of that hormone
from the noscterior nituitory,

In the heart, however, nhysiolo~ical rerulation by
chanein~ extracellular lia* or it is less imnortant, Cardiac
function, inctead, 15 exruisitely sensitive to cvtonlanmic
levels of Ua2+, which are re-~ulated, in nart, by cvclic AV
(see Introduction). The work of Taqda et al, (15%3) zurrests
a role for Ca?+ in the feedbaclk re~ulation of cardiac cvclic
A levelz, A similar relation bhetween nhysiolorical re-
1xlation and the control of adenvlate cvclase is seen in
the cace of {ree fnttv acids, These end wroducts of cvelic
AliPegtimulate:r] linolvsis inhibit adenylate cvclase activity

of rat adirose tisoue (164) [bhut not of avian aciinocvetes

(15)).
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Al thourh there are imnressive similarities in the nro-
nerties of adenvlate cvclases from different tissues, these
studies emnhagsize that there are differences in the recula-
tion of adenvylate cyclase in cifferent tissues or snecies,
The use of information about one acdenvlate cyveclase in the
evaluation of new data about a second must, therefore, he

exercinerl with care.

nffectn of Guanyl and Other Iucleotiries on sarcolemmnal

Adenvlate Crclane

Tissne nnecillecity in the resnonse of arenylate cvelase
to rhvsiclo~iecal rnodulators munst also he considered in
evaluatin~ rerort: of the effects of GTP on cardiac adenyl-
ate cvclase, Lefkowitz {117) renorted that 1" stirnulates
basal activity of canine cardlac adenylate cvelase and ~reallwy
incrensec activity in the nresence of isornroterencl. ©Other
cuanyl nucleotiries were found to he similar to G179 in their
effects on cveclase ackivity, bhut were less notent, All
nuclecoside trinhosrhates tested Inhibkited warestimulated
adenylate cveclase activity, Only rsuanyl nucleotides stinu-
late d basal activity; 1vr, XUV and C12 were inhibitory.
Several nucleotides increased the abnolute value of iso-
~roterencl=-stimulate« activity, 1iP and A7’ 3li~htly re-
duecer] the absolute value of isonroterencl ctilrnmlated actbivi-
tv, but, since basal activity was inhibited to a rreater

extent, »ercent stimulation of cyclase activity by iso-
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nroterenol was lncreased in the presence of the nucleotide.,
The GTr’=induced stimulation of canine cardiac adenylate
cvelase was renorted to be time denendent with a lag of
several ninutes nrecedin~ any increase in the rate of cyelic
Al nroduction.,

These nreviously reported effects of &' on the (o~
heart 1iffer ~reatly [lrom the nresent study of the cuniea
ni~ szarcolenma, where TP was foun/' to inhibit basal, iso-
nroterenol=stimulated and Hal=stimulated adenvlate cveclase
activity, The nucleotide=bindinr site on the puinea ni-~
enzyme was more selective than that of the dor~ as onl: the
purine nucleoticies 1Tt and A1'P? reproduced the etfiects of
TP, whereas the pyrimidine nucleotides Uty and 1y hard no
effect on cyeclase activity. 'Thus, the myocardial aden/slate
cvwclases of the -uinea ri:: and dor~ differe:l not mnly in their
resnonse to G but in thelr interactions with other nuclco-
tides as well, The different resnonses of these enzymes
in vitro, which may reflect inherent differences in the
rerulation of myocardial adenvlate crclase in these snecies,
could He showvn not to reflect an artelfact due to rearent
contaninants by the demonstration of the =ztimulatory effect

of (Tt on turtle bHladder cnithelial adenvlate cyclase

{(Table &).



Since ~uanyl nucleotides renerally stimulate adenvlate

cyeclases, especially in the presence of hormone (Jee Intro-

duction), the mechanism of the GTP-induced inhibition of
cvclase activitvy in the sarcolemma was of creat interest,
The non-linear Dixon nlots of the concentration denendence
of the GTP effect (Firure 14) indicate that GTr was actinr~
as either a nartial or mixed-tvne inhibitor, ither tvne
of inhibition re-uires a bindin~ site for the inhibitor
which ig distinet from the catalvtic subpstratesnindin-~
site, Since the second, reculatory, site is selective for
nurine nucleotides it seeme:l likelv that the substrate ATDR
mi~ht also interact with that site. Uuch an interaction
could e reflecterl in deviations of the substrate denenri=
encv from ilichaelis-.enten kinetics, The results of the
substratee~rdenendency exneriments (Ficure 16), which ex-
hibiter non=linear recirrocal nlots,could indeed he ex-
nlained hy a nonecoconerative allosteric model in which ATP
bhinds to a rer~ulatorv site similar to that nostulaterd to
account for the effects of TP on this enzvme,

The non=linear, concave downward, double recinrocal
nlots, shown in Firure 16, can also be accounted for bv at
least two other models, 3Similar ikinetic »atterns would
he ohtninerl 1f there were two forms of ardenvlate cvclase
nresent on the sarcolemma which differ in thelr Kkinetic
constants such that Kmp < ng and Vmaxy < Vmax?. This

internretation i=s consistent with the findin~. that two
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forms of adenvlate cveclase can be isolated from solubilized
membranes of the canine renal medulla vhich differ in ap-
narent molecular weirht and in their resnonse to riiP=pPHDP
(16rn), The Kinetic nronerties of the two enzymes have not
vet heen fullwv described,

Alternativelv, cardiac adenvlate c¢yclase could be a
mil timeric enzyme with a catalvtic site on each ~rotomer,
If these subunits interacted in a ne~ntively coonerative
fasshion such that substrate binrline to one suhunit lowered
the affinitv ol ancsociated subunits for substrate, the same
non-linearities would annear in the douhle recinrocal nlots,

vith the information currently available, the non-
coorecrative alloasteric nodel remains the most likely ex-
rlanation for the sarcolemmal adenviate cvclase substrate=
denenrlency, Althou-h the data presented o sunnort the
exliastance of two forms of adenylate cyclase in the lkkidney
are convincinea, these findinos may reflect heteroreneity
of cell tynes in the renal medulla or the use of a crude
homo~enate an¢ not a nurified meriorane fraction as the
source ol solubhle enzyme, The carrdiae adenvlate cvreclase
nrenarations used for the nresent studdy vere derived rom
a more homo~eneous tissue, Hut the »nossibility that there
are multinle membrane comnonents that introduceqd additional
forms of adenvliate cyvclase cannot be excluded, The activity
of the sarconlasmic reticulum adenvlate cyclase is, how-

ever, too low for a sarconlasmic reticulum contaminant to
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modiify the kinetics of the sarcclemmal adenvlate cvelase.
The negative-coonerativity model of the adenvlate cvelase=
suhstrate intepraction is tenuous as there is no direct
evidence for an oliromeric structure for arlenylate cvclase
in anv tissue.

Linear doubnle recinrocal nlots of the nubstrate de-
nendency ol sarcolemnmnal adenvlate cvelase of both ruinea

~i~ (153G, 153) anrl canine (92) hearts have been renorted
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earlier, contrastins sharnly with the results of the resent

study., ‘''he nature of the observed winetics has been shovn
hv lLarbers and Johnson (167) to denend on the tyne of AWY
re-ecnerating system used. Linear dounhle recinrocal wlots
were ohaserved in the ~renence ol a nyruvate kinase=pip
re~eneratineg avstem, while non-linear nlots were seen when
creatine kinase-nhosshocreatine rerenernting srstems were
emnloved., Althou~sh the ohservation made hy Garhers ans
Johnson acconnts for the diiference between orevious andd
nresent AT denendency sturiies, no incicht is »rovided as
to which rereneratin: svstem is mroduecin~ artefactual re-
sults, Cuch informntion could be nrovided only Uy Crosse—
over exneriments in which individunl comnonents of each re-
7eneratin~ svstenm is examined for effect on the ATP de-

nendenc' in the nresence of the other rereneratin~ system,

Alternatively, receneratin~ syntems could be avoided en-

tirely hv the use of AlP=PIP as substrate, as this svnthetic

analo~ of AT is regintant to hvdrolvsis bhv membrane=bound

AlPases (149).
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it mav be arrued that until definitive studies are
ma:de, the data obtalned in the nresence ol nvruvate Kinase-
PEP recenercatin~ svatems should he accented on the hasis of
simplicity as they conform to clamsical .ichaelis-'ienten
kinetics, The attractiveness of such a sinmmle nmodel is
illusorv, however, as a second nucleotide=hindin~ site
rrovides the simrlest exnlanation of the effects of T on
enzvme activitv, Furthermore, investi~ations ol the adenyl-
ate ecvelases of hoth the adrenal ~land (104) and the liver
(128) have shovm non-linear recinrocal lots of the sub-
ntrate-velocity curves even when AlLP-PIl> was used an sub-
ntrate, "eexamination of the ori~inal data from this
lahoratory rerardin~ the rulnea ni~ cardisc adenvlate cvelase
Jemonnatrates that the fit of o curved line to the rlata in
the -<ouhle recivrocal nlot is at least as close arnn the
strairht line that has been mnublished (156), Lubsenuent
analvsis of the mechanism of the GlP-nroduced inhibition
of soarcolemmal acdenvlate cveclase will therefore ne baserl
on the none=coonerative allosteric model of the enzvme,

Accordine to thin morlel, Gi'% exerts its ine-

ribitory effect on bansnl adenvlate cvclare activity hv
hindin~ at an allosteric re~ulntorv nite on the enz-me,
As a result of this interaction, the affinity of the
catalvtiec site for substrate is reduced, leariins to a rle-
creases reaction velocity., since even 10=7 ;i GTP wvas

somevhat inhibitory in the nresence of a much hirher con-
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centration of ATP, it is anrmarent that the re~ulatory site
has o much hicher affinity for G7P than for ATP (Firures 14,
15)., The identity of allosteric bindin« sltes for ATP and
GTP is stron~lv sur~ested by the ahilitr of GTP to linearize
the douhle recirrocal nlot of the ATP denendencv of hasal
activity., A similar effect of TP on the double recinrocal
nlots for adrenal adenvlate cyvclase has been renorted by
Londos and kodbell (104),

'he observation that the time course of the LIP=inhi-
nited adenvlate cvelase reazection waz linear had at first
su~rested that (0> itself was the inhibiterr svecies, Tor
if SuP, its nydrolytic nroqiuct, was the inhibitor, the
extent of inhibition nmirht ne exnecteri to inecrease with time,
This hvpothesis was sunnorted by fthe riemonstration that the
nucleotide analocs Gil=PHY and GPU=Clia=1", vhiieh are not
hyrirolrzed to DP, also inhihited basal activity., Yhe lind-
inss that the inhibitory eifects of D' vwere sinilar to those
of I, and that the extent of the "‘Ll'winruced inhibition
also rennined essentially constant with time, sur~est that
the nresence ol the yY-nhosshate molety ncither enhances nor
iecreasens the extent of inhibition of hazal activity, 'Thus,
the initial rate of ecveclase activity in the nresence of
ruanyl nuecleotides a function of total ruanyl nucleotide
concentration but is independent of the Gi'/GH” ratio, These

exneriments, thereiore, could not be used to estimate the

stendy state level of GYY in the reaction wedium,
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Althou~h the y-=nhosrhate of (Ty is5 not remuired for
inhibition of basal ardenylate cyclase activity, it is re-
nuired for the enhancement of the res-onse to isconroterenol
as CP» Tailed to rodify the resnonse toc the catecholamine,
Furthermore, the -~reater enhancement of isonroterencol-
stimulated activity in the presence of L.P=li2 and GPP=Cil,=P,
cornmare: to &1, suvrested that this reswonse is 2 funciion
or the y=rnosohate, The muen smaller effect of GTi’, Cthere-
fore, innlies that a substantial amount of G¥)2 hydrolysis
occured hefore G119 ans Gl levels reache. steady state, The
linearity o1l the adenylate cyeclase reaction in the rresence
of both Y2 anad isorroterencl (i'i~ure 17) indicate:d that un-
cdler the conditions used the steady state 70 level is
reached within the Tirst 530 nee of the reaction. TFor this
reason most ol the later experiments were perforned usine
the more stable (u.d-=i"N™-,

sacal acienvlate cyclase activity chanrecd in & binhagic
manner as the concentration of i =Plll' was raize:«d (Fi—-ure
#2), with low concentrationn of the nucleotide bein~ in-
hikitorvy and hi~h concentrations stimulateorv, ‘1he bhivhasic
concentration renendence can he accounte:d for bv either o
"two site' model or by one which nronoses multinle chan-es
in the conformation of the enzyme followins the bindine of

~uanvl nucleotides (multinle transition state moricl).



The two site model nostulates the existance of two
Qi IP=Pi[P=hindin~ sites in association with the catalvtic
subunit of the sarcolemmal adenvlate cveclase that differ
in their affinity fTor G.P=PilP, At low nucleotide concen-
trations, when only the hich affinity site is occunied,
basal activitv is inhibiterd, The second, low affinity site
is saturated onlyv at imuch hi~sher concentrations of (LiP=-PiP,
Oeccunction of the second site, however, induces nn enzvme
conformation with hi~her catalvitiec activity; thus, hirh
concentrations of CGUP=P are stimulatory,

The multinle trancition state model, whiceh was first
rrongser hr Lodhell ant co=workers for the henatic ardenvl-
ate cvclase {1.34), can account for the hinhanic (.r=pPIP
qe-endency in a different wav, Only a oinc-le GHiD="il0-
hindin-: site is contained within the adenvlate cvclase
osvestem, The initial efflect of nucleotide hindin<- is to
induce a conformation of the enzvymne with lowererd activity
(State L), Suhseuently, the enzyme undercoen n seconi,
much slower, conformational chanre that when complete re-
sults in a rnore active enzome svstem (State 11), The
obnerved effect of o ~iven concentration ol G I=PilP, there=
fore, woulsl de»enr on several {nctors e.r,, the fraction
of total nites occunied at equilibrium, the averarc len-th
of time hetween nucleotide=bindine and the termination of

the reaction, the mean time require«d for the slow transi-
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tion to be comnleted, the difference in the nnecific activity
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of the enzyme when in the different transition forms and
the variance of these narameters within the rnonulation of
enzyvme molecules, A sirnificant nronortion of the enzyme
reaches the more active State II onlv in the nresence of
hi~h nucleoticde concentrationsn,

"he exueriments that measured the Lime course of the
adenylate cvclaze reaction in the =resence of GLil=PIP
were Adesirners to distincuish between the two modelns, 1T
the two cite moriel vvere correct, oarienylate cveclase activity
would remain linear with time as the rate of evelic Al DT
nroduction would derend only on the fraction oi inhibitory
and stimulatory nites occurnie.i at that concentration of the
analo~, LI the multinle transition site mordel were correct,
arienylate cvelase activity would bLe exnecteu to increase
with tine as the enzvme molccules comnlete the second tranci-
tion. 7The results of the tine course exnerimentz su-nort
the multinle transition state noael, In the absence of
isonroterenocl, the initizal rennonse to 'liP=i4il’ is a severe
inhibition of cvelic /1 nreduction, which i followed
b o second nhase characterized by o less severe inhinition
(Fi-rure ), Attemnts to inerease [{urther thie Hronortion
ot enzyme in Ltate 1i by reincubation in the »resence of
o= were unosuccesful as nreincubation at 27°9C in either
the nresence or abgsence of G U0=1ll* resulted in the comnlete
loss ol adenylate cvclase activity., In the nresence of

icorroterenol the rate of transition to Dtate LI was areatly
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inecreased {(Fi~wure 22), but even in the nrecence of the
catecholanine the initial rote of adenylate cyclase activity
s slicnificantly lower than control, At nonsaturatin~ cone-
centrations of u'i’=lili’, hoth the rate of the slow transition
ana the ctendv state veloecitr of eyelic AT oroduction in-

crease: with increasin- nuclcotide concentration (i'i ure 24),

-, e e
pffects of .~

Ctudien of the .ot

denenqency ol the ocarcolemmal
a‘enylate cvelase (iFi~ure 2%) have demonsirated that bhoth
tihie extent ol the inhibhition of bhaunl cctvivity by L1V ond
the fr'=indiee ] enhanceient of the resnonse to inorroterenol
are decreanser: as the £ﬂ9+ concentration is raised, This
innliers that the i coninlex hos no naior elffeet on wsienvyl-—
ate cyclase, ‘“hui, Lhe obhserveld cifects of U on both hagsal
any izsonroterenol stinulateqri arienylate cvelasme annear o
cdemend on the concentration of free ﬁ32+.

1n the absence of y.', the renernl effect of raicin~
the dﬂ9+ concentration is to increace sorcolemmnl adenvlate
evelase netivity without rarizedlw chan~in: the rennonnse to
catecholanines, ‘''Mis findine arrees with the earlier re-
nort of hrummond et al, (148), ‘'"hese inventi~ators, however,
consistently observerd saturation at et levels between 11U
anid 18 ., whereas in this stuldy no evidence of saturation
was seen even at 40 m! excent when lial was vresent, oth
0% and the difficultiec in con-

the interactiion ol ¥~ and .

nwarin~ the vor!s of Drummond with the ~regsent study have bheen
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discussed nreviously,
Jeveral nechanisms have been advanced to exnlain the

24

effects of iir on adenvlate cvclase activity, Drurnmon:!

et al, (198) nusrested that cardiac adenylate cyclase
nosnesed o *~?+-hindin" site indevendent of the catalrtic
site for the substrate, [eAYP, “hen this site in occunied
by :~Q+, the affinitv of the enzvme for the subntrate is not
chan~ed, bhut once formed the metal-enzvme comnlex has a
rpreater cntalvitic reactivitr thon the L~P+-free enzvite,
vellaen reanal-rzed the data of Drummond et al, (1/9) and con-
clu-de! that the ntimulotor: effect of "»°F could ne accounte-!
for hv o nodel in vhieh free ,TPD (ﬁTP4“) is a otent inhihitor
of cyclase nctivity, Ao the O concentration is rrisen

and £T°4" is converted to the chelate ~A7TP, enzvne activity
tnerenses cdue to the rerioval of an inhibhitory nreciens.

A more ri~orous otuir of hepatie adenvalate cvclane -ran
carried out hr odhell ond co-=vtorlker:s (138) who conclurled
that the inhibhitorv soecien wnn RV UAEIE g (rrotonated asnhutrate),
™ils eonclucsion was hasel on the -ilfference in the »il de-
=andency of the henntic enzvme when /il-=PIl voo used as ouh-
strate instead of AT, JSince the two nurines (differ in the
Mg of their terminal »hosnhates, the proportion of pro-
tonated substrate at a ~iven nil would rienentdl on vhich snbh-
astrate was used, Therefore, 1f vrotonater substrate were

the inhihitory s—ecies, the difference in ni, would he re-

flecterd in a chan~e in the orntimal nii for the enzrme, The
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dnta nresented bv the Rodbell ~rou-» surmmorts this hvnothesis
as the difference in ontimnl i for cvelase activity is in
mood arreeuwent wilth the difference in o, values for the two
substrates,

The analyses of Delinen and the Hodbhell ~rous have been
subjected to eriticism, Carhers and Johnson (167) have notacd
that the exneriments on which these analyses were based
coula not distinruish hetween stimulation by nq”+ and ine-
hinition hv unchelater maucleotirie, as Doth were allover to
vary 1In the substrate denendency erneriments, 1In their ovm
exnerinents, Sarbers andd Johnson avolded this nroblem by

fj+

keenin the free " a°7, rather than total .~Cl,, constant

an the total AYY was varied; in thios oy unchelated Y0 oo
maintained in o fixed —ronorticon to total nucleotiric throu -
out the entire concentrotion rance, T'he resultin- double
reci~rocal nrlots of the ~ubntrnte dewendenc:yy ol cardiac
adenylate cyclane obtnine at o variety of Irec L0 concer—
trations indicatei that Ifree AV was a hvo-erbolic {(»nartial)
inhipitor hut that ~2* acterd = an activator as vell,  Ythe
anility of nnchelated ATy to act as o martiazl inhirnitor can
he decuecern in the nresent study from the action ol uY., which
acts as a oartial inhibitor, to comnete for o non-cetal-rtic
ff? hinding site,  The oresent data do not, howvever, cdefine

whether the inhibition by unchelate:!l AT* is comretitive or

noncormetitive,
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- 2 - L] o]
The ..~ f—denenuency exneriments shown in Fi~ure 25
are also consistent with a direct interaction between H~2+
and sarcolemnal adenvylate cyclase, bounle recirmrocal lots

2+ \ . . ‘s
of the .~ data show three senarate rerions vith different

nlores, 'he ri~ht hand re«sion corres-ondgs to the small in-

r r 3 - » - IJ . -
creanse in activity seen at 1 or 2 ni! free _§“+. This in-

crease 1n activity can be exnlained by increased formation
ol fhe true substrate, LﬁhTPg-. ne second re~ion, ex-
tendine from 2 to 10 wm'!, corresnonis to the re~ion examined
by Lrurmnond et al, (168) and leilaen (169), .outrar-olation
ol the asymntotes to these zections of the curvern fielnas

an averace )n value of anoroximatelv 3 may wadch i in roo0d

a-peenent with that renorterd by Lrwiron. et (168), ‘he

-
Sy
—

increane in adenvlace cvelase acltivity within this ronce

-
) —

S . } - . I P e o
of 1:+"7 mav ne rdue to the chelation of AT or A ~ o
the concentrations of thene snecien rdecrease ni~nilicantly

ns the Hﬁ2+

: level is raisert to 10 rnii (ree funendiz), This
nechanisn cannot account for the Turther ricse in activity
mshovm in the third re~ion of the recin»rocal »lots (10=40 i),
It antenars unliizely that il a conmon factor underlies the
increase in activity in the second and third re~ions of the
N Iih denendency, there would be a chan~e in the cZlove of

the double recinrocal nlots, In addition, calculation of
the levels of unchelated or protonated AT (see Annendix)
ahovwst that the concentration of thene snecies chan~es very

. , . CE .
little at hi~h concentrations of .ir e« ‘The increove in
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activity at hi~h ﬁ¢?+ concentrations thus can bhe exnlained
rnost readily by a direct effect of the metal ion itself on
the enzvnie,

The rlata nresentel in thio study ore connistent with
the followinr rodel. Cntecholamines infTluence sarcolenmel
adenvliate cveclane activitvy hr interactin- with o heta
adrener~ic recentor nite, The efficrey of o -iven concen-
tration of on adrener~ic a-~onist denendn on the concentration
ol -susnvl nuclectiiec nrecent in the reacction mediun, ‘'he
terminnl »hosshate of G is reuirer: for the enhancenent of
the reasnonce of the enwvne to icsorroterenol,but not for the
inhibhitory effect on bacal activit»r, A onl the unchelated
Torm of t{he nucleotlide interacts rith ~denlate cvelace, the
effect of a7 will +enen:d on the concentration of =~“+ -prea
~ent,

T ewerts itc effects Hhy internctin-: with = non-coOnera-
tive n2llonteriec re-ulator s 2ike contninesd within the odenvl-=
nte ovelase ovaten, Studien with the ssnthetiec annlo-
Uit inddieate that aunnesuent Lo nucleotirdde »Hindin: it
this cite, the enzyie under-oen 2t least two conforncational
chan~en, ''he Tirct is ranid and »Hrorduaces » less active
ensme, ‘he second trangitlion 1n slower hut in snoocinted
with inereansesd arlenvlate cvelase activity., ''he rate of
this oceconst transition in ~reatly increased by the
natecheolamrines. In addition to modif+in~ the effect of

3
T L ittt mnenrs to ntimmlate arddenviate cvelase activity
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in three ~wavs: hy formation of the true substrate H"ATPR“,
by removal of an inhibitory unchelate« form of AT, and b
a Jdirect interaction with the catalytic subunit of the enzyme,
The vhvsiolo~ical sicnificance of the interrelationshin
between the effects of -ruanvyl nucleoti:ies anrd the catechol-
amines ray be to coordinate the resnonse of the heart to
catecholamines arrivine at the cell exterior with events
occurin~ within the cell., (oldber~ et al, (177) »rovosed
that inereancd utilization of %0 coulr exnlain the ade-
creased adrener~ic sensitivity of carfiine adenrlate crclase
alter e:nonure to choliner-ic arents rhich nctivate ruanvl-
ate ecvelase (1%, 171), 7The ~resently observer: difierences
in the efTects or G1l.r antd CGDhi» nrovirie an additional re-ula-
tor; mechanismn that is sensitive to the /v ratio,
Yhus 4. hvdarolvois not only decreasens the concentration

+

of the stimulator; sneciecs "1, bul also increases the level
ol i, whieh is n competitive innivitor of the <1 =in‘iuced
stimalation of the action of neta ansonicts. Acddritcionall:y,

:2+

theo lover .. arfinit:- of nucleeoside dinhoornaten couldd

1

increace the eflect of 2 chan-e in «W/0D7 ratio on adenvlate
cvcelase activitr as the Wﬂ9+-deﬂendency exnerients in:licaie
that | 490 does not interact with the enzyme, o this mech-
aniom, 4 would initially increase the recnonse of the

heart to circulatine catecholamines, As the work outnut of
the heart increases, hovever the cytornlasmiec AT¢/ALP ratio

he~sing to ©nll (172) accomnanied by a rdecreased GLUP/Gn?

ratio w the nrosortions of ~uanyl and aqdenyl nuclcoticies
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are maintained in equilibrium throusrh the enzyme nuclecside
diphosphokinase (173, 174), Thus, these resnonses to the
~uanyl nucleotides could increase the sensitivity of the
heart to catecholamines while at the same time servine as
nerative feedback pathway that nrevents excessive stimula-

tion by these agents in the energy depleted heart,



109

APPENDIX

4- 3=

The concentrations of ATP '~ , HATP
2+

2
, MIATP™ ,
HgATPl' and Mg present under the standard adenylate

cyclase assay conditions were estimated by the sequential

solution of the following equilibrium equations:

[HATP]/[H][ATP]

1
K, = [MgATP]/[Mg][ATP]
Ky = [HMgHATP]/[ig][HATP]

in addition to the two conservation equations for ATP and

Mg2+. The values used for K,, K, and Ka were 3,36 x 106 M-l,

4

1,74 x 10% 11" and 1.8 x 102 M~ respectively, as determined

by Khan and !artell (175),
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