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SUMMARY

STADEL, J. M. AND R. J. LEFKOWITZ: Multiple reactive sulthydryl groups modulate
the function of adenylate cyclase coupled beta-adrenergic receptors. Mol. Pharmacol.
16, 709-718 (1979).

The beta-adrenergic receptor adenylate cyclase complex in the frog erythrocyte contains
at least two reactive sulfhydryl groups, which have been identified by their different
sensitivities to N-ethylmaleimide (NEM). Adenylate cyclase catalytic activity is com-
pletely inhibited by [NEM] = 1 mi�i. In contrast, ability of beta-adrenergic agonists to

form a high affinity guamne nucleotide sensitive state is reduced by NEM only at
concentrations � 1 mM. The inhibition of cyclase activity did not affect high affinity
agonist binding nor perturb the ability of guanine nucleotides to reduce agonist affinity
as determined in direct radioligand binding assays utilizing the beta-adrenergic agonist
[3H]hydroxybenzylisoproterenol and (-)isoproterenol competition for antagonist [3H]dih-
ydroalprenolol binding. Preincubation of frog erythrocyte membranes with antagonists or
guanine nucleotide did not alter the effect of NEM on agonist affinity. However, once
formed by preincubation of membranes with agonist, the high affinity state is resistant to

the effects of NEM. The data suggest that the sulfhydryl group modulating agonist
affinity 1) is located on the receptor complex but distal to the hormonal binding site and
2) may be associated with guanine nucleotide regulation of agonist affinity.

The widely different sensitivities of adenylate cyclase activity and agonist binding
affinity toward NEM have been exploited to investigate the mechanism of desensitization

in frog erythrocytes. Incubation of intact erythrocytes with NEM under appropriate
conditions inactivates the cyclase enzyme without altering the ability of membranes

prepared from these cells to bind agonist with high affinity. This NEM treatment prior
to prolonged exposure to (-)isoproterenol prevents receptor desensitization in frog eryth-
rocytes, suggesting that agonist occupancy of a nucleotide-sensitive receptor is insuffi-
cient, by itself, to initiate the receptor regulation process.

INTRODUCTION ands, it has been possible to demonstrate

Through the development of radiolig- directly that beta-adrenergic agonists and
antagonists competitively bind to the same
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1) Agonist binding initiates the stimula-
tion of the enzyme adenylate cyclase re-
sulting in an increase in the intracellular

cAMP concentration (3, 4).
2) The apparent affinity of an agonist for

its receptor is decreased in the presence of

guanine nucleotides (5, 6).

3) Chronic exposure of receptors to ago-
nists leads to a blunting of the biological
response to a subsequent challenge by ag-

onist (7-17). One mechanism of this desen-
sitization appears to be a reduction in the
number of functional receptors as deter-
mined in radioligand binding experiments
(12-17).

Early radioligand binding studies of beta-

adrenergic receptors were conducted using
tritiated (18, 19) or iodinated (20, 21) antag-
onist compounds. Recently, this labora-
tory has developed a radioactively labeled

agonist, [3H]hydroxybenzylisoproterenol
([3H]HBI)3, which can be employed to in-
vestigate directly agonist binding to recep-
tors (1, 22, 23). In purified membrane prep-

arations from frog erythrocytes, [3H]HBI
binding to beta-adrenergic receptors is of
high affinity and is characterized kinetically

by a very slow dissociation rate (1). Upon
the addition of guanine nucleotides [3H]
HBI is rapidly dissociable from the recep-
tor, thus decreasing the apparent affinity of
the agonist ligand. It is the slowly reversible

binding of agonist ligands to the beta-ad-

renergic receptor, in the absence of guanine
nucleotides, which we shall refer to as ago-

nist induced high affinity state.
[3H]HBI high affinity binding is also

modulated by reagents that perturb the
coupling of the receptor to adenylate cy-
clase (1, 23). Treatment of membranes with
sulfhydryl reagents, filipin, or EDTA pre-
vents agonist-induced formation of the high
affinity state and likewise prevents the abil-
ity of agonists to stimulate adenylate cy-

clase. It has been proposed, therefore, that
the formation of the high affinity complex
of the agonist with the receptor is related

Abbreviations: NEM, N-ethylmaleimide; [3H]-

HBI, (±)[‘H}hydroxybenzylisoproterenol; [3H]DHA,

(-)[3H]dihydroalprenolol; Gpp(NH)p, guanyl-5’-ylim-

idodiphosphate; EDTA, (Ethylenedinitrilo)-tetraace-

tic acid; DCCD, N,N’ dicyclohexylcarbodiimide;

P0MB, p-hydroxymercuribenzoate.

to the unique function of these agents to
stimulate adenylate cyclase and to induce
desensitization.

In the present study we have employed
the sulfhydryl reagent N-ethylmaleimide to
probe the relationship of the various func-

tional components of the beta-adrenergic
receptor-adenylate cyclase system to the
formation of the agonist induced high affin-

ity state. These components include the
receptor binding moiety, the cyclase cata-
lytic unit, and putative guanine nucleotide

coupling component (24-27).
We have also used N-ethylrnaleimide in

studies with intact frog erythrocytes to fo-
cus on the role of agonist high affinity bind-
ing in the process of desensitization through
the mechanism of receptor regulation.

MATERIALS AND METHODS

Materials. The radioligands employed in
the present study were [3H]DHA, 58 Ci!

mmol and [3H]HBI 12-17 Ci/mmol. The
sources, purity, and biological activity of
the radioligands, as well as the other ma-
terials used, have been previously reported
(18, 22).

Partially purified frog erythrocyte mem-
branes. Washed frog erythrocytes were pre-
pared as previously described (18). The
washed cells were lysed by resuspension in

cold water for 5 mm, followed by homoge-
nization in a Potter-Elvehjem homogenizer
for 15 strokes. The lysate was mixed with

an equal volume of cold Buffer A (75 mIst
Tris-HC1, 12.5 mM MgCl2, 1.5 mist EDTA,
pH 7.5) and centrifuged 30,000 x g for 10
mm. The resulting pellet from 2-3 ml

packed cells was resuspended in 20 ml of
cold Buffer A and layered over a 50% su-
crose solution containing 50 nmi Tns-HC1
and 10 mist MgC12 (pH = 8.1) and centri-
fuged at 1,200 x g for 10 mm at 4#{176}.The
sucrose buffer interface was harvested and
centrifuged at 30,000 x g for 10 mm. The
pellet was finally resuspended in Buffer A.

Radioligand binding assays. Erythro-
cyte membranes (0.2-0.4 mg of protein/mi)
were incubated in a final volume of 1 ml

with [3H]HBI, 5-15 n�, or [3H]DHA 2-3
n� for 10 mm at 37#{176}in Buffer A. Catechol
(0.44 mist) and ascorbic acid (1.1 mist) were
added to the final membrane preparation
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immediately prior to incubation in the

binding assays (22). The binding incubation
was terminated by the addition of 5 ml of

cold Buffer A, pouring the diluted sample
over a Whatman GF/C glass fiber ifiter and
washing the ifiter, under vacuum, with an
additional 10-15 ml of Buffer A. Unless
otherwise stated, binding described in the
text and figures refers to specific binding
defined as the amount of total binding of

the radioligand that is competed for by
10 �LM (±)propranolol. Specific binding for
[3H]HBI and [3H]DHA was 65-75% and
90-95% of the total binding respectively.

Adenylate cyclase assays. Adenylate cy-

clase assays were performed as described
previously (18) using 50 �il incubations con-
taining 0.12 mist ATP and 0.06 mM GTP.

Protein was determined by the method of
Lowry (28).

Desensitization of frog erythrocytes. The

intact frog erythrocytes were incubated

for 4 hours at 23#{176}with or without 0.1 m�
(-)isoproterenol (±)bitartrate as described
previously (13, 14). A crude membrane frac-
tion was prepared as described previously
(17) with the modification that “cyclase
buffer” was replaced by Buffer A. The ra-
dioligand binding assays and adenylate cy-
clase assays were performed as described
above using 0.4-0.6 mg/mi of crude mem-
brane protein.

RESULTS

Effects of N-ethylmaleimide on high af-

finity agonist binding. N-ethylinaleimide
(NEM) is a reagent that reacts specifically

and irreversibly with free sulfhydryl resi-
dues of proteins (29). It has been shown
that both bacterial (30) and mammalian
(26, 31-34) adenylate cyclases possess an
essential sulfhydryl group, and in the case
of the glucagon-sensitive adenylate cyclase
complex in rat liver membranes, the reac-
tivity of the enzyme sullhydryl was modu-
lated by the occupancy of the receptor by
glucagon (33, 34). Previous studies have
also shown that chemical modification of
disulfide bridges (35) or suithydryl groups
(36) in beta-adrenergic systems alters the
binding characteristics of the receptor. We
have employed NEM to investigate the re-
lationship between agonist-receptor bind-

ing and adenylate cyclase activity in frog

erythrocyte membranes (Fig. 1) with the
following results:

1) NEM completely inactivates adenyl-
ate cyclase in frog erythrocyte membranes
at concentrations below 1 mist.

2) NEM also decreases the affinity of the

agonist [3H]HBI for the beta-adrenergic re-
ceptor in a dose dependent way but only at
NEM concentrations >1 mM.

3) The binding of the antagonist ligand
(-)[3H]dihydroalprenolol ([3HJDHA) to the
receptor was unperturbed by NEM concen-
trations up to 10 mM.

Qualitatively similar results were ob-
tained using the more potent sulfhydryl re-
agent p-hydroxymercuribenzoate (P0MB).
Antagonist [3H]DHA binding was unaf-
fected but the affinity of the receptor for
the agonist [3H]HBI decreased after expo-

L)

Log [N-E?bylmoleimide] (M)

FIG. 1. Effect of NEM on adenylate cyclase activ-

ity and on the binding of[3H]DHA and [3H]HBI

Frog erythrocyte membranes were incubated with

the indicated concentrations of NEM for 10 mm at

25#{176}.At the end of the incubation period the reaction

was stopped by the addition of an equal concentration

of dithiothreitol and the membranes washed twice in

Buffer A. The membranes were resuspended in this

buffer and assayed for adenylate cyclase activity (#{149})
and the binding of [3HIDHA (D) and [3HIHBI (A)

as described in METHODS. The concentrations of

[3H]DHA and [3H]HBI in the binding assays were 3

nM and 7 n�.i respectively. Control activities refer to

the NaF stimulated adenylate cyclase activity (8482
pmol cAMP/min/mg of protein), [3H]DHA binding

(655 fmol/mg of protein) and [3H]HBI binding (299

fmol/mg of protein) in membranes that were not ex-

posed to NEM. Each point represents the mean of

duplicate (#{149})or triplicate (0, A) determinations in

two experiments.
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sure of the membranes to P0MB> 10 �LM,

a concentration of this reagent that already
inhibits adenylate cyclase activity more

than 50% (data not shown). The data indi-
cate that individual sulfhydryl groups mod-

ulate enzyme catalytic activity and agonist
affinity for the receptor. The suithydryl

modulating receptor affinity discriminates

between agonist and antagonist agents. Ex-
posure of erythrocyte membranes to NEM
decreased the affinity of the receptor for
the agonist ligands [3H]HBI (Fig. 1) and
(-)isoproterenol (Fig. 2) but did not alter

antagonist [3H]DHA binding (Fig. 1). Ad-
ditionally, NEM did not affect the ability
of the antagonist propranolol to compete
for [3H]DHA binding (data not shown).

To examine the effects of NEM on the
ability of guamne nucleotide to alter agonist

binding, competition binding experiments
were performed utilizing [3H]DHA as the

radioligand and (-)isoproterenol as the

competing agonist (Fig. 2). Membranes re-

a

4
I

I

Log [Isoproterenoi] (M)

FIG. 2. (-)Isoproterenol competition for rH]DHA

binding to frog erythrocyte membranes pretreated

with NEM

Membranes were incubated with 0, (#{149},0), 5 mM

(0, U), and 20 mM (V, V) NEM for 10 mm at 25#{176}.At

the end of the incubation period the reaction was

stopped by the addition of an equal concentration of

dithiothreitol and the membranes were washed twice.

Binding assays were carried out as described in METH-

ODS in the absence (filled symbols) and in the presence

(unfilled symbols) of 0.1 msi Gpp(NH)p. Control bind-

ing refers to the binding of [HIDHA (699 fmol/mg of

protein) in membranes that were incubated in the

absence of NEM. Control binding was the same in the

presence of Gpp(NH)p. Each point represents the

mean of duplicate determinations from two (U, 0, Y,

V) or four (#{149},0) experiments.

acted with increasing concentrations of
NEM displayed a progressively lower affin-
ity for the agonist, but in all cases (-)iso-

proterenol exhibited the same low affinity
for the receptor in the presence of the non-
hydrolyzable guanine nucleotide analog

Gpp(NH)p. The concentration dependency
of Gpp(NH)p for reducing agonist binding

affinity was not altered by NEM treatment
(data not shown).

A number of experiments were conducted
to determine which component of the re-
ceptor-adenylate cyclase complex contains
the sulthydryl group modulating agonist af-
finity. To do this, membranes were reacted
with 5 mist NEM and radiolagand binding

examined. This concentration of NEM
completely inactivates the cyclase catalytic
unit and decreases [3H]HBI binding about
40%, while [3H]DHA antagonist binding is
unaffected (Table 1).

Membranes were preincubated with the

antagonist propranolol (10 �tM) or with the
guanine nucleotide GTP (1 mM) prior to
exposure to 5 mist NEM to determine if
these agents would alter the reactivity of
the sulfhydryl group. Neither propranolol
nor GTP altered the characteristic effect of

NEM on agonist or antagonist affinity (Ta-
ble 1). The data suggest that the sulffiydryl
group is not at the ligand binding site of the
receptor nor at the ligand binding site of
the nucleotide regulatory component. Al-
ternatively, if the membranes were prein-

cubated with the agonist [3H]HBI (13 nM)

and subsequently reacted with 5 m� NEM,
high affinity binding of the agonist is resist-

ant to the effect of NEM (Fig. 3). The
amount of [3H]HBI bound is the same in
membranes treated with NEM as those
incubated without NEM even after several
washings. The dissociation rate of [3H]HBI
is not increased by NEM treatment. More-

over, agonist dissociation is still sensitive to
Gpp(NH)p. Thus, the sulfhydryl group in-
volved in regulating the high affinity ago-

nist binding to the beta-adrenergic receptor
complex can be protected against the action
of NEM by occupying the receptor with an

agonist. In contrast, preincubation of the
membranes with antagonist or guanine nu-
cleotide did not alter the effect of NEM on
agonist affinity.
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TABLE 1

Inability of propranolol and GTP to protect high affinity agonist binding against the effect of NEM

Frog erythrocyte membranes were first incubated with i0� M GTP, or i05 M propranolol for 10 mm at 25#{176}.

The groups of preincubated membranes were divided and one portion exposed to 5 mM NEM for 10 min at 25#{176},

while the other portion was incubated with buffer and served as the control. At the end of the second 10 min

incubation the NEM reaction was stopped by the addition of an equal concentration of dithiothreitol. The

membranes were washed three times and then resuspended for determination of [3HIDHA and [3H]HBI

binding. The concentration of [3H]DHA and [3H}HBI in the binding assay was 3 nst and 5 flM, respectively.

Control [3H]DHA and [3H}HBI binding was 545 fmol/mg of protein and 396 fmol/mg of protein respectively.

The binding of [3H]DHA and [3H]HBI was the same in control membranes and membranes incubated with

propranolol or GTP in the absence of NEM. Values presented represent the mean of duplicate determinations

from two experiments ± S.E.M.

Preincubation NEM % Control Binding

[3HIDHA [3H}HBI

5 x iO� M 99.9 ± 2.1� 58.5 ± 0.9

Propranolol (i0� M) 5 X i0� M 97.1 ± 1.6 61.5 ± 6.1

GTP (10� M) 5 x iO� M 99.6 ± 10.2 61.6 ± 1.1

a S.E.M.

Effect ofNEM on receptor regulation. It
can be seen from Figure 1 that the sulthy-

dryl group associated with adenylate cy-
clase catalytic activity is >100 fold more

sensitive to NEM than the sulthydryl reg-
ulating agonist affinity. Due to the dispar-
ate sensitivities of these two functions to
NEM it is possible to examine, in whole
cells, the role of agonist high affinity state
in the absence of adenylate cyclase activity
in the process of receptor regulation. Incu-
bation conditions were determined for in-
tact frog erythrocytes (6 mist NEM, 15 m,
37#{176})that inhibited catalytic activity >95%
in membranes subsequently derived from

these cells, but that did not impair the

ability of the membrane receptors to bind
agonist with high affinity. Erythrocytes
that had been reacted with NEM were then
exposed to (-)isoproterenol (0.1 mM) for 4
hours at 23#{176}.Such prolonged incubations
of control cells with (-)isoproterenol have
been shown to lead to an apparent decrease
in the number of beta-adrenergic receptors
(13, 14, 17). High affmity agonist binding
was determined indirectly by (-)isoproter-
enol competition of [3H]DHA binding in
membranes prepared from NEM-treated
and control cells at the end of the 4 hour
incubation in the presence and absence of
(-)isoproterenol (Fig. 4). Pretreatment of
the cells with NEM did not affect the ability
of 10_6 M (-)isoproterenol to compete with
[3H]DHA for occupancy of the beta-adre-

nergic receptor. This indicates that the
overall affinity of agonist binding and the

extent of high affinity receptor formation
by (-)isoproterenol were unaltered in mem-

branes derived from NEM treated cells. In
addition, the inhibition of [3H]DHA bind-
ing by (-)isoproterenol (10-6 M) wa� re-
versed to the same extent by Gpp(NH)p.
This demonstrates that nucleotide regula-
tion of agonist affinity was unaffected by
NEM under these reaction conditions for
intact frog erythrocytes.

Following prolonged incubation with
(-)isoproterenol, membranes from cells ex-
posed to the agonist, but not reacted with
NEM, demonstrated an apparent loss in
the number of receptors as assessed by both
[3H]DHA and [3H]HBI binding and a de-
crease in the ability of agonist catechola-

mine to stimulate adenylate cyclase (Fig.
5A). However, the erythrocytes preincu-
bated with NEM were resistant to (-)iso-
proterenol induced receptor regulation
(Fig. 5B). Additionally cells exposed to
NEM were incubated with i0� M (-)isopro-
terenol and 5 mM dibutyryl cAMP but the
addition of the cAMP analogue did not
restore the receptor regulation process
(data not shown).

DISCUSSION

Considerable research effort has been de-
voted to elucidating the molecular mecha-
nism whereby the binding of a hormone to
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FIG. 3. Resistance of agonist induced high affinity

state to the effect of NEM

Frog erythrocyte membranes were incubated with

[3H]HBI (13 nj�t) for 20 mm at 25#{176}.Specific [3H]HBI

binding determined at the end of this incubation was

769 fmoles/mg of protein and represented 78% of the

total binding as is indicated on the ordinate. The

membranes were washed once to remove free [3H]HBI

and the resuspended membranes were divided equally

and then incubated in the presence (---) and absence

(-) of 5 mis NEM for 10 mm at 25#{176}.The NEM was

quenched by the addition of an equal concentration of

dithiothreitol and the membranes were washed twice.

The resuspended membranes were incubated with i0#{176}

M propranolol (unfilled symbols) and i05 M propran-

olol plus iO� M Gpp(NH)p (filled symbols) and total

[3H]HBI binding determined at the times indicated.

Each point represents the mean and SEM of triplicate

determinations from two experiments. N.S. = nonspe-

cific [HJHBI binding.

its receptor on the cell surface communi-
cates across the plasma membrane to mod-
ulate activities within the cell. Recent re-
constitution studies on the beta-adrenergic
coupled adenylate cyclase system utilizing
mutants of a S49 munne lymphoma cell
line have demonstrated the existence of

multiple separate components that are re-
quired for receptor-enzyme coupling (26,
27). These components include a hormone
binding moiety or receptor, a nucleotide
regulatory or coupling component, and a
catalytic protein. Because high affinity ag-

onist binding may be related to the ability

of agonists to initiate their biological ef-
fects, we have used NEM to selectively
modify two of the components of the recep-
tor-enzyrne complex in frog erythrocyte
membranes to determine which functions
of this system are necessary for the forma-
tion of agonist high affinity state.

It can be seen from Figure 1 that adenyl-
ate cyclase activity is about 100 fold more

sensitive to NEM than is agonist [3H]HBI
binding. Therefore two distinct sulfhydryl
groups have been identified with different
functions of the receptor-enzyme complex.
The NEM dependent decrease in [3H]HBI
binding appears to be due to a progressive
loss of the ability of agonist to form a high
affinity complex with the receptor and the
same low affinity state is approached by

exposure to NEM as is observed in the
presence of guanine nucleotide (Fig. 2).
Furthermore, after NEM treatment the

curve for (-)isoproterenol competition for
[3H]DHA binding is steeper which is also

characteristic of guanine nucleotide effects
on agonist binding (39). Thus it appears
that the reaction of the sulfhydryl group
with NEM at concentrations >1 mM affects
agonist binding in a fashion very analogous

to the addition of guanine nucleotides.
These data also demonstrate that catalytic

adenylate cyclase activity is not required
for the formation of the agonist high affinity
binding state and that guanine nucleotide

regulation of agonist affinity is likewise in-
dependent of enzyme activity. This finding

of nucleotide modulation of receptor affin-
ity for agonists in the absence of adenylate
cyclase confirms previous observations in
the S49 lymphoma cell (36).

The sulfhydryl group modulating agonist
affinity appears to be located on the beta-
adrenergic receptor complex distal to the
hormone binding site since the binding of
the antagonist [3H]DHA was unaltered by
NEM concentrations up to 10 mist (Fig. 1).

This is further supported by the observa-
tion that occupancy of the receptor by the
antagonist propranolol did not alter the

subsequent effects of NEM on agonist bind-
ing (Table 1). In contrast, the agonist high
affinity state, formed by preincubation of
membranes with agonist, was completely
resistant to NEM and the agonist receptor
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Treatment of Intact Frog Erythrocytes

FIG. 4. Exposure of intact frog eiythrocytes to NEM does not affect the ability of (-)isoproterenol to form

a nucleotide sensitive high affinity complex with beta-adrenergic receptors in erythrocyte membranes

Frog erythrocytes suspended in buffered amphibian saline (100 mrs NaCI, 10 m�i Tris-HCI, pH 7.4) were

incubated for 15 min at 37#{176}in the absence (Fig. 4A) and presence (Fig. 4B) of 6 mrs NEM. The cells were

washed 4 times with amphibian saline. The cells were then incubated with i04 M (-)isoproterenol for 4 hours

at 23#{176}as described previously (13, 14). At the end of 4 hours the cells were washed 3 times with amphibian

saline to remove the (-)isoproterenol and a crude membrane fraction was prepared (37). These membranes

were assayed for [3H]DHA binding in the absence of (-)isoproterenol, in the presence of 10� M (-)isoproterenol

and in the presence of 1O� M (-)isoproterenol plus iO� M Gpp(NH)p. Control [�H]DHA binding in membranes

prepared from cells not incubated with (.-)isoproterenol was 100 fmol/mg of protein for both Figs. 4A and 4B.

Adenylate cyclase activity in erythrocytes exposed to NEM was inhibited >95% (data not shown). Values shown

represent the mean and SEM of triplicate determination from four experiments.

complex remained sensitive to Gpp(NH)p
(Fig. 3). These observations can be ex-
plained by a model in which the receptor
and the nucleotide regulatory site are sep-
arate components of the receptor-adenylate

cyclase complex. A sulfhydryl group, dis-
tinct from the beta-adrenergic ligand bind-
ing site, modulates agonist binding affinity
in a fashion similar to guanine nucleotides
and this sulfhydryl is inaccessible to NEM
after the formation of the agonist-induced
high affinity state. It is this high affinity

state that is uniquely sensitive to guanine
nucleotides, suggesting that agonist binding
may lead to an association of the receptor

and nucleotide site components. The ago-
nist induced association of these compo-

nents appears to protect the agonist-affinity
modulatory sulfhydryl group from NEM

and permits the action of guanine nucleo-
tides on agonist affinity. The determination
of the exact location of the agonist affinity
modulating suithydryl will require the pu-
rification of the components required for
high affinity binding. The data is compati-
ble with the sulthydryl group being located
at the receptor-nucleotide component in-
terface, but it could be on either compo-
nent. Catecholamine stimulated GTPase
activity in turkey erythrocyte membranes
has been demonstrated to show an in-
creased sensitivity to NEM in the presence

of agonists (40). It is unknown if this spe-
cific GTPase may also modulate receptor

affinity. Moreover, in a recent study the
reactive sulihydryl modulating the inhibi-
tion of catecholamine stimulated GTPase
appeared to be located on the receptor (41).
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FIG. 5. Effect of NEM on (-)isoproterenol induced

desensitization in frog erythrocytes

Frog erythrocytes suspended in buffered amphibian

saline (100 m�s NaCl, 10 mM Tris-HC1, pH 7.4) were

incubated for 15 min at 37#{176}in the absence (Fig. 5A)

and presence (Fig. SB) of 6 mM NEM. The cells were

washed 4 times with amphibian saline. The cells were

then incubated with iO� M (-)isoproterenol for 4 hours

at 23#{176},as described previously (13, 14). At the end of

4 hours the cells were washed three times in amphibian

saline to remove the (-)isoproterenol and a crude

membrane fraction was prepared (37). These mem-

branes were then assayed for adenylate cyclase activ-

ity, [3H]DHA and [3H]HBI binding as described in

METHODS. Control [3H}DHA and [3H]HBI binding in

membranes prepared from cells not exposed to (-)iso-

proterenol was 100 fmol/mg of protein and 98 fmol/

mg of protein respectively for Fig. 4A and 100 fmol/

ing of protein and 83 fmol/mg of protein, respectively,

for Fig. 4B. Adenylate cyclase refers to the enzyme

stimulated by 0.1 nms (-)isoproterenol above basal

activity and was 403 pmol cAMP/mm/mg of protein

in membranes prepared from cells incubated in the

absence of NEM and (-)isoproterenol. Adenylate cy-

clase activity in erythrocytes exposed to NEM was

inhibited >95% (data not shown). Values shown rep-

resent the mean and SEM of triplicate ([3H]DHA and

[3H]HBI binding) or duplicate (adenylate cyclase) de-

terminations from four separate experiments.

We favor the receptor moiety as the locus
for the suiThydryl since the dose depend-
ency of guanine nucleotide effects on ago-
nist affinity is unaffected by NEM treat-
ment and preincubation of the membranes
with GTP did not significantly alter the

reactivity of this sulfhydryl towards NEM
(Table 1).

By taking advantage of the widely differ-
ent sensitivities of adenylate cyclase and
agonist affinity to NEM, it has also been
possible to investigate the importance of
agonist high affinity binding in the process

of whole cell receptor regulation in the ab-
sence of adenylate cyclase activity. Pre-
vious studies have implicated an important

role for agonist high affinity binding for the
subsequent decrease in receptor number
(37). The process of receptor regulation ap-

pears to result in a selective loss of high
affinity agonist binding sites and treatment
of frog erythrocytes with reagents such as
N,N’-dicyclohexylcarbodiimide (DCCD),
which blocks the formation of agonist high
affinity state, also prevents down regulation
of receptors (37, 38). These observations
indicate a requirement for the ability of
agonist to form a high affinity complex with
the receptor for these agents to initiate
receptor regulation. Shear et al. (15) sug-
gested an additional requirement for func-
tional adenylate cyclase to obtain agonist

induced receptor refractoriness in the S49
lymphoma cell. Their data were derived
from a mutant S49 clone that lacks meas-
urable adenylate cyclase activity but does
contain beta-adrenergic receptors. When
these mutant cells were incubated with
(-)isoproterenol no loss in receptor number
was observed in radioligand binding studies
using [�I]hydroxybenzylpindolol, while

the number of receptors in wild type S49

cells did decrease under the same incuba-
tion conditions with agonist. Recent exper-
iments, however, have demonstrated that

the S49 mutant cell clone employed in the
receptor regulation studies is, in fact, de-
void of the nucleotide regulatory compo-
nent of the receptor-cyclase complex, but
retains a functional catalytic moiety (26,
27). The receptor regulation experiments
utilizing the mutant S49 cells thus suggest
an obligatory role for the nucleotide regu-

latory component in the desensitization
process. This observation supports the hy-
pothesis that the ability of agonist to form
a high affinity state is necessary to trigger
the receptor regulation process and is con-
sistent with the molecular model for the

high affinity binding stated above. That is,
without the nucleotide regulatory compo-
nent the S49 cell can neither desensitize in
the presence of agonist (15) nor form a high
affinity-nucleotide sensitive agonist com-
plex (39).

In the present study NEM was utilized



STADEL AND LEFKOWITZ 717

16. Johnson, G. L., B. B. Wolfe, T. K. Harden, P. B.

to dissect the receptor-cyclase complex in

a unique way. NEM treatment of frog
erythrocytes under appropriate conditions

inactivates the cyclase enzyme, but does

not interfere with the ability of agonists to
form a high affinity complex with the re-
ceptor that is fully modulated by guanine
nucleotides. This NEM treatment of eryth-
rocytes also prevents agonist-initiated re-
ceptor regulation (Fig. 5). Although ade-

nylate cyclase is very sensitive to NEM
(Fig. 1), it cannot be ruled out that some

other unknown component necessary for
the receptor regulation process is also in-
hibited by the NEM pretreatment. How-
ever, it can be concluded that agonist oc-
cupancy of a nucleotide-sensitive receptor
complex in the absence of a functional ade-
nylate cyclase is insufficient, by itself, to
trigger receptor regulation in the whole cell.
A possible unifying explanation for the in-
ability of agonists to desensitize the recep-

tors in the mutant S49 cell clone (15) and
frog erythrocytes treated with DCCD (37)
or NEM is that agonist stimulation of the
adenylate cyclase is indeed necessary. A
common characteristic of the three studies

is that receptor regulation is prevented
when agonist-receptor occupancy is not

communicated or coupled to cyClase acti-
vation independent of whether agonist can

form a high affinity receptor complex that
is modulated by guanine nucleotides. The
desensitization process, therefore, appears
to require more than formation of the high
affinity state of the receptor. It also appears
to depend on productive coupling between
agonist occupancy of the receptor and an
NEM sensitive component possibly adenyl-

ate cyclase.
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