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The Stimulation of Adenyl Cyclase of Rat Erythrocyte Ghosts
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SUMMARY

The adcnsyl cyclase activity of rat erytisrocyte ghosts us-as founnd to be activated by so-
dium fluoride, cateciuolansinnes, amid prostriglamsdins E2, but nnot by a large niumen of inonmonnes
active in otiner systems. Tine enzyme activations us-as of mixed alp/ia anud beta types, ins tinat
the response to nnorepinnephnninne uvas a) niuch useaker tisans that to isoproterenol b) blocked

by the beta-blocking agents dichloroisoprotcrennol arid propransolol aind c) inhibited by
the alp/na-blocking agents phenstolaminse mind phennoxybenuzaminse, as us-ell as by serotonrins.
The activity of a tineopinyhlimse-senusitive adenosinse cyclic 3’ ,5’-piuosplnnite piuosplnodicster-

ase was founsd inn tine erytinnocvtcs of several species. The order of activities us-as tine fol-
buying: mouse > rat > cat = dog > human. Less tinanu 10 % of tine cyclic 3’ , 5’-AMP pinos-
phodiesterase activity appeared to be membranse-boumud amid, like tine soluble form, it ss-rts
markedly imuhibitcd by theophyllinse.

INTRODUCTION

Several lsrboratories have deniomistrateci

tine existenncc of nnorepinnepinnimne-stinnulated

sidennyl cyclase activity ins membrane prep-

arritionis of nucleated rtvissmi (1, 2) annd frog

(3) erytinrocytes. Tine existensce of sucin a

isormone-senusitive ademnyl dydlase system lists

recently beers extended to the nnonn-nuclestted

crythsrocytes of tine rat rind mouse (4).

The us-ork to be reported mere sinouvs tinat

tine productioms of adcnsosinne cyclic 3’ , 5’-

pinospisate uvas nsot stinsulated by inornusomnes

other tinans catecinolaminues anud �)rostsrgirinn-

diii E2. Ins sidditions, both a soluble rinnd

mcmbranne-bounnd adensosinne cyclic 3’ , 5’-

pinosphatc 3’-piuospinohnydnolmLse, nsore com-

monly referred to as C-AMP’ pinospisodies-

terase, us-as founud to be present.

A prelinninary report of this work has beeni pre-

sennted [Fed. Proc. 28, 548 (1969)1.

1 The abbreviat ion use(1 is : C-A�1P, a(lemiosimie

cyclic 3’,5’-phosphate.

METHO 1)5

Tine collections of blood, PveI)nirsttiomi of
hennolysates arid ginosts, sinid tine dcternnimsri-

tionus of adensyl cyclrt.sc rictivitv us-eve carried
out u.s described by Sheppard raid Burg-
isrmrdt (4).

C-AMP 1)iuospinodiesterase activity ussts
measured at 37#{176}ins 0.5-mb svstcnss contains-
mug \ lgCl2 ( 1 /2mOlc) , Tnis-inydrocinloride

buffer (pH 7.4, 20 Mmobes), C-AM P-S-H
( 1 MCi, 75.5 pmobes), stnnd tine cnuzyme I)r(’I)-

ruisttiotn. The inscubationns us-eve stopped after
15 nsinu by pbsicimng the tubes in boiiimng usatev
for 3 mimi rtnnd cenntvifuginng at 2000 rpm for

15 mimi sit room t(’mI)en�miture. Ams aliquot
( 0.1 nsi) ussis i)laced ins ri 2-nil comical cemntni-
fugc constaimninng 20 nnsoles eacis of C-AMP,
A::\ I P, simud adenuosimne. l’oliossimng evapora-
tioni to dvvmness unnden a stream of N2, tine
residue us-mis di��so1ved inn 20 j.sl of 50 % a�iue-

OilS (Itinrinnol anud chvonuatogvripined 011 \Vlnat-
nnsinu No. 1 filter PmtI)er ins aIm ascenn(himsg

fasiiionn for 16 mr usimng tue soiu’etnt system
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ethanol-ammonsiuni acetate (1 in)-H2O(5 : �.
1 : 1 by volume). Tine areas usenc located by
absorptions inn short-us-ave ultraviolet light,
cut out, ar-id counted ins a liquid scintillation

counter.
Tine organnic compounds used ins tinese

experiments us-eve obtainned from tine follous-
ing sources: ATP-S-’4C, tetrasodium salt

(35-50 mCi/mmolc), amid C-AMP-S-3H (12.7

C-AMP

� (0.76)

�.I.I:I.

8 2 6 20

Ci/mmole), from Schus-arz BioReseancin;
B.

ATP-S-’4C, tetnasodium salt (15-25 Ci/

�mmole), Ness- Ennglamnd Xuclear Corpora-tion ; ACTH, inssulinn, vasopressinn, senotoniincreatininne sulfate, C-A’sIP, amid L-nsonepi-nephninne bitantrate, Sigmss Chemical Com-
pan-iy ; histamine diinydrochloride, cortisol, ADP

�arid dopaminne hydrochloride, \ Irsnnn Re-search Laboratories ; luteinsizinsg hormoneand follicle-stimulating isonmonne, Nutni-
tionsal Biocinemicals Corporations; catecinol, o 4 8 2 6 20 24 28

Fisher Scienstific Company; glucagons, Cal- INCUBATION TIME IN MINUTES

biocinem; dichboroisoprotcremuol, Aldrich FnG. 1. Production of ADI�, AMP, C-AMP, and

Chemical Companny ; propranolol, Imperial adenosine from A TP-8-’4C by rat erythrocyte ghosts

Chemical Lts., Wilmslous-, Cinesinive, Ensg- during a 30-mm incubation

land ; L-diinvdroxypisenuylalanninse (dopa) mind Zero-tinne values were obtained with boiled
enzyme preparations. The values for ATP, ADP,

theophyllinne, Hoffman-La Rocine ; Nutlcy, AMP, and adenosine were obtained by counting

N. .J. ; and prostaglansdin E2, Hoffnnannnn-La the appropriate areas of a paper chromatogram

Roche, Basic, Switzenlrind. developed with isobutyric acid-H20-amnsonia

(66:33:1 by volume). The C-AMP valise was ob-

tamed fronu a paper chrornatogrann developed with

Tine time course of tine comsversion of absolute ethanol-i .un ammoniunu acetate-H20

ATP-’4C to C-AMP-’4C simsd otiner metabo- (5: 1 : 1 by volume) in order to avoid contaminuation

lites by ghost prepanationis in the presence of the C-AMP area with hypoxanthine and AMP.

of sodium fluoride is illustrated in Fig. 1.
Examination of tine zero-time value obtairsed keepimng that of Mg++ dOnistanst had some
uvith boiled enzyme illustrates tinat the ATP profound effects on the XaF- and msorepi-
wa.s only 55 % pure mind thirst the major con- nephrinse-stimulated adenyl cyclase activity

taminnanuts were ADP arid AMP. A small (Fig. 2). Maximum C-AMP generation us-as
amount of radioactivity appeared inn the obtained with 732 nmoles of ATP per 0.5

C-AMP area, but it us-a.s questioniable ml (1.5 j.a�i) when tine ghosts us-crc stimu-
usbnether it represented this nucicotide. At lated with NaF. With conscenntrationns of ATP

any rate, there uvas a rripid increase in the above this value, tine amount of C-AMP
production of C-AMP, us-hicis usa.s linear generated decreased. When tine enzyme was
during the first 5 mini. During the first stimulated with norcpinephnine, however, a

minute of incubation, rio brerikdouvn of broad peak was obtained betus-een 244 mind
ATP and appearance of ADP us-crc detect- 732 nmoles of ATP. Simnce the value obtained

able. Subsequently, Isous-ever, ATP
douvn follouved uvlsat may have
order kinetics. It is possible tinat the
ing rate of C-AMP production

break- with 244 nmoles of ATP was not signnifi-
been first- canstly different from tine others iii this

decreas- maximum range, and since tine basal value
resulted from uvas lous-est, all subsequennt studies us-crc car-

tine falling comscenstration of ATP.
Cinanuging tine concentrations of

ned out in the presence of this amounst of
ATP us-mile substrate. Tine basal productions of C-AMP

RESt LTS
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readied a maximum value of 0.23 msmole/30
mm in tine presensce of 1220 nmoles of ATP
uvhich uvas about 50 Ye of tinat seers uvith
nsorepinephnine and about 25 % of that
obtained ins the presence of NaF.
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Fia. 2. Increment in C-AMP caused by norepi-

nephrine (NE) and sodium fluoride (F) in the pres-

ence of different concentrations of substrate (A TP)

Tjmndiluted ATP-8-’4C was used for the inncuba-

tion mixtures conntaininng 48.8, 146.4, and 244
mnnnoles of ATP (0.2, 0.6, annd 1.Oj.aCi, respectively).

For the remaining incubatiomns, 488 mimoles or
2 �Ci of ATP-8-’4C were used, supplemented where

needed with unlabeled ATP. Basal C-AMP values

were 0.016, 0.049, 0.07, 0.11 , 0.17, and 0.23 nmole/30

mm for the increasing concentrations of ATP
shown onu the abscissa.

Botis the ghost-free inemoiysrites arid tine
ginosts of the five species examinned for

cyclase activity (4) us-eve tested for tine pres-
ensce of the C-AMP pisospisodicsterasc
(Table 1). Witis the ghost-free preparations.
tine order of activities us-as mouse > rat >
cat = dog > humans. A similar order existed

with the ghost prepanationis, except that the
activity in the cat exceeded that ins tue dog.
Betuveen 6.5 arid 1 1 C/e of tine total activity
remained associated usith tine ghosts. Tine

activity of both tine particulate and nnonnpar-

ticulate fractionns usas inhibited by tincophyl-
line (10 mM) to tine extent of about 90 % or
more. With the inumans preparationns, how-
ever, the very bus- activities us-eve inhibited

by only 32-42%.

A comparisons of tine effect of isoproterennol
uvith that of nsorepiniepinninne on rat crythro-
cyte ghost adensyl cycla.sc is presented in
Table 2. Isoproterensol (1 �.aM) stimulated

C-A MP production us-mile nnorepinnephninse
us-as weakly active at this conncenstration.
Housever, at a level of 0.1 m�m, tiucse tuvo
aminses us-crc almost equipotenit.

As shouvn in Table 3, tine stimulation of

adenyl cyclase by niorepinepinnine us-as ins-

hibited by tine beta-blocking agensts dichboro-

isoproterenol arid propraniolol, ris uvehl as by

the alpha-blockinug agent piienutolaminse.

Phenoxybenzamine us-as found to be a us-caker

blocking agenst irs another experiment. Tisese

alpha-blocking agensts us-eve stiso founsd to

irnhibit the stimulations of ridcnsvl cyclase

induced by tine move potent beta agonsist

TABLI-: 1

Hydrolysis of adenosine cyclic 3’, 5’-phosphate-8-3H by ghost and ghost-free hemolysates of

non-nucleated mammalia n eryth rocytes , and its inhibition by theoph ylline

Ghosts Ghost-free heniolvsate
Species -- ---� -�-- -�-- . �- - --- .-�- - -� -��- � � �

Activity” Inhjhitionb Activity’ Inhibition5

C. C

itat 124 ± 11.6 93.5 1151 ± 193 95.0

Mouse 118 ± 16.4 93.2 1576 ± 38 95.2

Cat 56 ± 1.9 91.0 520 ± 156 93.5

I)og 37 .8 ± 3 .0 85 . 4 558 ± 68 94.7

Hunnans 7.8 ± 1.8 32.0 (ii ± 12 41.8

aActivity refers to picomoles of C-AMP (nseann ± stanidard error) hydrolyzed inn 15 mnninn by the equiva-

lent of 0.1 nil of erythroc�-tes.
b Inhibition refers to that produced by 10 mum theophyllimne.



0.054 ± 0.001

0.296 ± 0.018

0.597 ± 0.035

0.065 ± 0.006

0.047 ± 0.004

0.046 ± 0.003

0.088 ± 0.004a

0.038 ± 0.003a

0.069 ± 0.004a

0.063

0 . 620

0. 238

0 . 241

± 0.001

± 0.009

± 0.007

± 0.010

0.098 ± 0.007a

0.169 ± 0.009�
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T��1tLE 2

Comparison of abilities of noiepinephiine and

isoproterenol to stimulate rat eryth roe yte

udenyl cyclaue

p values are relative to the equivalent comncenn-

tration of norepinnephrinie. All of the responses to

norepinnephrinne and isoproterennol as compared to

the control were significamit, with p < 0.01.

Concentra-
mon

Norep

C-AMP produced

inephrine Isoproterenol

1-’-�f nmole/30 rum (±SE)

0 0.062 ± 0.002

1 0.080 ± 0.002 0.213 ± 0.003’

10 0.157 ± 0.007 0.226 ± 0.025

100 0.224 ± 0.014 0.271 ± 0.006�

a p <0.001.

�‘ p < 0.05.

csoprotcrenuol. None of these agents signuifi-
iantly affected the basal activity.

A nnumbcn of substances found to be insac-
tive alonue arid in combinations with norepi-
niephnine inscludcd histamirne (1 mM), L-dopa
(1 mM), catechol (1 mM), glucagons (5 ag),

ACTH (5 �g, 0.51 unuit), inisulin (0.4S
(milliunsit), va.sopressins (50 millunits), lu-

teinizing hormone (5 tag), follicle-stimubatinug

hormone (50 /2g), and cortisol (0.1 mM).

Dopaminse (1 mM) us-as a uveaker activator

of adenyl cyclase tharn 0.1 m�m nonepi-
nephrine (Table 4). Senotonsins (1 mM) us-as

unique in being inactive by itself us-mile
inhibiting tine stimulations obtained with

0.1 mM norepinsepinninue. The onnly nomn-cate-
chol organic compound founsd to be active
in our system usmts prostaglanidin E2 at a
concenntrationu of 2.7 X l0� st.

I)ISCUS5ION

Tine erytinrocyte plasma membranne clesirly

containns ann sidennyb cyclase that cans be char-
acterized as a beta-type receptor, irs that it
is stimulated more by isoproterensol than by
norepinnepisnine annd is inuhnibitcd by the beta-

blocking sigennts dicinloroisoproterensob amid
propranolol. Tine inhibitions by tine alp/ia-

blocking agcnuts pluentobaminue arid pbnensoxy-

bennzaminue suggests tinat tine receptor is a
mixture of botin tine alp/ia mind beta types. It

ha�s been reported that pinenntolaminse as us-eli

TAmaLE 3

Effect of alpha- and beta-blocking agents on

noiepinephrine- and isoproterenol-

stimulated adenyl cyclase

p values are relative to the equivalent concen-

tratiorn of inorepinnephrinne. All imicubations were

carried out inn qurudruplicate.

Additions C-AMP produced

l-�xperininemnt 1

None

Norepimiephrimie (0.1 nn.ui)

NaF (10 mM)

I) ichloroisoproterennol

(50 �ui)

Propranolol (1.5 nnM)

Phentolamine (1.5 nun)

Norepimnephrinne (0.1 mum) +

dichloroisoprotereriol

(50�M)

Norepimnephrinie (0.1 mnn) +

propramsolol (1.5 mM)

Norepiniephrine (0.1 mun) +

phemntolamine (1.5 mM)

Experimemnt. 2

None
NaF (10 mM)

Norepinuephrinue (0.1 nun)

Isoproteremiol (1 tiM)
Isoproterenol (1 jaM) +

phentoiamine (1 mrsn)
Isoproterennol (1 jan!)+

phennoxybeniz annine

(1 nun)

a p < 0.001.

b � <

n,nole/30 nun
(±SE)

as dichboroisoprotenennol inninibited the nnor-
epinsepinninse-stimulated release of free fatty
acids (5) arid tine gennerationn of C-AMP (6)
by isolated epididynsal fat pads. Tine con-

elusion-i tinat tine fmnt pad of tine rat constainns a
mixed alpha ssmnd beta type of receptor
system could also apply to tine enythrocyte
of the species. It sinould be rioted tinat
pinemnoxybenzmiminse (0. 5 mM) inninibited by
24% tine productions of C-AMP by rabbit

cevebellar slices inncubmited usitin nnorepinnepin-
ninc (7).

Tine failure of most otinen inonnnonses to

stimulate tine adensyl cyclase sit conncenutra-



T.smmn.F: 4

Effect of (lopam inc , serofonin, and prostaylandin

E on rat erythiocyte adenyl eyclase activity

Additions C-AMP produced

n,;zole/30 mni;z
(±SE)

Experiment 1

None

NaF (10 mum)

Norepinnephrinie (0.1 mum)

I)opamine (1 nun)

Serotomnini (1 nut)

Serotonnini (1 nnnui) +

nnorepinephrimie (0.1 mum)

Experiment 2

None

NaF (10 nun)

Norepinnephrinie (0.1 mum)

Prostaglamndimi l�:2 (2.7 X

108 M)

STiMULATION OF ADENYL CYCLASE 429

by Sutinenismmud et al. (11) annd by Weiss (12).
Tine mstnnnner by usinicin NsiF’ stimulates midemnyl

cyclasc is poorly umnderstood.
Tine presenice of C-A\ IP pinosphodiesten-

______________ ase activit\- inn tine rat ervtinrocvte us_mis nnot
unexpected, ins vieus- of tine presennce of tine
enzyme inn lysates of pigeons (10) annd frog

(13) crytiunocytes. While move tinsini 90% of

0.069 ± 0.004 the activity us-mis soluble, mi portions remained
0.858 ± 0.006 associated usitin tine membramse. Winetiner or
0.324 ± 0.012 snot this fractions is truly sums instegvsnl part of
0 . 186 ± 0 . 14 the plasma membranse must aus-ait tine results
0.060 ± 0.007 �f studies uvhicin utilize preparsitiomis com-

0 163 0 008 pleteby devoid of other soluble protein-is,. ± - inscludinng hemoglobins.

While it is of imsterest that tine ginosts of
0.068 ± 0.003 mouse mind rat ervtinnocvtes vanuk inigluest in
1 . 007 ± 0 . 033 both mideinyl cyclase amsd PinosPlnodiesterase
0.366 ± 0.014 activity, it usould be premature to attempt

to relate these conrelationns usitin tine expres-
0.103 ± 0.004 . . .

� snonsofa particulmmr genetic unnit or operonu.

tiorms reported to be active in rcspomnsive
systems points to tine relatively uncompli-

cated nsmtturc of the rsit erythrocvte cyclase.
The observed stimulations of tine erythnocyte

cyclase uvith pnostaglanndin E2 is ins agree-
merit with tine stimulation reported for
prostaglansdins E1 in a variety of tissues (8).

The observation tinat serotonins inhibits

the norepinephrinc-stimulated cyclase is of
great interest and is in sigreemenst uvith
observations made by Weiss ansd Costa (9)
with rat pinseal glannd cyclase arid by Davo-
ren and Sutherland (10) with instact pigeomn
erythrocytes. Tiuis may be contrasted w-ith

the study of Kakiucisi and Rail (7), us-inicis

demonstrated tinat serotonnin elevated
C-AMP levels ins rabbit cerebellum slices. It
must certainly be connsidered that the inhi-

bition by senotonnims of the nuorepinephrinne
stimulation of adcnyl cyclase may repvesennt
a molecular model of si j)hysiological nnega-
tive interactions bctus-cen these tus-o amuses.

Tue stimulations of tine adenyl cyclase by
NaF was riot, in tine main, the result of
making more ATP available, since simply
inscrea�ing the conncenstnation of ATP did not
result in a comparable increase in C-AMP
production. Similar consclusiomus us-crc draus-n

REFERENCES

1. L. M. Klaimner, Y. M. Chi, S. L. Friedberg,
T. W. Hall arid K W. Sutherlamid, J. Biol.

Cheat. 237, 1239 (1962).
2. I. Oye and E. W. Sutherland, Biochim. Bio-

phys. Acta 127, 347 (1966).

3. 0. M. ITosems amnd S. M. liosemn, Biochem.
Biophys. Res. Commun. 31, 82 (1968).

4. IT. Sheppard and C. Burghardt, Biochem.

Pharmacol. 18, 2576 (1969).

5. M. Wenke, E. Muhlbachova annd S. IIymiie,
Arch. mt. Pharmacodyn. Thar. 136, 104
(1962).

6. R. W. Butcher, H. J. Ho, H. C. Meng and E. W.

Sutherland, J. Biol. Chem. 240, 4515 (1965).

7. S. Kakiuchi amid T. W. Hall, .iIol. Pharmacol.

4, 367 (1968).

8. H. W. Butcher, C. A. llobisonn, J. G. Haromnan

and E. W. Sutherland, Advan. Enzyme

Regul. 6, 357 (1968).

9. B. Weiss and E. Costa, J. I’harmacol. Exp.

Ther. 16!, 310 (1968).

10. P. it. Davoren rim-id E. W. Sutherlaind, J. Biol.

(Them. 238, 3009 (1963).

11. E. W. Sutherlamnd, T. W. Hall amid T. Menomn,

J_ Riot. Chem. 237, 1220 (1962).

12. B. Weiss, J. Pharmacol. Exp. Timer. 166, 330

(1969).

13. 0. Itosen amid S. nI. Hosemn, A rch. Biocheun.

Biophys. 131, 449 (1969).




