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SUMMARY

JOHNSON, GARY L., BOURNE, HENRY R., GLEASON, MARY K., COFFINO, PHILIP,

INSEL, PAUL A., & MELMON, KENNETH L. (1979) Isolation and characterization of
S49 lymphoma cells deficient in beta-adrenergic receptors; Relation of receptor
number to activation of adenylate cyclase. Mol. Pharmacol. 15, 16-27.

Variant S49 lymphoma cells that have a diminished response to beta-adrenergic amines
were selected from wild-type clones, using the beta-adrenergic agonist terbutaline in the

presence of phosphodiesterase inhibitors. Variants (termed beta� variants) having ap-

proximately 50% of wild-type beta-adrenergic receptors and 50% catecholamine-stimu-
lated adenylate cyclase activity relative to wild-type were isolated in a single step
selection. When these beta� variants were mutagenized and subjected to a second round

of selection with terbutaline and phosphodiesterase inhibitors, receptor deficient variants
(termed betad) expressing 10-30% of wild-type beta-adrenergic receptors and responsive-
ness to isoproterenol were isolated. Two independent beta� clones and the respective

betad clones selected from them were characterized with respect to their adenylate cyclase
and receptor properties. Both beta� and betad variant cells demonstrated a diminished
response to isoproterenol and an increased response to PGE, relative to wild-type.

Membranes from all four receptor-deficient clones responded normally to Gpp(NH)p,

NaF, and PGE,.

The density of beta-adrenergic receptors in membranes measured by the specific
binding of [‘25I]IHYP was between 40 and 65%, relative to wild-type, for clones beta�, and
beta�2 and from 10 to 30% in betad, and beta�. The dissociation constant for agonist and

antagonist binding was the same for receptor-deficient and wild-type membranes. A direct
relationship was obtained between beta-adrenergic receptor number and maximal acti-
vation of adenylate cyclase, indicating that beta-adrenergic receptor number limits the
maximal activation of adenylate cyclase by catecholamines. These results conflict with

the finding that isoproterenol stimulates S49 adenylate cyclase at concentrations well
below those required to produce an equivalent fractional occupancy of receptors. The

beta� and betad phenotypes rule out an explanation of this discrepancy that depends on
a number of receptors in excess of that required for maximal stimulation.
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INTRODUCTION

Interaction of catecholamines with beta-
adrenergic receptors causes stimulation of
adenylate cyclase (E.C. 4.6.1.1) activity in
membranes of many animal cells (1). Hor-
mone receptors and catalytic adenylate cy-
clase have been shown to be physically
distinct entities (2, 3), but the functional
stoichiometry of receptors and cyclase re-
mains obscure. Beta-adrenergic receptors

can be enumerated using specific radio-hg-

and binding assays (4-6), but no method
currently exists for determining the number
of adenylate cyclase molecules. The num-
ber of beta-adrenergic receptors of cells
that respond to catecholamines varies from

approximately 400 to 80,000 per cell (7-10).
The efficacy of catecholamines to stimulate
adenylate cyclase of intact cells or plasma
membrane preparations varies over a simi-
lar 200-fold range (9, 11-14). In several sys-
tems, however, the concentration of hor-

mone required to maximally activate ade-

nylate cyclase is significantly less than that

required for maximal occupation of recep-
tors (15-17). This discrepancy between re-
ceptor occupation and enzyme activation

exists even when receptor number is rela-

tively low and hormone-stimulated adenyl-
ate cyclase activity is high (for review, see
reference 18). One interpretation of this
discrepancy is that cells possess a large
number of receptors, only a fraction of
which are required for maximal activation

of adenylate cyclase. The classic concept of
excess or “spare” receptors was first sug-
gested in measurement of contractile re-
sponses to histamine or muscarinic agents,
such as acetylcholine (19-21).

The possibility that receptors are present

in excess of the number required to give a
maximal response can be tested by reducing
the number of receptors without altering
other components of the adenylate cyclase
system. If the discrepancy between receptor
occupation and enzyme activation persists
in cells with decreased receptor number,

then this discrepancy cannot be explained
only by an excess of receptors. Cultured
S49 mouse lymphoma cells provide a sys-
tem in which we can determine whether

receptor number limits maximal response
to hormone. The fact that S49 cells are

killed by cAMP3 allows clonal selection by
agents that elevate intracellular cAMP lev-
els (22). We have used beta-adrenergic ag-
onists to isolate S49 variants deficient in
beta-adrenergic responsiveness. All of the
variants having a decreased number of

beta-adrenergic receptors also have a di-
minished adenylate cyclase activation by

beta-adrenergic agonists. The characteri-
zation of such variants permits a novel ap-
proach to studying the functional relation-

ship between receptor number and activa-

tion of adenylate cyclase.

MATERIALS AND METHODS

Cell culture. Clonal wild-type S49 hym-
phoma cells were propagated in Dulbecco’s
modified Eagle’s medium supplemented
with 10% heat-inactivated horse serum (23).

Mutagenesis. Mutagenic changes in S49
cells were produced by exposure to ICR 191
(0.8 jig/mi) for 24 hr or mtrosoguanidine (2
�tg/m1) for 3 hr as described previously (24).

Cells were exposed to mutagens during log-
arithmic growth of cultures and maintained
6 to 8 days before being subjected to selec-
tive pressure.

Selection of variants. Clones deficient in
beta-adrenergic responsiveness were iso-
lated from wild-type S49 cells by a modifi-

cation of the procedures described for the
isolation of adenylate cychase deficient (25)
and uncoupled (26) S49 variant pheno-
types. Wild-type cells were incubated for 24
hr in the presence of 0.5 m�i dbcAMP, 50
/1M 1-methyl-3-isobutylxanthine and 50 zM
RO 20-1724, washed twice by dilution and
low speed centrifugation, and resuspended
in growth medium containing 0.1 nmi ter-
butahine and 50 /LM 1-methyl-3-isobutylxan-
thine and 50 ILM RO 20-1724 (designated
TRM medium as described by Haga et al.

[26]). The cells were maintained in TRM

3Abbreviations used are cAMP, adenosine 3’:S’-

monophosphate; Gpp(NH)p, guanyl-5’-yl imidodi-

phosphate; HEPES, 4-(2-hydroxyethyl)-1-pipera-

zineethanesulfonic acid; [‘�IJIHYP, [‘9]iodohydrox-

ybenzylpindolol ([±]-iodo-3-indoloxyl-1-[2-p-hydrox-

ybenzylpropyl-2-amino]-isopropanol); PGE1, prosta-

glandin E1; RO2O-1724, 4-(3-butoxy-4-methoxyben-

zyl)-2-imido-zolidinone; TRM, terbutaline (0.1 nmi) +

R020-1724 (0.05 mM) + 1-methyl-3-isobutylxanthine

(0.05 mM).
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for 24 hr and then cloned in agarose con-
taining TRM. Clones were picked 8 to 10
days later and grown in the absence of
TRM for at least 10 generations before cells
were screened for cAMP accumulation or

[‘25I]IHYP binding.
cAMP accumulation. Cells grown in sus-

pension culture to a density of approxi-
mately 106 cells per ml were washed and
suspended in Dulbecco’s modified Eagle’s
medium containing 0.1% heat-inactivated
horse serum, 20 m� NaHEPES (pH 7.4)
and 0.5 nmt 1-methyl-3-isobutyhxanthine at

a density of 106 cells per ml. The cells were
allowed to equilibrate for 10 min at 37#{176}and
then challenged with isoproterenol or PGE1
for 10 mm or cholera toxin for 90 mm. Basal
values were determined in the presence of
0.5 mM 1-methyl-3-isobutylxanthine. After
the appropriate incubation period the cells
were centrifuged at 1,300 x g for 2 mm, the

media aspirated and the cells suspended in
0.5 ml 50 m� sodium acetate, pH 4.0, con-

taining 0.2 nmi 1-methyl-3-isobutylxan-
thine, and immediately placed in a boiling
water bath for 5 mm. The samples were
then centrifuged at 1300 x g for 5 mm and
100 p1 aliquots were removed for the mea-

surement of cAMP by the method of Gil-
man (27).

Plasma membrane preparation. Plasma
membranes were prepared by the method
of Ross et al. (15), with modification as
described previously (28). Adenylate cy-
clase in membrane preparations was acti-
vated by cholera toxin as described else-

where (28).
Adenylate cyclase. Adenylate cyclase

was measured exactly as described previ-
ously (28). Briefly described, ATP (1 mM)
was used as substrate in a reaction mixture

of 50 mM NaHEPES, 4 mM MgC12, 0.2 mM
1-methyl-3-isobutylxanthine, 5 mi’�i 2-mer-
capto-ethanol, 0.2 mg/nil bovine serum al-
bumin, pH 8.0, at 30#{176}in a final volume of
100 p1. Incubations were initiated by addi-

tion of membranes (approximately 10 �g

membrane protein) continued for 10 mm at
30#{176}with constant shaking and terminated

by the addition of 50 p1 150 m� acetic acid.
Cyclic AMP was then measured by the
method of Gilman (27). Under these con-
ditions NaF-stimulated activity was linear

with time and protein concentration.

[‘251]IHYP assay. [‘25I]IHYP binding
was measured by a filtration assay de-
scribed elsewhere (7). For membranes, in-
cubations were conducted for either 30 or

60 mm at 30#{176}in the same medium used for
adenylate cyclase measurements except
that 0.1 mg/mi Na ascorbate was present.
The Na ascorbate had no effect when pres-
ent in the adenylate cyclase assay. Gener-
ally, 10 �tg membrane protein was used in a
final volume of 100 p1. For intact cells, in-

cubations were conducted in Dulbecco’s
modified Eagle’s medium containing 0.1%
heat-inactivated horse serum and 0.1
mg/mi Na ascorbate. Cells (106) were in-
cubated at 37#{176}for 60 mm in a final volume
of 100 pl. A detailed examination of the
intact cell binding assay will be reported
elsewhere (29). Specific binding was defined
for both membrane preparations and intact
cell binding studies as the difference be-

tween bound [‘251]IHYP in the absence and
presence of 1 j�M (-)-propranolol.

Protein determinations. Protein was
measured by the method of Lowry et al.

(30) using bovine serum albumin as stan-
dard.

Materials. Hydroxybenzylpindolol was a
gift from Dr. G. D. Aurbach of the National
Institutes of Health; (-)-propranolol was
provided by Ayerst Research Laboratories;
RO 20-1724 was a gift from Dr. H. Shep-
pard, Hoffman-La Roche; PGE1 was sup-
plied by Dr. J. Pike, Upjohn. [‘25I]IHYP
was synthesized as described previously
(31).

RESULTS

Isolation of variants deficient in beta-
adrenergic responsiveness. When S49 cells
are exposed to beta-adrenergic agonists the

elevation of cAMP levels is transient even
in the presence of maximally effective con-
centrations of agonist and phosphodiester-
ase inhibitors (32). Because of this transient

response, generally termed refractoriness or
desensitization, beta-adrenergic agonists
are relatively inefficient killing agents for
S49 cells. A further complication of the
isolation of beta-adrenergic receptor-defi-
cient variants is the high frequency of oc-
currence of S49 variants that are deficient
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in adenylate cyclase activity (cyci or un-
coupled (UNC) (26) with respect to the
ability of hormones to activate adenylate
cyclase.

In an attempt to increase the killing abil-
ity of beta-adrenergic agonists, wild-type
S49 cells were first exposed to dbcAMP.

The death of 849 cells exposed to dbcAMP
is preceded by a reversible G1 growth arrest
(33). When 849 cells are first exposed to

dbcAMP for 24 hours and the drug is then
removed by washing, a significant percent-
age of the cells survive. However, if S49

cells are exposed to a beta-adrenergic ago-
nist in the presence of phosphodiesterase
inhibitors immediately after removal of the
dbcAMP, the killing of wild-type cells is
significantly greater than that caused by
exposure to either dbcAMP or the beta-
adrenergic agonist alone. Table 1 shows the

cloning efficiencies of wild-type, protein ki-
nase deficient (34), cyc and UNC variant
cells treated according to this protocol. The
selective pressure exerted by dbcAMP and
subsequent exposure to TRM is specific for
cells that are both capable of responding to

beta-adrenergic agonists with a rise in

TABLE 1

Cloning Efficiency (%) of S49 Cells

Cells were incubated for 24 hours in the presence of

RO 20-1724 and 1-methyl-3-isobutylxanthine (50 iM

each) in the presence or absence of dibutyryl cAMP
(0.5 mM). The cells were then washed and aliquots

incubated an additional 24 hours with terbutaline (0.1

mI�1) and RO 20-1724 and 1-methyl-3-isobutylxanthine

(TRM) or in the presence of the phosphodiesterase

inhibitors alone. The cells were then cloned in soft

agarose. Cells exposed to TRM in suspension were

also cloned in TRM. Cloning efficiency was deter-

mined 8 days later.

Cell Type Selecti ye Agents

Con-
trol

Dibu-
tyryl

cAMP
only

TRM
only

dibutyryl
cAMP -

TRM

Wild-type 18 3 2 .004

Protein kinase
deficient 50 50 55 44

cyc#{176}

UNCb

13

27

4

10

12

36

2

2

U Deficient in adenylate cyclase activity.

b Uncoupled with respect to the ability of hormones

to activate adenylate cyclase.

cAMP levels and possess a functional
cAMP-dependent protein kinase.

To reduce the high background of cyc
variants, a screening procedure was devel-
oped to distinguish potential variants defi-
cient in beta-adrenergic responsiveness
from cyc. Cholera toxin, an effector known
to activate adenylate cyclase independent
of beta-adrenergic receptors (35), kills S49

cells that have a functional adenylate cy-

clase. Of the clones that survive dbcAMP-
TRM selection, only those that are also
susceptible to killing by cholera toxin are of
potential interest as variants specifically
deficient in beta-adrenergic stimulation.

Figure 1 summarizes the selection pro-

cedures used to isolate variants deficient in
beta-adrenergic responsiveness. Clones
picked from the dbcAMP-TRM selection

procedure were grown in small flasks and
aliquots used to measure their susceptibil-
ity to killing by cholera toxin. Only the

clones susceptible to cholera toxin killing
were screened for their cAMP accumula-
tions in response to isoproterenol, PGE1

and cholera toxin. Measurement of the
number of beta-adrenergic receptors rela-
tive to wild-type was determined using a
whole cell binding assay with [‘9]IHYP
(50 pM) for intact S49 cells (29). The ma-
jority (80 to 90%) of the clones screened for
cAMP accumulation and [‘�I]IHYP bind-
ing appeared to be indistinguishable from
wild-type. However, three clones from ex-
periment 1 and 4 clones from experiment 2
were found to have approximately 50%

fewer [�I]IHYP binding sites and a 50%
decrease of maximal cAMP accumulation
in response to isoproterenol. The variants
partially deficient in beta-adrenergic re-
sponsiveness (termed beta�) were subjected
to a second round of selection because we
suspected that they might be heterozygous
for a normal beta-adrenergic receptor gene.
Because mutations specifically decreasing
beta-adrenergic responsiveness appeared to

be rare, the cells were first mutagenized
with ICR 191, a known frameshift mutagen

in prokaryotes (36) that has been demon-
strated to increase the frequency of specific
mutations in S49 cells (23). The mutagen-
ized beta� variants were then cloned in
TRM medium. The cloning efficiency in
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Selection Procedure for 6-Adrenergic Receptor Variants

Wild-Type S49 Cells

4

+

3

Experiment I

2 x 106 cells

4 (nitrosoguanidine

4 mutagenesis)

Experiment 2

5 x 106 cells

15 clones 23 clones

3 4

Screen for [1251]IHYP binding

and cAMP accumulation

in response to catecholamines, PGE1 and cholera toxin

Partial 6-adrenergic receptor deficient clones

3 8 clones 4 8 clones

p p

FIG. 1. Protocol for selection of variant clones deficient in beta-adrenergic receptors

See text for explanation.

TRM medium was approximately 10% of
that in dishes containing the control me-

dium with only the phosphodiesterase in-
hibitors. Fifty clones were isolated from the
second selection for screening with [125I]�

IHYP. Five clones were isolated that had

25% or fewer of wild-type [‘25I]IHYP spe-

cific binding sites (referred to as betad
clones). Two betad clones derived from the
second TRM selection were further char-
acterized.

Table 2 compares the cAMP accumula-
tion in response to isoproterenol and PGE1
of wild-type cells and the four clones defi-

cient in beta-adrenergic responsiveness. All
four clones demonstrate a diminished re-
sponse to isoproterenol (approximately 50%
for beta�1 and bet a�2 and 20% for betadl and

beta�2). With respect to wild-type, the 4

clones also exhibit a significantly increased
cAMP accumulation in response to a max-
imally effective concentration of PGE1. An

estimate of the variation in these responses
within each clone is demonstrated by the
standard errors in Table 2; values were
obtained from five flasks of each clone

grown independently for seven days (ap-
proximately ten generations).
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The diminished beta-adrenergic respon-

sive phenotype is clonally stable, as dem-
onstrated by the responses of betadi and
beta� subclones to isoproterenol and PGE1
(Table 3). All eight subclones of both var-
iants show a greatly diminished isoproter-
enol response and an elevated PGE1 re-
sponse compared to the wild type. The
diminished beta-adrenergic responsive phe-
notype has remained stable after propaga-

tion of beta� and betad clones for at least 75
generations in the absence of selective pres-
sure.

Adenylate cyclase activity. The lesion

affecting the 4 variants deficient in beta-
adrenergic responsiveness results in a loss
in maximal responsiveness of membrane
adenylate cyclase to isoproterenol, and not
a decreased molar potency of the agonist
(Fig. 2). Maximal responsiveness to isopro-

terenol varied from one membrane prepa-
ration to the next. However, the response

of variant membranes to a maximally effec-
tive concentration of isoproterenol always
fell within the following ranges (as % of
wild-type response): 35 to 60% for beta�1, 25
to 50% for beta�2, and 10 to 25% for both
betadl and beta�. Despite the variation,
these values closely reflect the differences
in maximal cAMP accumulations in re-
sponse to isoproterenol of intact cells (Ta-
ble2).

The concentration-effect relationship for
PGE1 indicates little difference in potency
or maximal stimulation of adenylate cyclase
from the receptor-deficient clones as com-

pared to that of wild-type cells (Fig. 3).
Thus, the increased PGE1 response ob-
served in intact betad or beta� cells (Table

2) was not detectable in membranes pre-

TABLE 2

cAMP accumulation in wild-type and beta-receptor deficient clones

Values are ± S.E.M. where (N = 5). Each clone was subcultured in 5 separate flasks one week prior to

measurement of response to the various agonists. The cAMP accumulation in the cells from each of the flasks

was determined as described in the METHODS section.

Clone Basal Isoproterenol PGE,

0.3�iM 10�tM 10�sM

pmol/iC/� cells

Wild-type 5 ± 0.3 213 ± 19 246 ± 21 55 ± 5

Beta,,, 3 ± 0.2 108 ± 12 129 ± 21 164 ± 18

Betad, 3 ± 0.4 40 ± 6 48 ± 11 136 ± 32

Beta,,2 6±1 77±9 102±12 312±46

Beta� 3 ± 0.1 31 ± 2 49 ± 1 271 ± 14

TABLE 3

cAMP accumulation in wild-type and beta-receptor deficient subclones

The beta-receptor deficient clones beta4, and beta� were subcloned in the absence of any selective pressure

and these subclones tested for their cAMP accumulation (pmol/106 cells) in response to isoproterenol and PGE,,

as described in MATERIALS AND METHODS. Values represent the mean of triplicate determinations.

Clone Basal Isoprotere- PGE, Clone Basal Isoprotere- PGE,
no! nol

pmol/106 cells pmol/106 cells

Wild- 7 305 75 Wild- 9 298 53

type type

Beta41-A 4 47 203 Betad2-A 6 127 160

B 6 118 107 B 6 71 170

C 4 45 298 C 14 66 153

D 4 46 116 D 9 76 189

E 6 68 233 E 8 39 194

F 5 39 191 F 6 75 219

G 8 98 319 G 7 96 178

H 6 39 164 H 7 58 146
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pared from these clones. These results in-
dicate that the adenylate cyclase system of
the beta-adrenergic deficient variants is
comparable to that of wild-type cells for a
hormone whose action is mediated by a
receptor distinct from the beta-adrenergic

receptor.
Basal, NaF- and Gpp(NH)p-activated

adenylate cyclase activities are shown in
Table 4. Basal activity measured in the
presence of GTP is low with both wild-type
cells and beta-adrenergic deficient clones.

The responsiveness to NaF and Gpp(NH)p
is similar in membranes from wild-type
cells and betad and beta� variants, indicat-

ing that the adenylate cyclase catalytic ac-
tivity in the presence of a hydrolysis-resist-
ant GTP analogue and NaF is similar to
wild-type in these variants.

/‘251]IHYP binding. A representative ex-
periment measuring the binding of [‘�IJ-
IHYP to diminished beta-adrenergic re-
sponsive and wild-type membranes is
shown in Figure 4. The density relative to
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that of wild-type membranes, of beta-ad-
renergic receptors varied between 40 and
65% in membranes from clones beta�1 and

beta�2 and from 10 to 30% in betadl and
beta�, depending on the membrane prepa-
rations used for comparison. The Kd for
[‘25I]IHYP varied from 30 to 100 �M in

different experiments and membrane prep-

arations for receptor-deficient and wild-
type membranes. Similar variations have
been reported by us (7) and others (15). No
consistent difference in Kd for [‘25I]IHYP
was observed for any of the receptor-defi-
cient clones. Similarly, both agonists and

antagonists competed for [‘25I]IHYP bind-
ing sites with no detectable differences in
apparent Kd for any of the beta-adrenergic
deficient clones compared to wild-type. Fig-
ure 5 demonstrates the competition for

binding between [�I]IHYP and 1-isopro-
terenol. The apparent Kd for 1-isoprotere-

nol in such experiments is approximately 1
�LM for diminished beta-adrenergic respon-
sive and wild-type membranes. These ex-

periments are complicated somewhat by
the low binding capacity of the betadl and

beta� receptor-deficient clones, causing dif-

ficulty in precise calculations of Kd for the
competing ligand. Similar results were
found with [1�IJIHYP binding studies using

TABLE 4

NaF activated adenylate cyclase activity of wild-

type and clones deficient in beta-adrenergic

responsiveness

Values represent the means of quadruplicate deter-

minations for two independent membrane prepara-

tions of each clone. Adenylate cyclase activity was

determined in the presence of 100 pai GTP, 10 nmi

NaF, or 100 p.i�i Gpp(NH)p.

Clone Adenylate Cyclase

Basal NaF Gpp(NH)p

(nmol/1O mm/mg)

Wild-type 0.33 1.56 0.69

0.13 1.21 0.54

Beta,,, 0.21 1.51 0.56

0.16 1.22 0.36

Beta4, 0.13 1.31 0.29

0.14 1.26 0.44

Beta,,2 0.15 1.86 0.77

0.12 1.40 0.40

Beta,j� 0.14 1.78 0.32

0.21 3.01 0.58

FIG. 4. Specific binding of f�I]IHYP to plasma

membranes of wild-type, beta,, and betad receptor

deficient clones

Specific binding was determined by the difference

between the amount of [‘9JIHYP bound in the pres-

ence and absence of 1 p.M (-)-propranolol for each

ligand concentration indicated. Incubations were for

60 mm and values represent the mean of triplicate

determinations which differed by less than ±15%.

intact cells (not shown). Figure 6 illustrates
the direct correlation between beta-adre-
nergic receptor density and maximal iso-
proterenol responsiveness in receptor-defi-
cient and wild-type membranes.

DISCUSSION

We have isolated stable variant clones of
S49 cells deficient in both beta-adrenergic
receptors and responsiveness to beta-adre-
nexgic amines. In order to draw inferences

regarding the relation of adrenergic recep-
tors and adenylate cyclase, it is necessary
to consider the possible nature and genetic
1 l3basis of the lesion or lesions that pro-
duced basis of the lesion or lesions that
produced the variant phenotype.

The simplest explanation is that expres-
sion of beta-adrenergic receptors is dimin-
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FIG. 5. Competition for binding between [1251]

IHYP and (-)-isoproterenol

Incubations were for 60 mm in the presence of 50

�M [‘25I]IHYP and 100 pM GTP. Membrane concen-

trations were 10 pg per assay tube. The Kd for [‘9]

IHYP in these membrane preparations was about 100

p�. Specific binding was determined by the difference

between the amount of [‘25flIHYP bound in the pres-

ence and absence of 1 p.M (-)-propranolol. Specific

[‘9]IHYP binding in the absence of (-)-isoproter-

enol for wild-type, (0); beta,,2 (0); and beta,�, (Li)

membranes was 49, 23, and 16 fmol/mg respectively.

Values represent the mean of triplicate determinations

which differed by less than ±15%.

ished in the variant cells, and this produces
a coordinate decrease in the ability of iso-
proterenol to activate adenylate cyclase.

This explanation is consistent with the ob-

servation that loss of [‘25I]IHYP binding

sites closely paralleled loss of isoproterenol
responsiveness in independently selected
clones, and also with the finding that re-
maining beta-adrenergic receptors in the
variants are similar to those in wild-type, in
their apparent affinities for [‘25I]IHYP and
isoproterenol. The variants also exhibit an
increased responsiveness to PGE1 in intact
cells, relative to wild-type, but this differ-

ence is lost in membrane preparations. It is
possible that the increased PGE response
in intact cells results from depletion of beta-

adrenergic receptors, but we do not know
why this effect should be lost when plasma
membranes are prepared. The variants’ de-
creased response to isoproterenol, however,

is observed with both intact cells and-iso-
lated membranes.

If the primary lesion producing the var-
iant phenotype is a decreased expression of

beta-adrenergic receptors, its genetic basis
is not clear. A single selection produced
beta� clones expressing 50% of wild-type
[‘251]IHYP binding sites. Our hypothesis
that beta� cells were heterozygous for the

beta-receptor gene was apparently incor-
rect, since the second round of selection
failed to produce clones devoid of beta-ad-

renergic receptors. Instead, the betad phe-
notypes expressed approximately 25% of
wild-type receptors.

Alternatively, the primary lesion(s) in
beta� and betad variants may not lie in
expression of beta-adrenergic receptors per
se, but rather in some other process that

coordinately regulates beta-receptor num-
ber and maximal response to beta-agonists
without altering fluoride-stimulated ade-
nylate cyclase activity. This possibility
would imply that receptor number need not

20 40 60 80

[“i] I HYP BOUND (fmol/rng)

FIG. 6. Relationship between beta-adrenergic re-

ceptor density and maximal adenylate cyclase activ-

ity

Adenylate cyclase activity in response to 10 pM

isoproterenol + 100 pM GTP versus the number of

[‘25I]IHYP specific binding sites of the same mem-

brane preparation is plotted for wild-type (0, two

separate membrane preparations); beta,,, (A) and

beta,,2 (��); beta4, (U) and beta,�, (0).
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directly limit maximal hormone responsive-
ness. We cannot rigorously exclude such a
possibility, since variant clones were se-
lected on the basis of decreased cAMP ac-
cumulation in response to a beta-adrenergic
agonist, rather than on the basis of de-
creased numbers of [‘25IJIHYP binding
sites.

The first explanation appears more

likely, in part because of its simplicity, but
also because the implication that maximal
adrenergic responsiveness is limited by the
number of available receptors is consistent

with other observations in S49 cells and
other systems. Insel and Stoolman (29) re-
ported that occupancy of half the beta-ad-
renergic receptors of wild-type S49 cells by
the slowly reversible antagonist, [‘�I]
IHYP, produced a 50% decrease in maximal

stimulation of cAMP accumulation by iso-
proterenol, while higher occupancy by the
antagonist caused stifi further decreases in
catecholamine responsiveness. The notion
that a full complement of beta-adrenergic
receptors is required for maximal catechol-
amine activation of adenylate cyclase is
supported by indirect evidence in two other
systems. Brown et al. (8, 39) found a one-
to-one relationship between binding of
beta-adrenergic antagonists and adenylate
cyclase inhibition in turkey erythrocytes.
Lucas and Bockaert (40), studying [3H]al-
prenolol binding to C6 rat glioma mem-
branes, found that the relationship between
binding and activation of adenylate cyclase
by isoproterenol was nonlinear, but that
100% occupation of receptors was required
for maximal stimulation. The findings of
Maguire et al. (31), studying the time
course of reversal of [‘25I]IHYP binding
from C6 rat glioma membranes and the
associated stimulation of adenylate cyclase
by isoproterenol, also are consistent with
the notion of a linear relation between re-
ceptor occupancy and activation.

In the glucagon-sensitive hepatic adenyl-
ate cyclase system maximal glucagon stim-
ulation occurs when only a fraction of the
receptors is occupied (41, 42). However, in
the presence of GTP only a small fraction

of the total glucagon receptors-postulated
to represent active receptor-enzyme com-
plexes-show high affinity for hormone

(42). Further work is required to explain
possible differences between glucagon- and

catecholamine-sensitive adenylate cyclases
in the different preparations.

In apparent contrast to the evidence that
receptor number limits maximal response

to beta-adrenergic catecholamines, isopro-
terenol stimulates adenylate cyclase of S49

and several other cell types at concentra-
tions well below those required to produce
equivalent fractional occupation of receptor

binding sites (c.f. Figs. 2 and 5). In these
systems the activation constant for agonists
(Kact = concentration for half-maximal

stimulation of cAMP synthesis) may be 5
to 30-fold lower than the dissociation con-
stant (Kd) for the same agonist, determined
by receptor binding assays (15-17, 29).
Spare receptors, in the sense that only a
fraction of the total receptors need be oc-
cupied for maximal stimulation, cannot ex-
plain the Kd/K6�t discrepancy observed in
the beta-adrenergic receptor-deficient phe-
notypes since receptor number limits max-
imal response. However, for both wild-type
and beta-adrenergic receptor-deficient phe-
notypes the Kd for isoproterenol is at ap-
proximately 10 to 50-fold higher concentra-

tions than the �
How then can the Kd/K6ct discrepancy be

explained? We suggest the following work-
ing hypothesis as suggested previously by
others (18): If receptors and cyclase are
separate molecules (2, 3), the activation of
a cyclase molecule may persist in time be-
yond occupancy of a receptor by hormone.
If so, the total number of receptors present

could limit the number of cyclase molecules
activated per unit time, but the activating
hormone-receptor complex will dissociate,
on the average, before the activated cyclase
molecule becomes inactive. This would
shift the K6�� for an agonist toward a lower
concentration than the Kd, but all receptors
must be present for maximal activation.
Therefore, receptor number limits respon-
siveness, and in this sense, receptors are
not spare.

This general hypothesis is supported by

current knowledge of the role of GTP in
regulating adenylate cyclase. As suggested
by Cassel and Selinger (43, 44), the turn-off
mechanism for hormonal stimulation of
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adenylate cyclase may be the activation of
a GTPase, resulting in the hydrolysis of
GTP at the GTP regulatory site and inac-
tivation of hormone-stimulated adenylate
cyclase activity. Thus, the GTP-liganded
state of the enzyme could persist longer
than does the hormone-receptor complex.
This hypothesis predicts that any pertur-
bation of the hormone-sensitive adenylate
cyclase system that prolongs the GTP-

liganded active state will increase the
Kd/Kact discrepancy. This is, in fact, ob-
served in cells or membranes treated with

cholera toxin. Cholera toxin inhibits a cat-
echolamine-stimulated GTPase (44), has no
effect on agonist binding to beta-adrenergic
receptors (16, 45), and decreases the Kact for
isoproterenol (15, 16, 45).

It should be noted that the S49 variants
reported here do not rule out the existence
of spare receptors in the activation of ade-
nylate cyclase for other systems, especially

those in which extremely large numbers of
receptors have been detected (10). Genu-
inely spare receptors would be expected to
augment the Kd/Kact discrepancy to a level
beyond that produced by a difference be-
tween the duration of adenylate cyclase
activation and occupancy of receptor.
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