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SUMMARY

Analysis of [3H]quinuclidinyl benzilate/acetylcholine competition curves indicated that
the agonist acetylcholine bound with three different affinities to chick heart muscarinic

receptors. The estimated KD values for acetylcholine were 2.7, 240, and 4000 nM. Mg��
increased and guanosine 5 ‘ -(f9,’y-imino)triphosphate (Gpp(NH)p) decreased the propor-
tion of the receptors in the highest affinity state without altering the KD values.
Monovalent cations increased the KD values of the three affinity states and obscured the
detection of the highest affinity state. The nature of the three affinity states and the
sites of action of Mg2�, guanine nucleotides, and monovalent cations were probed with

three experimental protocols. Treatments with N-ethylmaleimide or pertussis toxin
eliminated both the highest affinity state and the sensitivity to Gpp(NH)p. In contrast,
partial effects of Mg2� were retained after either of these treatments. The effects of
monovalent cations on the affinity of the receptor for agonists were unaffected by both

treatments. Solubilization of the receptors with digitonin-cholate yielded preparations
displaying only the low affinity state for agonist. Agonist binding to the solubilized

receptors was insensitive to Mg2” and guanine nucleotides but retained sensitivity to
monovalent cations. The results indicate that chick heart muscarinic receptors can exist
in vitro in three agonist affinity states and that the entire population of receptors can be
interconverted from one state to another by Mg2� and guanine nucleotides. Guanine
nucleotides presumably act via the inhibitory guanine nucleotide-binding regulatory (N1)
protein, whereas there appear to be at least two distinct sites of action of Mg2�. One site
is associated with N1. Another is distinguishable from N1 but does not appear to be on
the receptor itself. The effect of monovalent cations on the interaction of agonists with
cardiac muscarinic receptors is qualitatively different and mediated at distinct sites from

the effects of Mg2�” and guanine nucleotides.

INTRODUCTION

Extensive studies of many receptor systems have
shown that the affinity of receptors for agonists may be
influenced by the coupling of the receptors to effector
systems. The most widely studied examples are receptors
which couple to the adenylate cyclase system. It is gen-
erally held that association of receptors with N proteins
of the adenylate cyclase system results in high affinity
agonist binding (1, 2). This situation is enhanced in the
presence of Mg�� and is reversed when guanine nucleo-
tides associate with the N protein (1, 2). Thus, in these
systems, two affinity states for agonists are observed.

This work was supported by grants from the Chicago Heart Associ-

ation and the American Heart Association.

I Senior Research Fellow of the Chicago Heart Association. Present

address: Department of Pharmacology, University of South Carolina

School of Medicine, Columbia, SC 29208.

2 Established Investigator of the American Heart Association.

0026-895X/85/050400-10$02.00/0

Copyright (c� 1985 by The American Society for Pharmacology
and Experimental Therapeutics.
All rights of reproduction in any form reserved.

A somewhat more complex situation has been observed
for certain muscarinic cholinergic receptors. In neuronal
tissue, three affinity states for agonists are observed (3).
The physiological significance of these three affinity
states has not been established. However, in brain, there
is evidence that muscarinic receptors couple to several

effector systems (4-6). Thus, the three affinity states for
agonists could be an expression of receptor coupling to

different effector systems. In the mammalian heart (7-
9) and the embryonic chick heart (10), it has also been
shown that the muscarinic receptors can exhibit three

affinity states for agonists. In the present study we show
that the receptors in all of the three affinity states are
interconvertible, and we consider the influence of ions
and guanine nucleotides on the number and affinity of

the receptors in each of the three affinity states. In order
to gain an understanding of the physiological significance

of the different affinity states, we probed the sites of
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a ND, not detectable.

action of guanine nucleotides, � and monovalent
cations using several biochemical approaches.

EXPERIMENTAL PROCEDURES

Materials. Chicks were hatched from fertilized White Leghorn eggs

(SPAFAS, Roanoke, IL). [3H]QNB3 (31-34 Ci/mmol) was from Amen-

sham Corp. (Arlington Heights, IL). NEM was from Sigma Chemical

Co. (St. Louis, MO). Pertussis toxin was prepared from Bordetella

pertussis as described in Ref. 11. Digitonin (Lot 3773093) was from

Gallard-Schlesinger (New York, NY). All other reagents were from

sources as previously described (10, 12, 15).

Receptor preparations. Hearts were removed from newborn (0-2

weeks old) chicks and processed as described (12). For the detergent

solubilization and pertussis toxin studies, crude membranes were pre-

pared by two centnifugations at 30,000 x g for 40 mm. For solubilization,

the crude membrane pellets ( 1-2 mg of protein/ml) were incubated in

0.4% digitonin:0.08% cholate for 30 mm at 4#{176}according to standard

procedures (13). The suspension was centrifuged at 150,000 X g for 1

hr and the supernatant was used as the source of solubilized receptors.

Pertussis toxin treatments were as described in Ref. 14. In brief,

newborn chicks were injected with 1 �g of pertussis toxin/40 g of body

weight and sacrificed 48 hr later; then, crude cardiac membranes were

made as described above. The 1 �g of toxin/40 g of body weight dose is

the maximal sublethal dose which can be given for 48 hr (14).

Experiments with NEM were performed with cardiac homogenates

or crude membranes. We found the effects of NEM pretreatment to be

similar regardless of whether homogenates or purified membranes (15)

were used as the receptor source. NEM treatment was for 30 mm at 4’

as previously described (15), except that the buffer used was 10 mM

sodium-potassium phosphate (buffer A: 8 mM Na2HPO4/2 mM

KH2PO4, pH 7.4). The treatments were terminated by addition of

dithiothreitol equimolar to the NEM and centrifugation as described

( 15). In some experiments, after adding the dithiothreitol, membranes

were diluted 50-fold in buffer before centnifugation. The results were

the same whether or not the dilution step was included.

Ligand binding assay. The experiments for competition by agonists

for the antagonist ligand [3H]QNB were performed as previously doc-

umented (12) using buffer A in the presence of 1 mM EDTA, 0.05-0.1

mg of protein, and [3H]QNB (75-150 pM for membrane-bound receptor

assays and 2 nM for solubilized receptor assays) in a total volume of 2

ml. In addition, some assays contained, as indicated, 10 mM MgCl2, 50

MM Gpp(NH)p and/or 0.2 M NH4C1. When buffer A (8 mM Na2HPO4/

2 mM KH2PO4, pH 7.4) was replaced with 10 mM histidine, pH 7.4,

qualitatively similar results were obtained for the effects of Mg’� (data

not shown), Gpp(NH)p, and monovalent cations (12, 15). All assays

containing acetyicholine were performed with i0” M esenine salicylate

present. All assays were performed using a rapid filtration assay;

solubilized receptors were detected using polyethylenimine-soaked fil-

tens (16). IC� values were calculated from Hill plots of the data. All

data are means ± SE from at least three experiments. Statistical

analyses of IC,� values and Hill coefficients were performed using either

the Student’s t test or a paired t test. Computer-assisted analyses of

[3H]QNB/agonist competition curves were performed using the LI-

GAND (17) program. All analyses were performed by allowing LIGAND

to simultaneously fit the data obtained from at lest four separate

experiments. Thus, the data shown represent the best fit of each group

of data. The KD values for [3H]QNB are slightly affected by Mg2�,

guanine nucleotides, and monovalent cations (12, 18). Therefore the

K0 values for [3H]QNB that were used in the computer analyses were

those appropriate for the experimental conditions (see figure legends).

The best fit of the data to a one-, two-, or three-state model was

3 The abbreviations used are: QNB, quinuclidinyl benzilate;

Gpp(NH)p, guanosine 5’-(�(,-y-imino)tniphosphate; N-protein, inhibi-

tory guanine nucleotide-binding regulatory protein of the adenylate

cyclase complex; NEM, N-ethylmaleimide; EDTA, ethylenediamine-

tetraacetate.

determined by LIGAND by analysis of variance and the F-test (17).

Extensive discussions of the LIGAND program and its use can be found

in Refs. 17 and 19.

RESULTS

Effects of Mg2� and guanine nucleotides on the inter-

action of the chick heart muscarinic receptor with agonists.
Mg�� caused a decrease in the IC50 for acetyicholine as
determined by [3H]QNB/acetylcholine competition stud-
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FIG. 1. Effect of Mg2� on acetykholine competition for [3H]QNB

binding sites
The assays were performed in the presence or absence of MgCl2 as

indicated. The [3H]QNB concentration was 85 pM. Results shown are

means ± SE from three separate experiments performed in duplicate.

High, middle, and low agonist affinity states for acetykholine binding

to chick heart muscarinic receptors: effects of Mg2’, Gpp(NH)p, and

monovalent cations

Competition curves of [3H]QNB/acetylcholine were generated as

described in Experimental Procedures. The � for [3HJQNB did not

change under any of these conditions (12, 18). The KD values for

[3H]QNB binding which were used for the computer fitting were those

appropriate for each test condition (12, 18). The data shown represent

the best fit for each case after considering a one-, two-, or three-site

fit; the p values indicating the goodness of fit were not more than

0.0002. The K1, K2, and K3 values are estimated KD values and are

given in nanomolar concentration. R1, R2, and R3 are the per cent

densities of the receptors in the different affinity states.

Addition to assay K, (nM) K2 (nM) K3 (nM)

R,(%) R2(%) R3(%)

None 2.7 ± 1.2 240 ± 60 4,000 ± 700

24 ±2 30±2 46±1

Mg�� 2.7 ± 1.2 240 ± 60 4,000±700

45 ±5 36±4 19±2

Mg2� + Gpp(NH)p ND� 240 ± 60 4,000 ± 700

62±5 38±3

Mg�� + 0.05 M Na� 12 ± 9 240 ± 60 7,000 ± 1,200

26 ±6 43±7 28±2

Mg + 0.2 M Na� ND 110 ± 30 5,800 ± 600

52±3 48±3

Mg + 0.2 M NH4� ND 1,700 ± 400 31,000 ± 2,000

43±3 57±3
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a ND, not detectable.

ies (Fig. 1). Hill plots of the data in the absence and

presence of Mg�� yielded Hill coefficients (n H) of 0.35 ±
0.01 and 0.45 ± 0.01, respectively. These low Hill coeffi-
cients suggested either the presence of a heterogeneous

population of receptors with differing affinities for ago-
nist or cooperative interactions between binding sites

(20). We therefore analyzed the competition curves with
the computerized curve-fitting program LIGAND. These
analyses indicated that the data were best fit by a three-
state model, in both the presence and absence of Mg��
(Table 1). The computer-derived KD estimates for ace-
tylcholine were 2.7 nM (K1, high), 240 nM (K2, middle),
and 4000 nM (K3, low). Mg�� had no effect on these KD

values but rather caused an increase in the proportion of

receptors in the high affinity state (R1) and a decrease
in the proportion in the low affinity state (R3) (Table 1).
In the presence of both Mg�� and guanine nucleotide,
competition curves (not shown) were displaced 19-fold
to the right (IC50 = 3.6 ± 0.6 jsM). Computer analyses of

these curves indicated that R1 was eliminated in the
presence of Gpp(NH)p and � whereas R2 and R3
were both increased (Table 1).

Effects of monovalent catiorzs on agonist interactions

with chick heart muscarinic receptors. Previous studies

have shown that monovalent cations increase the IC50

values of [3H]QNB/agonist competition curves (12, 15,

21, 22). In order to determine the nature of this effect,
we examined the effect of monovalent cations on the

number and affinity of the receptors in the multiple
affinity states described above. Monovalent cations ap-

peared to increase the KD values for acetyicholine binding
to these states (Table 1). A low concentration of Na�
(0.05 M) increased the IC50 values by 3-fold (data not
shown). Under these conditions all three affinity states
were observed, but the KD values were higher than those
observed in control membranes (Table 1). A higher con-
centration of either Na� or NH4� (0.2 M) caused 9- and
56-fold increases in IC50 values, respectively. Under these

conditions only two affinity states were observed. The
K!) values were significantly higher in the presence of 0.2
M NH4� than in the presence of 0.2 Nat This is consis-
tent with previous results showing that NH4� is more
potent than Na4 in increasing IC50 values of agonist
competition curves (12). The KD values shown were

obtained in assays that contained Mg��; essentially sim-
ilar results were obtained in the absence of Mg�� (see

below for details).
Effects of NEM pretreatment on the ability of Mg�� to

interconvert receptor affinity states. Under certain con-

ditions, NEM pretreatment of cardiac membranes elim-
mates the effects of Mg�� and Gpp(NH)p, but not mon-

ovalent cations, on [3H]QNB/agonist competition curves
(15, 22, 23). We have found that Gpp(NH)p has no effect

on muscarinic receptors in chick heart preparations pre-
treated with 1 mM NEM (15). To test further the rela-

tionship between the effects of Mg�� and guanine nu-
cleotides, it was of interest to determine the effect of
NEM pretreatment on the ability of Mg�� to influence

the interaction of acetylcholine with the different affinity
states of the chick heart muscarinic receptors.

As previously shown for the effects of NEM on the

guanine nucleotide sensitivity of cardiac muscarinic re-
ceptors (23), the dose response curve for the alkylating
agent to affect the Mg�� response was quite steep and
indicated the need for concentrations greater than 0.3
mM NEM (data not shown). However, treatment with 1
mM NEM, which completely eliminates the response to
Gpp(NH)p (15), resulted in only a partial loss of the
Mg�� effect on the [3H]QNB/acetylcholine competition
curves (Fig. 2). After this treatment, the IC50 values for
acetylcholine were 23 ± 1 zM in the absence of Mg�� and

�0
C

0
.0

z
0

a,

0

C
0
U

FIG. 2. Effect of Mg2� on acetykholine/[3H]QNB competition curves

after pretreatment of the receptor preparations with 1 or 10 mM NEM

Homogenates were pretreated with 1 mM (#{149},0) or 10 mM (A, �
NEM as described in the text. Assays were performed in the absence

(open symboLs) or presence (solid svmbols) of MgCl2. Other expenimen-

tal conditions were as described in Experimental Procedures. The

results shown are the average of three separate experiments performed

in duplicate. The control curves for these experiments were identical

to those shown in Fig. 1; since they would overlap with the curves for

10 mM NEM, they were omitted from the graph for the purpose of

clarity.

TABLE 2

Agonist affinity states for acetykholine binding to cardiac muscarinic

receptors in NEM-pretreated preparations

Experimental conditions are described in the legend of Fig. 2. Mg2�

did not alter the B,,.�, for [3H]QNB in any experimental condition. The

KD values (picomolar concentration) for E3H]QNB obtained by Scat-

chard analysis were: 23 for 2 mM N-ethylmaleimide treatment, no

additions; 27 for 1 mM NEM, + Mg2�; and 23 for 10 mM NEM ± Mg2�.

Computer fitting of the data gave preference to a two-state model

versus a one-state model in all cases (p = 0.001) as described in the

legend to Table 1. K2 and K3 are the nanomolar KD estimates for

acetylcholine obtained by LIGAND. The values of K3 obtained after 1

mM NEM could not be constrained to the control value of 4000 nM

(Table 1) and should be considered as small but significant differences

caused by the NEM treatment. R2 and R3 are percentages of the total

receptor population having K2 or K3, respectively. K, was not observed

under any of these conditions.

Pretreatment Assay K, 1(2 R2 K3 R3
conditions

1 mM No Mg�� ND� 240 ± 60 26 ± 4 5700 ± 1400 75 ± 5

+ Mg�� ND 240 ± 60 56 ± 3 5700 ± 1400 44 ± 2

10 mM No Mg�� ND 92 ± 18 69 ± 4 3400 ± 400 31 ± 3

+Mg� ND 98±1880±44600±900 20±3
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FIG. 3. Effect of varying concentrations of Mg2� on the ability of

acetykholine to compete for [3H]QNB bindtng sites

The concentration of free Mg�� was calculated as that present in

excess of 1 mM Mg.EDTA using the equation Mg,2� = Mg/�[1 +

EDTA/(Mg�� + KEDTA)1 where Mg,2� is the total Mg’� added to obtain

the desired free Mg’� concentration with EDTA (1 mM) present. KEDTA

is the equilibrium dissociation constant of the Mg. EDTA complex (0.4

MM) (41). Competition curves of [3H]QNB/acetylcholine were generated

in the presence of varying concentrations of Mg�� and NEM treatments

as described in the text. IC� values were in micromolar concentration.

Each point represents the mean of two to five experiments.

10 ± 1 1uM in the presence of Mg��; this difference was
statistically significant (p < 0.0025). Computerized anal-

ysis of these data indicated that the curves best fit to a
two-state model with Kb values of 240 nM (K2) and 5700
nM (K:;) (Table 2). The highest affinity state (K1) ob-
served in controls (Table 1) was not apparent with either
NEM treatment. Mg�� increased the proportion of the
higher affinity receptors (R2) but did not change either

KD value (Table 2). Pretreatment with 10 mM NEM

eliminated all effects of Mg�� (Fig. 2). The IC50 values of
competition curves of 10 mM NEM-treated preparations
were decreased as compared to the values from 1 mM

NEM to 1.8 ± 0.1 �tM and 1.4 ± 0.2 �tM (n = 4) in the
absence and presence of � respectively. Results ob-
tamed after 3 mM NEM were intermediate to those seen
with 1 or 10 mM of the alkylating agent. Computerized
analyses of the data obtained after the 10 mM NEM
pretreatment indicated that both the affinity and pro-
portion of receptors in the higher affinity state were
increased when compared to those observed after the 1
mM NEM treatment (Table 2). The effects of NEM were
specific to agonist interactions with the receptors. Nei-

ther the KD nor the Bmax for [3H]QNB was affected by
any treatment (not shown).

The concentration dependency for Mg�� to influence
the IC50 values of [3H]QNB/acetylcholine competition
curves was determined in native and 1 mM NEM-treated
preparations (Fig. 3). In both native and NEM-treated
preparations, maximal effects were obtained at 1 mM
Mg�� and the K0.5 was approximately 0.02-0.03 mM.

Effect ofpertussis toxin treatment on the ability of Mg��

to interconvert receptor affinity states. Since NEM treat-
ment may result in the alkylation of many proteins, a
more specific method to perturb the system was neces-
sary to establish the specific site(s) of action of �
For receptors that attenuate adenylate cyclase, one can
use pertussis toxin, which specifically inactivates the N1
protein(s) via an ADP ribosylation reaction (24). In vivo

treatment of chicks with pertussis toxin eliminates the
effects of Gpp(NH)p on cardiac muscarinic receptors
(14). We therefore determined the effect of Mg�� on

cardiac muscarinic receptors following a similar protocol.

The pertussis toxin treatment used herein causes ADP
ribosylation of two peptides of 39,000 and 41,000 daltons
on one-dimensional gel electrophoresis (data not shown),
similar to the results reported by others (25-27). Under
our conditions both peptides were modified to a similar
extent (85-90%) (results not shown). Oxotremorine was
used as the agonist in the competition experiments so
that we could directly compare the results with our
previous studies with pertussis toxin. The pertussis toxin
treatment that resulted in a loss of the Gpp(NH)p effect
(15) resulted in only a partial loss of the effect of Mg��
on the [3H]QNB/oxotremorine competition curves (Fig.
4). In control membranes, Mg�� caused a 7-fold decrease

in the IC50 value for oxotremorine whereas, after the
toxin treatment, Mg�� decreased the IC� value by 2.4-

FIG. 4. Effect ofMg2� on oxotremorine/[3HJQNB competition curves

in control and pertussis toxin-pretreated preparations

Assays were performed in the absence or presence of MgSO4 as

indicated. The [3HJQNB concentration was 150 pM. Results shown are

the mean ± SE of four to nine experiments performed in duplicate.
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TABLE 3

Effect of Mg2� on the affinity states of newborn chick heart muscarinic

receptors for oxotremorine in preparations from pertussis toxin-treated

chicks

Computer-assisted analyses were performed on the oxotremonine/

[3HJQNB competition curves described in Fig. 4. K, and K2 are KD
values in nanomolar concentration. R, and R2 are percentages of

receptors in each affinity state. The pertussis toxin treatment did not

alter [3HJQNB binding; KD values for [3HJQNB used in the analyses

were 33 and 19 pM in the presence and absence of Mg2�, respectively.

Bmaz for [3H]QNB was not altered by the presence of Mg2�. A two-state

model was preferred over a one-state model for control membranes

assayed in the absence or presence of Mg2� ( ,� 0.001 ) and for pertussis

toxin-treated membranes assayed with Mg2� (� 0.033). However, for

the pertussis toxin-treated membranes assayed in the absence of Mg2�,

a two-state model was not preferred over a one-state model (p = 0.598).

Membrane Mg�� K, R, K2 R2

Control -

+
1.1 ± 0.5
3.3±1.2

38 ± 4

58±5

190 ± 10

190±10

62 ± 3

42±4

Pertussis - ND� ND 290 ± 20 100

toxin treated + 1.3 ± 1.7 17 ± 5 260 ± 20 83 ± 4

a ND, not detectable.

TABLE 4

Effect of NH4� on agonists binding to the cardiac muscarinic receptor:

dose ratios of IC�,o values obtained using native, NEM-, or pertussis

toxin-treated preparations

Agonist/[3HJQNB competition assays were performed using either

acetylcholine or oxotremonine as indicated with preparations from the

indicated experimental group. Each preparation was assayed in the

absence and presence of 10 mM Mg2� and/or 0.2 M NH4�. The dose

ratio was calculated as the ratio of the IC� values (+NH4’/-NH4�).

The data are the mean ± SE from at least four experiments done in

duplicate.

Experimental

group

Mg�� Acetylcholine

dose ratio

Oxotremonine

dose ratio

Control -

+
10 ± 3
55±2

2.7 ± 0.5

17 ±2

1mMNEM -

+
8±1

15±2 -

1OmMNEM -

+
10±2

9±1
-

-

Pertussis toxin -

+
-

-

2.2 ± 0.5

4.3±0.7

a not determined.

fold. The effect of Mg�� after pertussis toxin treatment
was statistically significant (p < 0.02). Analyses of these

competition curves with LIGAND indicated that oxo-
tremorine bound with two affinities in control mem-

branes, with K1 equaling 3 nM and K2 equaling 190 nM
(Table 3). These values are in agreement with the KD
values for oxotremorine previously estimated (10) for

chick heart muscarinic receptors (see Discussion, con-
cerning the differences in affinity states for oxotremorine
and acetylcholine). As in the studies with acetylcholine
(Table 1), we found that Mg�� increased the proportion
of receptors in the higher affinity state from 38 to 58%
without significantly affecting the KD values (Table 3).

In preparations from toxin-treated animals, all of the
receptors appeared to be in the low affinity state when
assayed in the absence of � However, in the presence

of Mg�� a small percentage of receptors (17%) appeared

to be in the higher affinity state.
Influence of Mg�� on the effect of monovalent cations.

Under certain conditions the effects of monovalent cat-
ions can be differentiated from those mediated by gua-
nine nucleotides (15, 23). To understand further the
relationship, if any, between the effects of these two

modifiers, we have performed several types of experi-
ments. First, since guanine nucleotide effects are de-

pendent on � we have tested the dependence of the
monovalent cation effect on the presence of �

The data in Table 4 show that NH44 could increase
IC50 values independent of � However, the effects of
NH4� appeared to be greater in the presence of � In
the absence of � NH4� caused a 10-fold increase in

the IC50 value for acetylcholine. In the presence of �
NH4� increased the IC50 value for acetylcholine by 55-
fold. However, the IC� values obtained in the presence
of NH4� were the same in the absence (28 ± 6 �M) and
presence (21 ± 2 sM) of � The difference was solely
in the starting IC50 values; Mg�� decreased the IC50 value
in the control membranes by 8-fold (Fig. 1), but this
effect appeared to be overcome by NH4�.

The relationship between the effects of Mg�� and

monovalent cations was further investigated after mod-
ification of the membranes with NEM or with pertussis
toxin. Treatment of membranes with 1 or 10 mM NEM
had no effect on the ability of NH4� (Table 4) or Na4
(data not shown) to increase IC50 vlues when assays were
conducted in the absence of � However, as described
above, the 1 and 10 mM NEM treatments partially and
totally eliminated the effects of � respectively (Fig.
2, Table 2). In preparations pretreated with 1 mM NEM,
Mg�� alone caused only a 2-fold decrease in the IC50 for

acetylcholine (Fig. 2). Consequently, the magnitude of
the NH4� effect differed by 2-fold in the presence and
absence of � The higher concentration (10 mM) of

NEM eliminated the effects of Mg�� alone (Fig. 2, Table

2). Accordingly, in these preparations the magnitude of
the NH4� effect was equal in the presence and absence
of Mg�.

Pertussis toxin treatment did not modify the effect o�
monovalent cations on the cardiac muscarinic receptor

(Table 4). In control or pertussis toxin-treated mem-
branes, NH4� increased the IC50 values for oxotremorine
by 2- to 3-fold. Experiments performed with pertussis

toxin-treated membranes in the presence and absence of

Mg1�� yielded results qualitatively similar to those ob-
tamed with NEM-treated membranes; i.e., the NH4�

response obtained in the presence of Mg�� was decreased

concomitant with the pertussis toxin-induced decrease

in the response to Mg�� alone.
Effect of solubilization of the receptor with digitonin/

cholate on the abilities of ions and guanine nucleotide to

alter ligand interaction with the receptor. In order to
probe further the factors which modulate the interaction

of agonists with the cardiac muscarinic receptor, we
determined the characteristics of ligand binding to recep-

tors solubilized with digitonin/cholate. In order to
properly analyze the interaction of agonists with solubi-
lized receptors, it was first necessary to define the char-
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FIG. 6. Effect of Mg2�, Gpp(NH)p, and NH4� on oxo-

tremorine/[3H]QNB competition curves of digitonin/cho-

kite-solubilized cardiac muscarinic receptors

Assays were performed in the absence and presence of

� Gpp(NH)p, or NH4� as indicated. The [3HJQNB

concentration was 2.3 nM. Results are mean ± SE of four

to eight experiments performed in duplicate.

10 9 8 7 6 5 4 3
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-Log [Oxotremorine], M

acteristics of [3H}QNB binding to this preparation. The
solubilized preparation was enriched 4-fold in receptors
and exhibited a KD for [3H]QNB that was 3- to 5-fold
higher than the KD of the membrane-bound receptor

(Fig. 5). Gpp(NH)p had no effect on the KD for [3H]
QNB, but Mg�� decreased the KD to 450 �M (Fig. 5). This

effect of Mg�� on [3H]QNB binding was not extensively

characterized, but it appeared to be different from that
seen with the native preparation (18), as it required
higher concentrations of Mg�� and did not saturate even

at 100 mM (data not shown).
The detergent-solubilized receptors exhibited low ap-

parent affinity for oxotremorine (Fig. 6). The IC50 values
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FIG. 5. Effect of Mg2� on [31-I]QNB binding to cardiac muscarinic

receptors solubilized with digitonin/cholate

Assays were performed in the absence or presence of MgCl2 as

indicated. [3H}QNB concentrations were from 20 pM to 5 nM. The

plotted data are from a representative experiment. The inset shows the

mean Kf) values and B,,,,,, obtained from experiments done in the

absence (n = 13) and presence (n = 11) of Mg’�.
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of the [3H]QNB/oxotremorine competition curves were
decreased by Mg�� (Fig. 6, Table 5) but were unchanged

by subsequent addition of Gpp(NH)p. The competition
curves were described by Hill coefficients of approxi-

mately 1.0 (Table 5). Analyses of these data by LIGAND
indicated that only a single low affinity state was present.

After correcting (28) for the effect of Mg�� on [3H]QNB
binding, it was determined that Mg�� had no effect on
agonist interactions with the solubilized receptor. NH4�
increased the IC50 value for oxotremorine 2.4- to 3.4-fold

(Fig. 6, Table 5), similar to the 2.7-fold increase observed
in intact membranes (Table 5). The competition curves
were again described by Hill coefficients of approxi-

mately 1 (Table 5). In contrast to lack of an effect on
K0.5 by Mg�4, conversion of the IC50 value to a K0.5 showed

that NH4� decreased the affinity of the solubilized recep-
tor by 5-fold (Table 5).

DISCUSSION

The relevant findings of this study are that: (1 ) cardiac

muscarinic receptors in the three agonist affinity states
appear to be interconvertible; (2) the ability of guanine

nucleotides and Mg�� to cause interconversion of recep-
tor affinity states appears to be due in part to association
of the cardiac receptor with N1 and in part to another

site of action of Mg�; and (3) the effects of monovalent
cations on the cardiac muscarinic receptor can be distin-
guished from those of Mg�� and guanine nucleotide both
by the nature of their effect and by their sites of action.
The relevance of these findings with respect to previous
studies and to muscarinic receptor-effector coupling in
cardiac tissue is discussed below.

Birdsall and coworkers (3) introduced evidence that
certain muscarinic cholinergic receptors can exist in

three different affinity states for agonists which they
termed superhigh, high, and low. These affinity states
were detected with neuronal muscarinic receptors via the

use of nonlinear regression analysis of agonist 3H-antag-
onist competition studies. Using this technique, metha-
choline (7), carbachol (8, 9), and oxotremorine (9) have

been shown to bind to three affinity states of mammalian
cardiac muscarinic receptors, whereas oxotremorine has
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TABLE 5

Properties of oxotremorine binding to the solubilized muscarinic

receptor

The ICu values and Hill coefficients (nH) were obtained from Hill

plots of the mean curves depicted in Fig. 5. The � values were

calculated using the equation K0.5 = IC�/(1 + L/KQ) (28), where L is

the [3H]QNB concentration (2.3 nM) and KQ is the KD value for

[3H]QNB under each condition. Kf) values for [3H]QNB determined by

Scatchard analysis were: 110 ± 10 pM (n = 11) in the absence of Mg2�,

440 ± 50 pM (n = 11) in the presence of Mg2�, and 520 ± 180 pM (n =

3) in the presence of Mg2� and NH4�. Bma, was not changed by Mg2�

or Gpp(NH)p.

Additions to assay IC� (MM) nH Ko.s(MM)

None 90 1.1 4.6

10 mM 35 0.9 5.6

Mg�+ plus Gpp(NH)p 35 0.9 6.5

NH4� 230 1.2 25

Mg�� + NH4� 120 1.0 26

been shown to recognize three affinity states of embry-

onic chick cardiac muscarinic receptors (10). Using a
similar approach, we detected three affinities for acetyl-
choline binding to newborn chick heart muscarinic re-
ceptors. The estimated KD values for acetylcholine were
2.7, 240, and 4000 nM, similar to those reported for
neuronal muscarinic receptors (3). A larger proportion

of the newborn chick heart muscarinic receptors ap-
peared to be in the highest affinity state (24 to 45%) as
compared to neuronal muscarinic receptors (5%) (3).
This is in agreement with the results of others who have
reported a larger proportion of the muscarinic receptor

population of heart to reside in the highest affinity state
than those of neuronal tissue (7-9).

It has been clearly established that � guanine
nucleotides, and monovalent cations alter the interaction

of cardiac muscarinic receptor with agonists (8, 12, 15,
21-23). However, the nature of these effects is not

known. We further characterized the effects of these
known modulators of agonist binding on the number and
affinity of receptors in the three affinity states. When
examined at the level of the IC50 values obtained from

competition curves, the effects of Mg�� and guanine

nucleotides were to increase and decrease, respectively,
the apparent affinities for agonist. Analyses of these data
with LIGAND indicated that neither Mg�� nor guanine
nucleotides had any effect on affinity per se (i.e., on the
KD values), but rather that both agents modulated the
proportion of receptors in the three affinity states.
Therefore, the effects of Mg�� and Gpp(NH)p on IC50
values were due to their abilities to convert receptors
from one affinity state to another.

Receptors in all three of the agonist affinity states
appeared to be interconvertible. Several lines of evidence
support this contention. First, in native preparations

Mg�� increased R1 and decreased R2. The former finding
agrees with the data of Hulme et al. (29), who have shown
that divalent cations increase the number of sites in the
superhigh affinity state that can be labeled with [3H]

oxotremorine-M in rat heart preparations. Second,
Gpp(NH)p eliminated R1 and increased receptors in R2

and R:t. Uchida et al. (8) observed three affinity states in

mammalian cardiac membranes and concluded that their

highest and lowest affinity states were guanine nucleo-

tide sensitive and interconvertible, but the middle affin-
ity state was insensitive to nucleotide. In contrast, we

found that Gpp(NH)p caused a large increase in the
proportion of receptors in the middle affinity and low

state. Based on our data with Mg�� and guanine nucleo-

tides, it appears that receptors in all three affinity states
are interconvertible and guanine nucleotide sensitive.

The most likely explanation for these differences in
observations is that the present studies were performed
in the presence of low salt concentrations (10 mM
NaKPO4), whereas in the studies in Ref. 8, 100 mM NaCl

and 50 mM Tris-HC1 were present. It is obvious from the
data in Table 1 that analyses of curves obtained in the
presence of high salt are more complex than those ob-
tamed in its absence. The most relevant point is that the
receptors in the three affinity states do not reflect dis-

tinct populations of receptors, but, rather, one population
of receptors that can display three different affinities for

agonist depending on the experimental conditions used.
Of course, we cannot rule out that the different affinity
states are not due to receptors on membranes from
different cell types. However, we have also demonstrated
that receptors in preparations of 10-day embryonic chick
heart can also exhibit three affinities for agonists (10).
In these preparations there is a higher proportion of
myocardial than nonmyocardial cells (30).

The sites of action of guanine nucleotide and Mg��
were probed. Cardiac muscarinic receptors attenuate ad-
enylate cyclase (31-33), presumably via the N1 protein.

Therefore, the predicted sites of action of guanine nu-

cleotides and Mg�� were on N. Treatment with 1 mM
NEM or pertussis toxin eliminated the guanine nucleo-
tide effect and most, but not all, of the effects of �
Both treatments eliminated the highest affinity state of
the receptor. The pertussis toxin treatment should be
specific for N1 (and perhaps other GTP-binding pro-
teins). The NEM treatment is nonspecific, but many

studies have shown it to be effective in perturbing N
protein function (1). The data from the two treatments

are qualitatively and quantitatively similar and consis-

tent with the concept that the effects of guanine nucleo-

tides and most of the effects of Mg�� occur at the level
of N1. However, Mg�� also may act at another site in this

system. This contention is made because neither pertus-
sis toxin nor 1 mM NEM eliminated all effects of �
After either treatment, Mg�� had smaller but significant
effects to convert low affinity receptors to higher affinity

receptors. The residual effect of Mg�� was eliminated
after solubilization of the receptor, suggesting perhaps

that Mg�� did not act on the receptor itself.
The effect of monovalent cations on cardiac musca-

rinic receptors differed from those of Mg�� and guanine

nucleotides. The monovalent cations affected both the
affinity and heterogeneity of the receptor population.

The effect of 50 mM Na� was to increase the KD values
of the three affinity states. With a higher concentration

(0.2 M) of Na� or NH4�, one affinity state appeared to
be eliminated. Birdsall et al. (34) have reported that

monovalent cations alter the KD values of the affinity

states of the brain muscarinic receptor. The observation
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that higher concentrations of Na� or NH4� eliminated

the highest affinity state (Table 1) differs from the

observations made for the brain muscarinic receptor (34).
Birdsall et al. (34) report that, at all concentrations of
K� or Na� tested, all three affinity states are present and
the fraction of receptors in the highest affinity states
remains constant. It is not possible to precisely relate

the affinity states observed in the presence of 0.2 M

monovalent cations (R1 and R2) to those observed in
their absence (R1, R2, and R3). We suggest that the
apparent loss of one affinity state could reflect a change
in the affinity of the highest affinity state such that its

KD (K1) value is no longer distinguishable by the corn-
puter program from the KD value of the middle affinity
state (K2). This suggestion is consistent with other data

showing that 50 mM Na� increased the KD value for the
binding of the agonist [3H}oxotrernorine-M to a high

affinity state of rat heart rnuscarinic receptors without
affecting the Bmax (35). In addition, high concentrations
of monovalent cations may effect receptor:N1 coupling
which could lead to the loss of the high affinity state.

This is suggested because the effects of guanine nucleo-
tide are lessened in the presence of high concentrations
of monovalent cations (12) and the effects of Mg�� are

overcome by NH4’� (Table 4).
The site of action of monovalent cations can be clearly

differentiated from the site(s) of action of guanine nu-
cleotides and � We have previously suggested that
NH4� and guanine nucleotides act on different sites in

the muscarinic receptor system (15). Others have shown

that the monovalent cation and guanine nucleotide ef-
fects on platelet a2-adregenic receptors are mediated at
distinct sites (36). Further evidence for this distinction,

and evidence that the effects of monovalent cations are
distinct from those of � was obtained in this study.
Treatment with 1 mM NEM or pertussis toxin, as well
as solubilization of the receptor, caused a selective loss
of the Mg�� effects but did not alter the monovalent
cation effect (Table 4). The results obtained with the
solubilized receptors suggest that monovalent cations
may act either on the receptor itself or on another protein

that was also solubilized in a functional form. In addition,

the effects of monovalent cations do not appear to be

due to changes in ionic strength (12). Finally, the effects
of NH4� do not appear to be due to changes in the H4
ion concentration caused by the dissociation of NH4� to

NHa and H� because other monovalent cations such as
Na� have effects (12). The addition ofO.2 M NH4� lowers
the pH in our experimental system to 7.0-7.1 (data not
shown); however, 0.2 M Na� does not alter pH, but
increases the IC50 values (data not shown) and KD values
of the affinity states in a manner qualitatively similar to

that of NH4�.
Based on the results of the present and previous stud-

ies, we suggest the following interpretation of the three
affinity states of the cardiac muscarinic receptor. The

highest affinity state of the receptor is most likely an
R:N1 complex. This complex must contain N1 that is

devoid of either GTP or GDP, because either nucleotide
causes similar decreases in apparent receptor affinity (9,
23, 33). It is conceivable that Mg�� promotes the forma-

tion of this state of the receptor, or stabilizes it, by

causing the emptying of GDP or GTP from N1. We

suspect that in vivo GTP binds to N1 and is rapidly
hydrolyzed to GDP, and that N1 is usually occupied by
GDP. Based on this reasoning, the highest affinity state
of the receptor may be largely an in vitro phenomenon

or may form only transiently in vivo. Thus, although the
highest affinity state may not exist in vivo, it is an
important indicator in vitro of the potential for receptor-
N1 interactions.

The middle affinity state of the receptor may be the
most physiologically relevant state of the receptor. It

most likely represents a receptor:N1 complex in which
GTP or GDP is bound to N. The KD values of 200-240
nM for oxotremorine and acetylcholine binding to this
affinity state agree very well with the N1 values of 200
nM for muscarinic receptor-mediated inhibition of chick
heart adenylate cyclase (10), and of 60 nM for muscarinic
receptor-mediated inhibition of protein phosphorylation

in chick heart preparations (37). Thus, it appears that
the middie affinity state of the receptor could be the
state which is intimately involved in the production of
physiological effects mediated by activation of musca-
rinic receptors in cardiac tissue.

The low affinity state of the receptor may be free
receptor, i.e., receptor not associated with regulatory
proteins. This is suggested by the studies of the solubi-
lized receptor, which showed only low affinity agonist
binding that was unaffected by Mg�� or guanine nucleo-

tide. Most likely, the conditions used for solubilization
of the receptor led to inactivation or dissociation of

molecules (such as N1) which can modulate agonist in-

teraction with the receptor. Alternatively, the low affin-
ity state of the receptor may be a form which is associated
with effects on phosphatidylinositol turnover. Recent

studies showed that high concentrations of the agonist
carbachol can stimulate phosphatidylinositol turnover
but that oxotremorine has a very low efficacy for this

effect (38). In this regard it is interesting that, when we
model oxotremorine/[3H]QNB competition curves, we
find little or no receptors in the low affinity state (Table
3; Ref. 10). These data may suggest that the low affinity

form of the receptor is associated with phosphatidylino-
sitol turnover and is a state to which oxotremorine binds
very poorly.

Finally, it may be useful to compare briefly the results
contained herein with those of others who have examined
the effects of � guanine nucleotides, and NEM on

other muscarinic cholinergic receptor systems. Wei and
Sulakhe (22) reported tht Mg�� decreased the IC50 values
in carbachol/[3H}QNB competition experiments per-
formed with rat atrial tissue, but other reports have
shown that effects of Mg�� on the interaction of agonists
with muscarinic receptors are not always observed (for

example, see Ref. 23). Since the K0.5 for Mg�� is very low
(0.02 mM), this may be due to the presence of trace
amounts of Mg�� or other divalent cations in assay

reagents. Indeed, it has been suggested that a divalent

cation may remain tightly bound to myocardial mem-
branes (29). All of our assays contained 1 mM EDTA,
which we found necessary to observe the Mg�� effects.
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Another difference which should be mentioned con-

cerns the effects of NEM on cardiac and other muscarinic
receptor preparations. In our system, after treatment
with 1 mM NEM, R1 was eliminated but R2 and R3

remained intact and were interconvertible by �
Higher concentrations of NEM (i.e., 10 mM) resulted in

the formation of a population of receptors (R2) with

higher affinity, suggesting that the alkylation caused a
conformational change. Wei and Sulakhe (22) previously
showed that a 2 mM NEM treatment of rat atrial prep-
arations decreased the IC50 of carbachol/[3H]QNB com-
petition experiments similar to the data reported herein
with the 10 mM NEM treatment (Fig. 2, Table 4). That
the NEM appeared to be more potent in the earlier study
(22) may be explained by the use of a higher temperature
of incubation with the alkylating agent (25#{176}versus 4#{176}).

Harden and coworkers also observed an increase and
then a decrease in the apparent affinity of cyclase-cou-

pled brain muscarinic receptors as the NEM concentra-
tions were increased (39). In contrast, Vauquelin et al.
(40) showed that NEM only increases the affinity of low

affinity muscarinic receptors in rat forebrain. These
muscarinic receptors do not appear to be coupled to
cyclase. Taken together, the data suggest that there are
two effects of NEM on muscarinic receptor systems

coupled to adenylate cyclase. The first appears to be an
effect on receptor:N1 interaction and the second appears
to be an effect on the receptor itself. In those muscarinic
receptor systems not coupled to N, the effect of NEM

may be only to induce a conformational change in the

receptor itself.
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