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The regulation of ligand binding to the muscarinic acetylcholine re-
ceptor in developing chick heart has been studied using the radiolabeled
antagonist [3H]quinuclidinyl benzilate (QNB). In assays containing only
buffer and a source of receptor protein, the antagonist radioligand bound
to a single, high affinity state of the receptor. If Mg2+ and EDTA were
added, [3HIQNB bound to a single, Tow affinity state. The guanine nucleo-
tide analog, guanylylimidodiphosphate [Gpp(NH)}p], reversed the effect of
Mg2*/EDTA so that [3H]QNB again bound only to a single, high affinity state.
Sodium could also reverse the effect of Mg2*/EDTA on antagonist binding
but the effects of sodium and Gpp(NH)p on [3H]QNB binding were not additive.

INTRODUCTION

The cardiac muscarinic acetylcholine receptor (mAChR) is coupled to
adenylate cyclase in an inhibitory manner (1,2). Guanine nucleotides en-
hance cholinergic inhibition of cardiac adenylate cyclase (2) and modulate
the affinity of cardiac muscarinic receptors for agonists (3-14). Several
studies have shown that there are muitiple affinity states of the muscarinic
receptor which are recognized by cholinergic agonists (3, 6, 10-13, 15). A
high affinity state of the receptor for agonists is converted by guanine
nucleotides to a state having low affinity for agonists (3-14). Two groups
(10, 16, 17) recently demonstrated the existence of a heterogenous population
of cholinergic antagonist binding states in rat and frog cardiac muscle. Fur-
thermore, they showed that guanine nucleotides convert the heterogenous states
for antagonist in these tissues to a single high affinity state (10, 16, 17).
We have studied the effects of guanine nucleotides and ions on the properties

of the chick heart mAChR. We have found conditions whereby the affinity of

The abbreviations used are QNB, quinuclidinyl benzilate; Gpp(NH)p,
guanylylimodiphosphate; G-protein, GDP/GTP binding protein of aden-
ylate cyclase complex.
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the muscarinic receptor for antagonists can be modulated by guanine nucleo-

tides, magnesium and sodium ions.

METHODS
EXPERIMENTAL PROCEDURES

Fertilized White Leghorn eggs were obtained from SPAFAS, Roanoke, IL and
incubated in a Humidaire egg incubator at 37° C. 2-[3H]QNB was purchased
from Amersham/Searle; atropine sulfate, acetylcholine iodide, eserine sali-
cylate were from Sigma. Guanylylimidodiphosphate [Gpp(NH)p] was purchased
from P-L Biochemicals. Ultra-pure sucrose was obtained from Schwarz/Mann.
A11 other reagents were purchased from commercial sources and were of the
highest purity available.

Tissue preparation. Hearts were removed from newborn chicks (0-7 days
old’ or 10-day embryos and homogenates prepared as previously described (18).
A1l tissues were diluted in assay buffer (50 mM Tris-HC1, pH 7.4) immediately
prior to use. The final dilution of homogenates in the assay was 2000-5000
fold. After preparation, tissues were used immediately or stored in liquid
N2 prior to use.

Assay of [3H]QNB binding: [3H]QNB binding was assayed according to
Hosey and Fields {18) except that the buffer used was 50 mM Tris-HC1, pH 7.4
and protein used was 50-100 ug of homogenates. Other additions are noted
in the figure legends. Non-specific binding was defined as that obtained
in the presence of 2 uM atropine sulfate and ranged from 6-15% of the total
radioactivity bound. The data were analyzed as described (18) and/or with a
comouter program, LIGAND (19), which is a general non-linear and curve-fit-
ting program that uses a weighted least squares analysis to analyze recep-
tor binding data. Data from multipie experiments are expressed as means +
S.E.M.

RESULTS

2+

A typical experiment showing the effects of Mg® and EDTA on the bind-

ing of [3H]QNB to a newborn heart homogenate is shown in Fig. 1. In the pre-
sence of only the Tris-HC1 buffer, protein and [3H]QNB, the Tigand bound to
a single affinity state of the receptor with a KD of 14.2 pM (Fig. 1). The ad-

2+

dition of Mg® plus EDTA to the assay resulted in the conversion of the mAChR

to a state exhibiting a lower affinity for [3H]QNB with a KD of 43 pM (Figq.
1). \Under these conditions, only a single Tow affinity state was observed
(Fig. 1). This effect of M92+/EDTA was similar in embryonic and newborn heart
preparations. EDTA alone had no effect on [3H]QNB binding, i.e., the results

were as obtained with buffer alone (data not shown). The effect of Mg2+

plus
EDTA on the KD value for [3H]QNB binding was not accompanied by a change in

the total amount of [3H]QNB bound (Bmax) (Fig. 1).

315



Vol. 107, No. 1, 1982 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

600

400

Z

w

[

2 200

o

9]

2

S~

g ! | ] 1
5 200 400 600 800
Q *H-QNB ADDED,pM

]

P4

¢

X 600

=

0

=

w

400

2004

S U NS I S IS N — |
8 16 24 32

BOUND/FREE

Fig. 1. Effect of Mg2* and EDTA on [2H]QNB binding to newborn heart homo-
genate. Assays contained buffer, protein (0.088 mg) and varying
amounts of [3H]QNB. 0—4@, control; 0—0, plus MgSO, (10 mM) and
EDTA (1 mM). Specific radioactivity (cpms) bound ranged from 490
to 1435 (0—90) and 275 to 1296 (0—0). Top, saturation isotherm;
bottom, Scatchard transformation of the data. Bound/Free = ratio
of [3H]QNB bound/[3H]QNB free. The correlation coefficients (r)
were 0.99, control and 0.94 for MgSO, plus EDTA.

An experiment showing the typical effects of Na+, Gpp(NH)p and Na+ plus
Gpp(NH)p on [3H]QNB binding to an embryonic heart preparation is shown in Fig.
2. All data was obtained in the presence of M92+/EDTA. Na+ partially re-
versed the effect of M92+/EDTA, while Gpp(NH)p alone or Na© plus Gpp(NH)p con-
verted the mAChR to a single high affinity state for the antagonist. In this
experiment the KD values (pM) were 112, 50.3, 25.9 and 25.6 for the control,
Na+, Gpp(NH)p, and Na© plus Gpp(NH)p, respectively. In contrast to their
effects on agonist binding (4), the effects of the combination of Na© and
Gpp(NH)p on [3H]ONB binding were not greater than Gpp(NH)p alone. The effects
of Gpp{NH)p and Na+ were maximal at the concentrations used. Effects of

Gpp(NH)p could be observed at concentrations as low as 1 nM, and of Na+ as low
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Table I

KD and Brax Values for [3H]QNB binding to Embryonic and Newborn Heart

Homogenates under Various Assay Conditions

Embryo Newborn
s e ]

Addition KD, pM Bmax KD’ pM Bmax
Sontrol 22.50 + ? 396.56 + 20.82 + 693.06 +

1.61 14) 51.03 4) 4.47 74) 204.16 T4)
g?*/EDTA®  93.44 + 353.61 + 49.69 + 607.03 +

19.82 {7) 39.62 {7) 6.91 (8) 66.53 (8)
Na*? 50.73 + 404.21 + 32.41 + 697.11 +

6.43 (3) 79.20 13) 4.60 13) 162.8 (3)
Gpp{NH)p® 30.31 + 412.28 + 28.96 + 712.84 +

2.94 T3) 81.18 13) 1.83 {3) 194.6 (3)
Na© and 24.09 + 365.81 + 30.96 + 702.7 +
Gpp(NH)p® 3.54 (3) 43.36 (3) 6.86 (3) 144.5 (3)

9 Assays contained 10 mM MgSQ, and 1 mM EDTA

> Mean + SEM. Number 1in parentheses is number of determinations

¢ Fmol/mg protein

as 20 mM. The results were the same whether or not acetylcholinesterase

(sufficient to metabolize 2 umols acetylcholine/min)was present in the assays.

The KD values for [3H]QNB binding from many such experiments are summar-
ized in Table 1. They indicated that the effects of ions and guanine nucleo-
tides on [3H]QNB binding are qualitatively similar in both newborn and em-
bryonic hearts. However, the KD values obtained with M92+/EDTA alone appear
to be higher in the embryonic hearts. Furthermore, Na+ seemed to only parti-
ally reverse the effect of MgZ+/EDTA in embryonic hearts,but was as effective
as Gpp(NH)p in newborn hearts. No significant effect on BmaX was observed
under the various conditions (Table 1). The difference in receptor density in

newborn and embryonic hearts that is apparent in Table 1 has been previously

reported by us (18).
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Fig. 2. Effect of Na* and/or Gpp(NH)p on [3H]QNB binding to an embryonic
chick heart homogenate. A1l assays contained buffer, protein (0.1
mg), MgSO,, and EDTA. 8—4, control; 0—0, plus Na* (0.1 M); X—X,
plus Gpp(NH)p (10 uM); *—*_, plus Na and Gpp(NH)p. Specific radio-
activity (cpms) bound ranged from 26 to 1092 {(0—8), 77 to 958
(0—0), 198 to 1196 (X—X)}, and 204 to 1174 (*—*). Top, satura-
tion isotherm; bottom, Scatchard transformation of the data. The
correlation coefficients were 0.92 (Mg/EDTA), 0.98 (Nat*), 0.97
[Gpp(NH)p], and 0.97 [Nat plus Gpp(NH)p].

DISCUSSION

The present study clearly shows conditions whereby the affinity of the
chick heart muscarinic receptor for the antagonist radioligand [3H]QNB is
differentially regulated in vitro by M92+, guanine nucleotides and sodium.
In the presence of M92+,[3H]QNB bound to the receptor with lTow affinity (Fig.
1, 2, Table 1). Cthers have reported effects of Mgz+ on the affinity of the
cardiac mAChR for agonists without accompaying effects on the affinity for
antagonists (9, 14, 34). While direct binding studies using [3H]agonists of
the mAChR have not included reports of effects of M92+, it is clear in many

2+

other receptor-cyclase linked systems that Mg"™ increases receptor affinity

for agonists (20-23). In some systems (23, 24), Mg2+

also decreases receptor
affinity for antagonists. This is clearly the case for the chick heart musca-
rinic receptor (Figs. 1, 2, Table 1).

Gpp(NH)p increased the affinity of the chick heart muscarinic receptor

for [3H]QNB. Effects of guanine nucleotides on agonist binding to the mAChR
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have been demonstrated previously (3-14, 16, 17). It is believed that guanine
nucleotides reguiate agonist binding to cyclase-linked receptor systems by
dissociating receptor: G-protein complexes (25-27). Originally, guanine nuc-
leotide effects on receptor affinities were believed to be agonist specific
(28, 29). But several recent studies have shown that guanine nucleotides also
affect the affinity (16, 17, 30, 31) or binding capacity (32, 33) of certain

cyclase-linked receptors for antagonists (16, 17, 30, 31).

Others have observed two affinity states of mAChR for antagonists in rat
and frog hearts that converted to one high affinity state in the presence
Gpp(NH)p (10, 16, 17). With the chick heart, we do not see two affinity states
for [3H]QNB. We made a preliminary study of [3H]QNB binding under our condi-
tions to the rat heart muscarinic receptor and found essentially the same re-

sults as Hulme et al. (10, 16).

Under the conditions of the present study, Na+ increased the affinity of
the chick heart muscarinic receptor for [3H]QNB¢ Studies with a [3H]agonist
of the MAChR showed that Na® decreases the affinity of the receptor for agon-
ists (11). Previous studies have shown that Na+ enhances acetylcholine me-
diated inhibition of cardiac adenylate cyclase (2). While Na® and Gpp (NH)p
each affected the affinity of the receptor for [3H}QNB, the effects were not
additive (Fig 2, Table 1). In contrast, the effects of Na* and Gpp (NH)p on
agonist binding are additive or syngergistic (4). The results presented in

2+, Gpp(NH)p and Na+ on antagonist binding

this study concerning effects of Mg
to cardiac muscarinic receptors are opposite to those on agonist binding to
the receptor (3-14). They suggest that care should be taken in interpreting re-
sults of agonist binding when [3H]antagonist/agonist competition studies are

performed, since the antagonist binds with different affinities under various

experimental conditions.

Finally, the data presented herein offer a possible explanation for the
wide range of dissociation constants for [3H]QNB (10-300 pM) that are present
in the literature (e.g. 8, 18, 35-37). The various assay conditions used by

different investigators, from simple buffer systems (18, 35) to tissue culture
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media (8, 36) obviously will result in large variations in the Kp values for

[3HIQNB binding.
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