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SUMMARY

BILEZIKIAN, JOHN P., SPIEGEL, ALLEN M., GAMMON, DONALD E. & AURBACH,

GERALD D. (1977) The role of guanyl nucleotides in the expression of catecholamine-

responsive adenylate cyclase during maturation of the rat reticulocyte. Mol. Phar-

macol., 13, 786-795.

Adenylate cyclase in membranes prepared from rat reticulocytes and control erythro-
cytes was studied in relation to sensitivity to isoproterenol and the guanyl nucleotides
GTP and 5’-guanylylimidodiphosphate [Gpp(NH)p]. In reticulocyte preparations, iso-
proterenol alone activates adenylate cyclase to a rate equivalent to 70% of that obtained
with isoproterenol plus GTP or Gpp(NH)p. In contrast, only 20% of maximal enzyme
activity [isoproterenol plus Gpp(NH)p] in control membranes is sensitive to isoprotere-
nol alone. Maximal adenylate cyclase activity in reticulocytes can be achieved by the use

of isoproterenol and either GTP or Gpp(NH)p. Maximal adenylate cyclase activity in
control membranes occurs only with isoproterenol and Gpp(NH)p. As the reticulocyte
differentiates to the mature erythrocyte, maximal enzyme stimulation becomes more

dependent upon the presence of Gpp(NH)p. In both membrane preparations, Gpp(NH)p
decreases by 10-fold the concentration of isoproterenol required for half-maximal activ-
ity (KA) and increases by 5-fold the concentration of propranolol required for half-
maximal inhibition (I��). GTP has no effect upon the KA for isoproterenol or the I5� for
propranolol in either set of membranes. Gpp(NH)p but not GTP allows development of
the holocatalytic state. Even in the presence of Gpp(NH)p, however, there is still much
less catecholamine-responsive adenylate cyclase in control membranes than in reticulo-
cyte membranes. Direct detection of beta adrenergic receptors with the specific ligand

[‘251]hydroxybenzylpindolol showed that neither GTP nor Gpp(NH)p alters receptor
number or affinity for agonist or antagonist. It is concluded that the loss of catechola-
mine-sensitive adenylate cyclase in control membranes involves both a decrease in
catalytic units of adenylate cyclase and also an uncoupling of the beta receptor.
Gpp(NH)p recouples the beta receptor and adenylate cyclase by mechanisms that do not
perturb hormone-receptor interaction. It is suggested that the distinct effects of the two
guanyl nucleotides upon coupled reticulocyte membranes and uncoupled control mem-
branes are due to differing metabolic fates of the guanyl nucleotides, possibly at specific

sites on the adenylate cyclase complex for these nucleotides.
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INTRODUCTION

Beta adrenergic receptors have recently
been identified in target cells, using ii-

gands of appropriate configuration and
specific activity (1-5). Binding to these pu-
tative receptors is characterized by ex-
tremely high affinity, low capacity, and
stereospecificity (6-9). Agonists and an-
tagonists bind to the receptor over the
same concentration range in which they
stimulate or inhibit catecholamine-sensi-

tive adenylate cyclase (10-12). These ob-

servations have supported the contention
that beta receptors are linked to adenylate
cyclase.

Our recent studies (13, 14) have con-

firmed that rat reticulocyte membranes

contain an active catecholamine-sensitive
adenylate cyclase which is virtually lost
during maturation to the erythrocyte (15,
16). Beta receptors, however, appear to be

present in both reticulocyte and erythro-
cyte membranes (14, 17). By all criteria,
the receptor sites of the mature erythro-

cyte membranes are indistinguishable
from those detected in the membranes of
the fully responsive reticulocyte. Thus dif-

ferentiation is associated with a functional
uncoupling of the receptor-cyclase com-
plex. The persistence of the beta receptor
in erythrocyte membranes suggested that

under certain circumstances the receptor
could be “recoupled,” with restoration of
hormone sensitivity.

The guanyl nucleotides, GTP and its

synthetic congener, 5’-guanylylimidodi-
phosphate, augment many different hor-
mone-mediated adenylate cyclase systems
(18-22), including beta adrenergic-regu-

lated adenylate cyclase (23-30). In the
course of our studies on the maturing rat

reticulocyte, it seemed posssible that the
apparent loss in catecholamine responsive-
ness of the mature erythrocyte with pres-

ervation of beta receptors might reflect
critical changes in the response to or de-
pendence upon GTP. It also seemed possi-
ble that hormone-receptor interaction
might be altered by the guanyl nucleo-

tides. In this report we have studied the
effects of GTP and Gpp(NH)p2 in rat retic-

2 The abbreviations used are: Gpp(NH)p, 5’-gua-

nylylimidodiphosphate; HYP, hydroxybenzylpin-

dolol; IHYP, iodohydroxybenzylpindolol.

ulocyte and control erythrocyte mem-

branes in augmenting catecholamine-de-

pendent adenylate cyclase and beta recep-
tor interactions. The results indicate that
a critical feature distinguishing these two
membrane preparations is their differen-
tial sensitivity to the guanyl nucleotides.

MATERIALS AND METHODS

The sources of many materials have
been noted in the accompanying paper
(14). Other compounds used in this study

were GTP,3 ATP (Sigma Chemical Com-

pany), and Gpp(NH)p (International
Chemical and Nuclear Corporation).

The methods used in this study have
been described in detail in the accompany-
ing paper (14) and include induction of
reticulocytosis, preparation of erythrocyte
and reticulocyte membranes, adenylate
cyclase assay, iodination of HYP, binding

assay for [‘251}HYP, and protein determi-
nation.

RESULTS

Effects of guanyl nucleotides on cate-

cholamine responsiveness of adenylate cy-
clase of control and reticulocyte mem-

branes. Basal and catecholamine-sensitive

adenylate cyclase are markedly greater in
membranes from rat reticulocytes than in

membranes from control erythrocytes (Ta-
ble 1). In each system, the adenylate cy-

clase sensitive to isoproterenol is inhibited
by propranolol, a beta adrenergic inhibi-
tor, but not by phentolamine, an alpha

adrenergic inhibitor. For both membrane
preparations, GTP and Gpp(NH)p in-
crease the adenylate cyclase activity pres-

ent with isoproterenol alone. The activity
demonstrable with isoproterenol and GTP
or Gpp(NH)p is still inhibited by proprano-
lol and resistant to phentolamine. How-
ever, GTP and Gpp(NH)p have different
effects upon the reticulocyte membranes.

Gpp(NH)p increases the basal adenylate
cyclase, but GTP has no significant effect
(Fig. lA). In addition, reticulocyte mem-

branes respond to either nucleotide and

Both GTP and Gpp(NH)p were chromatographi-

cally pure as determined by thin-layer chromatogra-

phy on cellulose-polyethyleneimine-impregnated

sheets with the solvent system lithium chloride (0.5

M) and formic acid (0.5 M).
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TABLE 1

Effects of Gpp(NH)p and GTP on catecholamine-sensitive adenylate cyclase of rat reticulocyte or erythrocyte

membranes

Membranes were incubated with the indicated combinations of agents: GTP or Gpp(NH)p, 70 �tM;

isoproterenol, 0.5 mM; propranolol or phentolamine, 0.1 m�i. Adenylate cyclase activity was determined in

triplicate as described under MATERIALS AND METHODS.

Conditions Adenylate cyclase activity

Reticulocytes Controls

pmoles cyclic [�P]AMP formed/mg protein/lO mm
± SD

Basal 93± 14 14± 3

+Isoproterenol 3518 ± 200 94 ± 8

+ Isoproterenol + propranolol 825 ± 44 12 ± 4

+ Isoproterenol + phentolamine 3090 ± 140 94 ± 3

Gpp(NH)p 1149 ± 73 53 ± 2

+ Isoproterenol 4523 ± 95 426 ± 18

+Isoproterenol + propranolol 1049 ± 72 175 ± 15

+Isoproterenol + phentolamine 4778 ± 157 426 ± 40

GTP 75± 25 11± 5

+Isoproterenol 4189 ± 315 148 ± 12

+Isoproterenol + propranolol 513 ± 41 12 ± 1

+Isoproterenol + phentolamine 3987 ± 259 130 ± 4

A RETICULOCYTE CONTROL MEMBRANES B
MEMBRANES

I
2 I

FIG. 1. Effects of Gpp(NH)p and GTP on adenylate cyclase activity of membranes prepared from rat

reticulocytes or controls

Group 1 membranes were incubated alone (open bars), with Gpp(NH)p (solid bars), or with GTP (hatched

bars). Group 2 membranes were incubated with isoproterenol alone (open bars), or with Gpp(NH)p (solid

bars), or with GTP (hatched bars). The concentrations of Gpp(NH)p and GTP were 70 �LM; the concentration

of isoproterenol was 50 /.LM. The data (± standard deviations) represent four separate experiments.

Adenylate cyclase assay was performed as described under MATERIALS AND METHODS.

isoproterenol with a similar total amount
of adenylate cyclase. At maximal isopro-

terenol concentration, the activity of ade-
nylate cyclase with Gpp(NH)p and isopro-
terenol is approximately the sum of the

activities with isoproterenol and Gpp-
(NH)p alone. In contrast, GTP and isopro-
terenol together account for adenylate cy-
clase activity which is greater than the

sum of their individual effects.
In control erythrocyte membranes,

Gpp(NH)p also increases basal adenylate
cyclase whereas GTP does not (Fig. lB).

At maximal isoproterenol concentrations,
Gpp(NH)p and isoproterenol together ac-
count for more adenylate cyclase activity
than the sum of their individual effects on
basal adenylate cyclase. In contrast to the
reticulocytes, GTP has a much smaller ef-

fect upon catecholamine-sensitive adenyl-
ate cyclase than Gpp(NH)p. Although

Gpp(NH)p has a much greater relative ef-
fect upon the expression of catecholamine
responsiveness in control membranes, it

should be noted that the activity of isopro-
terenol and Gpp(NH)p together is still
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much less in control membranes than in
reticulocyte membranes. It appears, there-
fore, that full hormone responsiveness in
control membranes is dependent upon

Gpp(NH)p but that there is also a loss of
catalytic units of adenylate cyclase which
cannot be expressed by Gpp(NH)p.

Effects of guanyl nucleotides on KA for
isoproterenol and K, for propranolol in re-

ticulocyte and control membranes. Al-
though Gpp(NH)p and GTP permit a simi-
lar degree of hormone-sensitive adenylate

cyclase activity in reticulocyte mem-
branes, only Gpp(NH)p alters the sensitiv-
ity to isoproterenol (Fig. 2). Gpp(NH)p de-

creases the concentration at which isopro-
terenol half-maximally activates adenyl-

ate cyclase (KA) from 10 to 0.9 �M. GTP
has virtually no effect upon the KA for
isoproterenol. Control membranes also be-
come more sensitive to isoproterenol in the
presence of Gpp(NH)p, the KA decreasing
from 60 to 6 jAM (Fig. 3). Again, GTP has
no effect upon the KA for isoproterenol.

Gpp(NH)p increases the concentration
at which propranolol inhibits isoprotere-
nol-sensitive adenylate cyclase half-maxi-
mally (15o). For reticulocytes, the I� in-
creases from 2 to 10 /.LM when the concen-

tration of isoproterenol is 50 p.M (Fig. 4).

[--Is0PR0TEREN0L] -LOG M

FIG. 2. Effect of GTP or Gpp(NH)p on sensitivity

of reticulocyte membranes to (- )-isoproterenol

Reticulocyte membranes were exposed to increas-

ing concentrations of (-)-isoproterenol alone (#{149})or

with GTP (U) or with Gpp(NH)p (0). The guanyl

nucleotides were present at 70 �M. Vertical dashed

lines intercept the abscissa at half-maximal activa-

tion. The experimental points are the averages of

triplicate determinations. The adenylate cyclase as-

say is described in MATERIALS AND METHODS.

/

-6 -5 -4 -3

[--ISOPROTERENOL]-LOG M

FIG. 3. Effect of GTP or Gpp(NH)p on sensitivity

of control membranes to (- )-isoproterenol

Control membranes were exposed to increasing

concentrations of(-)-isoproterenol alone (#{149})or with

GTP (U) or Gpp(NH)p (0). The guanyl nucleotides

were present at 70 /.LM. Vertical dashed lines inter-

cept the abscissa at half-maximal activation. The

experimental points represent the averages of tripli-

cate determinations. The adenylate cyclase assay is

described in MATERIALS AND METHODS.
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[--PROPRANOLOL 1-LOG M

FIG. 4. Influence of GTP and Gpp(NH)p on sensi-

tivity of reticulocyte membranes to inhibition of cate-

cholamine-dependent adenylate cyclase by (- )-pro-

pranolol

Reticulocyte membranes were exposed to isopro-

terenol alone (#{149})or with GTP (0) or with Gpp(NH)p

(�) and increasing concentrations of (-)-proprano-

lol. The concentration of isoproterenol was 50 �LM.

Vertical dashed lines intercept the abscissa at the

concentrations causing half-maximal inhibition.

Complete inhibition was considered to be the basal

enzyme activity without (for isoproterenol alone) or

with the guanyl nucleotides alone. The experimen-

tal points are the averages of triplicate determina-

tions. The adenylate cyclase assay is described in

MATERIALS AND METHODS.

GTP has no effect upon the � of proprano-
lol. Similar observations have been made

for control membranes (Fig. 5).
Holocatalytic state of adenylate cyclase

in control and reticulocyte membranes.

Previous studies have shown that incuba-
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tion of frog and turkey erythrocyte mem-
branes with isoproterenol and Gpp(NH)p
leads to the development of a state of holo-

catalytic activation which is irreversible
and no longer inhibitable by propranolol
(26, 31). In Table 2 it can be seen that

holocatalytic activation of reticulocyte

[-- PROPRANOLOL] - LOG M

FIG. 5. Influence of GTP and Gpp(NH)p on sensi-

tivity of control membranes to inhibition of catechola-

mine-dependent adenylate cyclase by (-)-propranolol

Control membranes were exposed to isoproterenol

alone (#{149})or with GTP (0) or with Gpp(NH)p (Li)

and increasing concentrations of (- )-propranolol.

The concentrations of isoproterenol and the guanyl

nucleotides are noted in the legend to Fig. 4. Verti-

cal lines intercept the abscissa at the concentrations

causing half-maximal inhibition.

membranes occurs with Gpp(NH)p. GTP,

with or without a nucleotide-regenerating

system, is not able to cause holocatalytic

activation. Similar observations have been
made with control erythrocyte membranes
(data not shown).

GTP can inhibit the adenylate cyclase
stimulated by Gpp(NH)p when both are
present (Table 3). Previous incubation of

the membranes with Gpp(NH)p alone ap-
pears to render the adenylate cyclase re-
fractory to inhibition by GTP in a manner
analogous to the state of irreversible acti-
vation by Gpp(NH)p and isoproterenol. Al-

though the effects of these two nucleotides
upon the two membrane preparations are
different, these results suggest that they
interact at the same nucleotide binding

site.
Effects of Gpp(NH)p and GTP on bind-

ing of [‘251]HYP to the beta receptor. Con-

trol membranes contain about half the

specific binding sites of reticulocyte mem-
branes, as determined by the binding of
[‘25I]HYP (Fig. 6). Neither Gpp(NH)p nor

GTP alters the total specific binding of
[‘25I]HYP to either set of membranes. It

can be seen further that neither nucleotide
alters the concentration at which binding
is half-maximally inhibited by proprano-

Effects of previous incubation with GTP, Gpp(NH)p, and isoproterenol on adenylate cyclase activity of rat

reticulocyte membranes

Rat reticulocyte membranes (2 mg/ml in 0.05 M Tris buffer, pH 7.5) were incubated for 30 mm at 200 with

the additions noted. The concentrations of GTP, Gpp(NH)p, and isoproterenol were all 10 �M. Then 3 ml of

cold (40) 0.01 M Tris buffer, pH 7.4, and 2 m� dithiothreitol were added, and the suspension was centrifuged

at 15,000 x g for 10 mm at 40#{149} The pellet was resuspended and centrifuged twice more. The final pellet was

suspended in 0.5 ml of 0.05 M Tris buffer, and 25-pi aliquots were taken for adenylate cyclase assay with

additions as noted in the second column. The results shown are minus basal activity and are the means and

standard deviations of triplicate determinations.

Incubation additions Adenylate cyclase assay additions Adenylate cyclase
activity

pmoles cyclic AMP

formed/mg protein/
10 mm ± SD

None Isoproterenol 348 ± 21

None GTP + isoproterenol 902 ± 161

None Gpp(NH)p + isoproterenol 2370 ± 479

Isoproterenol None 31 ± 4

GTP + isoproterenol None 0

GTP + isoproterenol + regenerating system” None 42 ± 13

Gpp(NH)p + isoproterenol None 2288 ± 352

“Regenerating system indicates ATP, Mg�, creatine phosphokinase, and creatine phosphate at concen-

trations equivalent to those used during the adenylate cyclase assay and which have been shown to

maintain the GTP concentration.
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lol. Similarly, neither Gpp(NH)p (Fig. 7)

nor GTP (data not shown) significantly
affects the concentration for half-maximal
inhibition by isoproterenol of [1251JHYP
binding to either set of membranes. The

very slight apparent effect of Gpp(NH)p in
Fig. 7 was the greatest difference observed
in 10 separate experiments.

Adenylate cyclase in membranes pre-

pared from erythrocyte populations with

increasing and decreasing percentages of

TABLE 3

Effects of previous incubation with GTP and

Gpp(NH)p on rat reticulocyte membrane adenykite

cyclase activity

Rat reticulocyte membranes were incubated as

described in Table 2, but with 10 �M Gpp(NH)p and

100 j�M GTP. Results are the means ± standard

deviations of triplicate determinations.

Incubation additions Adenylate cyclase Adenylate
assay additions

None

None

Gpp(NH)p

Gpp(NH)p

Gpp(NH)p + regen-

erating system”

Gpp(NH)p + GTP

Gpp(NH)p + GTP +

regenerating sys-

tem

a See footnote to Table 2.

cyclase ac-
tivity

pmoles cyclic
AMP formedi
mg proteinilO

mm ± SD

reticulocytes. Rats were injected with in-
creasing concentrations of phenylhydra-
zine hydrochloride and developed a paral-

lel increase in reticulocytes. Isoproterenol-

sensitive adenylate cyclase increased in
parallel with reticulocytosis whether
Gpp(NH)p was present or not (Fig. 8).
Membranes prepared from erythrocyte

populations at various times after peak
reticulocytosis (80-90%) show a progres-

sive decline in basal and Gpp(NH)p-de-

pendent activity (Fig. 9A). The percentage
increase in basal adenylate cyclase facili-

-l -if
25 50 100 200 25 50 100 200

[(-)-PROPRANOLOL] - nM

FIG. 6. Binding of V251]HYP to reticulocyte and

control membranes: influence of guanyl nucleotides

on interaction between (- )-propranolol and the beta

receptor

Reticulocyte (A) or control (B) membranes (0.28

mg/ml) were incubated with [‘251]HYP (80 pM) and

increasing concentrations of (- )-propranolol alone

(0) or with GTP (U) or Gpp(NH)p (A). The data

represent specific binding as defined in MATERIALS

AND METHODS and are the averages of triplicate de-

terminations. Details of the binding assay are de-

scribed in the text.

A RETICULOCYTE MEMBRANES

�

‘ho
:+‘���N�

N---..4
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-5 -4 -5 -4

[--ISOPR0TERENOL] -LOG M

FIG. 7. Binding of [‘25I]HYP to reticulocyte and control membranes: influence of guanyl nucleotides on

interaction between (- )-isoproterenol and the beta receptor

Reticulocyte (A) or control (B) membranes (0.28 mg/ml) were incubated with [‘251]HYP (25 pM) and

increasing concentrations of isoproterenol alone (#{149})or with Gpp(NH)p (A). The experiment depicted is

representative of 10 separate experiments on five different membrane pairs. The data are the means ±

standard deviations of triplicate determinations. Details of the binding assay are described in MATERIALS

AND METHODS.
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tated by Gpp(NH)p is much greater in re-
ticulocyte-rich membranes. On the other
hand, the contribution of Gpp(NH)p to
hormone-sensitive adenylate cyclase be-
comes progressively greater as the reticu-
locyte percentage declines (Fig. 9B). Thus
isoproterenol is a much more efficient acti-
vator of adenylate cyclase in reticulocyte

membranes. Considered in another way,
membranes from mature erythrocytes are

20 40 60

RETICULOCYTES (%)

FIG. 8. Adenylate cyclase activity as a function of

reticulocyte percentage

Rats were injected with phenylhydrazine hydro-

chloride in increasing concentrations to achieve a

graded increase in reticulocytes. The cells were har-

vested and membranes were prepared as described

in MATERIALS AND METHODS. Membranes were then

exposed to Gpp(NH)p (70 j�M) (0) or isoproterenol

(50 j±M) (I) alone or together (#{174}). The adenylate

cyclase assay is described in MATERIALS AND METH-

ODS.

more dependent than are membranes from

reticulocytes upon the presence of Gpp-
(NH)p for full expression of their hormone

sensitivity.

DISCUSSION

The observations reported here describe

a heretofore unrecognized state of recep-
tor-adenylate cyclase modulation during

erythroid differentiation and confirm the
important role of guanyl nucleotides in the

critical area of hormone action. Our pre-
vious studies have shown that adenylate

cyclase-rich membranes prepared from rat
reticulocytes are 20-25 times more respon-

sive to beta adrenergic catecholamines
than membranes prepared from mature
erythrocytes (13, 14, 16). Although enzyme
activity is lost as the reticulocyte differen-
tiates, binding sites identified as beta re-
ceptors do not show a corresponding de-

crease. In mature erythrocyte membranes,
therefore, binding of catecholamines to the

beta receptor is not associated with a direct
biological response. The persistence of beta
receptors despite loss of hormone sensitiv-
ity should be differentiated from the phe-
nomena of “subsensitivity” and “supersen-

sitivity,” which describe either a loss or

gain of both beta receptors and adenylate
cyclase concomitantly (32-34).

The demonstration that GTP and

Gpp(NH)p augment catecholamine-sensi-
tive adenylate cyclase in rat erythrocytes

and that this activity retains the charac-

RETICULOCYTES 1%)

FIG. 9. Decline in adenylate cyclase activity with maturation of reticulocytes

Rats were injected with phenylhydrazine and reached a peak reticulocyte response. At specified times

thereafter, membranes were prepared from erythrocyte populations with a declining reticulocyte percent-

age. A. The basal activity of adenylate cyclase was determined. The hatched portion of each bar indicates

the increment in basal enzyme activity due to the presence of Gpp(NH)p (70 j±M). B. Isoproterenol-sensitive

adenylate cyclase was determined in membranes with the indicated reticulocyte percentages. The hatched

portion of each bar indicates the increment in isoproterenol-sensitive activity due to the presence of

Gpp(NH)p. Isoproterenol was present at 50 �M.
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teristics of a beta adrenergic response fur-
ther emphasizes the importance of guanyl
nucleotides in hormone-sensitive mem-

brane preparations (25). In most systems
studied so far, Gpp(NH)p has been capable
of eliciting a much greater response to spe-
cific hormones than has GTP (35). Control

erythrocyte membranes in this study are
no exception, as shown by their greater

responsiveness to Gpp(NH)p and isopro-

terenol than to GTP and isoproterenol. At
submaximal isoproterenol concentrations,
reticulocyte membranes also are more re-
sponsive to Gpp(NH)p. At maximal isopro-
terenol concentration, however, GTP4 and
Gpp(NH)p are equally effective. It is of
further significance that despite full acti-
vation by GTP or Gpp(NH)p, only Gpp-
(NH)p can lead to holocatalytic activation.

The generally greater effects of

Gpp(NH)p may relate to the imido link
between the terminal phosphates of

Gpp(NH)p, resulting in resistance to
membrane-bound phosphohydrolases (36).

Salomon and Rodbell (37) have shown that
Gpp(NH)p is not degraded by pyrophos-
phohydrolases when bound to nucleotide

regulatory sites. In contrast, GTP is con-
verted to GDP and GMP when bound. It is
possible that differences in the metabolism

of guanyl nucleotides at their binding sites

account for the greater efficacy of Gpp-
(NH)p in most systems. The rat erythropo-
ietic system provides a good model by
which this hypothesis can be tested, be-

cause under appropriate conditions - max-
imal isoproterenol concentration - in retic-
ulocyte membranes, GTP and Gpp(NH)p
are equally effective. In control mem-
branes, by contrast, Gpp(NH)p is always
more effective than GTP. Moreover, the

ability of GTP to inhibit Gpp(NH)p-de-
pendent adenylate cyclase suggests that
both nucleotides interact at the same site.
If the metabolism of the guanyl nucleo-
tides at nucleotide regulatory sites is a
critical initiator or terminator of their ac-

The other guanyl nucleotides, GMP and GDP,

were able to affect adenylate cyclase only in the

presence of a nucleotide regulatory system, making

conversion to GTP their likely mode of action (J. P.

Bilezikian and A. M. Spiegel, unpublished observa-

tions).

tions, one might expect major differences
in the activity of phosphohydrolases in
these two membrane preparations. There

may also be differences in the binding of

GTP and Gpp(NH)p to their regulatory
sites in the membrane preparations. Ex-
periments are in progress to study these
possibilities.

In the reticulocyte, isoproterenol alone

accounts for 70% of the adenylate cyclase
demonstrated for isoproterenol and either

nucleotide. It would appear that exposure
to isoproterenol permits nearly maximal
activation of the reticulocyte receptor-ade-
nylate cyclase complex. Isoproterenol in
control membranes, in contrast, accounts

for less than 20% of the activity that can be
demonstrated with the agonist and

Gpp(NH)p. The decrease in the component
of adenylate cyclase activity due to isopro-
terenol alone represents in part an uncou-

pling of intact beta receptors from their
catalytic units. Gpp(NH)p appears to en-
hance a coupled state. It is unlikely that

the greater responsiveness of reticulocyte
membranes to isoproterenol reflects the
presence of endogenous nucleotides, be-

cause exposure of control membranes to
GTP does not re-establish hormone re-
sponsiveness to the magnitude observed
for the reticulocytes. Furthermore, the
loss of basal and fluoride-stimulatable ac-

tivities in control membranes suggests
that there is a loss of catalytic units as well

as an uncoupling of the beta receptor. The

persistence of beta receptors with loss of
adenylate cyclase and the inability of
Gpp(NH)p to restore hormone sensitivity
completely contrast markedly with the ob-
servations by Mukherjee and Lefkowitz on
desensitized frog erythrocytes (38). The
catecholamine responsiveness of frog
erythrocyte membranes previously ex-
posed to isoproterenol can be completely
restored by exposure to Gpp(NH)p.

In both reticulocyte and control mem-
branes, Gpp(NH)p improves the sensitiv-
ity to isoproterenol and decreases the sen-

sitivity to propranolol. Under these condi-
tions, the increase in the 1�o for proprano-
lol when Gpp(NH)p is present directly re-
flects the decrease in the KA for isoprotere-

nol. The K,, therefore, is unchanged. GTP
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has no effect upon the KA for isoproterenol
or the I�o for propranolol in either set of
membranes. Thus the degree of intrinsic
receptor-adenylate cyclase coupling does
not modify the effects of Gpp(NH)p upon
the affinity of agonist or antagonists for

adenylate cyclase.
Gpp(NH)p could improve the efficiency

of coupling between beta agonists and beta

receptors by altering the affinity of ago-
nists for the beta receptor. Studies in rat
glioma cells (39) and frog erythrocytes (40)
have shown that Gpp(NH)p increases the
potency of agonists to stimulate adenylate
cyclase and decreases the affinity of ago-

nists for the beta receptor. Although the
primary effect of the nucleotide is not con-

sidered to be an alteration in ligand bind-
ing, the degree to which Gpp(NH)p alters
the affinity of agonists for the beta recep-

tor has been viewed as a measure of intrin-
sic receptor-cyclase coupling.5

In the studies reported here, Gpp(NH)p
improved the potency of beta agonists to

stimulate adenylate cyclase, but it did not
significantly alter agonist-receptor inter-

actions in the reticulocyte or the control
erythrocyte. These results are similar to
those reported for the turkey erythrocyte
(6). Similarly, Gpp(NH)p did not alter an-
tagonist-receptor interaction. It is possible
that systems, such as the rat erythrocyte

(both reticulocytes and erythrocytes) and
the turkey erythrocyte, which do not show

Gpp(NH)p-induced shifts in affinity of ago-
nists for the beta receptor are relatively
uncoupled in comparison with the frog
erythrocyte and certain rat glioma cell
lines which do show Gpp(NH)p-induced
shifts (39, 40). It must be concluded, never-
theless, that for the rat erythrocyte sys-
tem, the effects of the guanyl nucleotides
in improving adenylate cyclase activity in
control and reticulocyte membranes do not

involve significant perturbations of hor-
mone-receptor interaction. Mechanisms
other than those directly related to the
binding of agonists and antagonists to the
beta receptor are responsible for the ac-
tions of Gpp(NH)p in facilitating the cou-
pling between the beta receptor and its
associated adenylate cyclase activity.
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