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The muscarinic acetylcholine receptor (mAcChR), identified by

tritiated L-quinuclidinyl benzilate ([3H]-L-QNB) binding, was

solubilized from porcine atrial membranes using a 5:1 (w/w) ratio of

digitonin and cholate. Two rapid assays for measuring the binding

activities of detergent extracts were devised and compared with

equilibrium dialysis. All three methods gave similar results.

Ligand interactions with the soluble mAcChR showed that

antagonists had the same affinity as was found for the membrane bound

protein, however, agonists lost their ability to distinguish between

two affinity states of the receptor. Kinetic studies of L-QNB

association indicated a two step mechanism in which a rapid

preequilibrium step (K=5.7 x 10-9M),was followed by a slow

conformational change (k1=2.4 x 10-1 min-1; =1.02 x 10-2min-1) in

the receptor-ligand complex.



Biochemical characterization of the soluble mAcChR using lectin

affinity chromatography and glycosidase digestion indicated that the

receptor was a sialoglycoprotein. Differential lectin binding pro-

perties of neuraminidase treated and untreated receptor suggested

that high affinity binding to immobilized wheat germ agglutinin (WGA)

was accomplished through the presence of both terminal sialic acid

and internal N-acetylglucosamine or its g1+4)-linked oligomers. A

certain degree of heterogeneity was found either in the oligosacchar-

ide environment or in the number and type of oligosaccharides asso-

ciated with the mAcChR.

Preparative WGA-affinity chromatography resulted in partially

purified mAcChRs which retained the two-step mechanism of L-QNB asso-

ciation. The preequilibrium constant (K-26 x 10-9M) and the forward

and reverse rate constants for the ,isomerization step (k1=7.3 x 10-

2min -1 ; k_1 =8.3 x 10-4 min-1) were changed relative to unfractionated

mAcChRs.

A protein factor separated by WGA-affinity chromatography

restored the observed association rate constant of the fractionated

receptor for L-QNB when added back to the pooled mAcChR fractions.

The antagonist binding site of the mAcChR was shown to be a peptide

with an apparent molecular weight of 80,000-daltons.

The mAcChR was purified 1575-fold relative to atrial homogen-

ates, representing 1-2% purity based on one
3
N]-L-QNB binding site

per 80,000 dalton receptor peptide.
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PARTIAL PURIFICATION AND CHARACTERIZATION
OF THE ATRIAL MUSCARINIC ACETYLCHOLINE RECEPTOR

CHAPTER I

INTRODUCTION

Considerable progress has been acheived in the understanding of

chemical neurotransmission by detailed study of the components

involved in this process. Neurotransmitter receptor molecules are

regulatory proteins found in the cell membranes of nerves, glands and

muscles. These membrane bound proteins have the capacity to trans-

duce the binding of neurotransmitters and drugs into changes in the

permeability of the cell membrane to certain ions, initiating a vari-

ety of biological events. Although it was the first neuroreceptor

system to be identified (Loewi, 1921) the muscarinic acetylcholine

receptor of the vertebrate heart remains one of the last to be

characterized at the molecular level. The possible reasons for this

apparent lack of agreement between historical priority and biochem-

ical knowledge is discussed in this chapter. The topic of this dis-

sertation concerns the development of techniques which may enable the

cardiac muscarinic receptor to be isolated and characterized in such

detail as to help explain the actual reasons for this descrepancy.



Historical Perspective

The transmission of the effects of nerve impulses by a chemical

substance, reaching the effector cell by diffusion, was demonstrated

for the first time by Loewi more than half a century ago (Loewi,

1921). Thus, it was proven that acetylcholine is the inhibitory

transmitter released by the vagus nerve and its actions on the verte-

brate heart were shown to be mimicked and inhibited by the plant

alkaloids muscarine and atropine, respectively (Loewi and Navratil,

1926). Ten years later (Dale et al., 1936), acetylcholine was also

shown to be the excititory transmitter released at the neuromuscular

junction but its effects there were mimicked and inhibited, respec-

tively, by nicotine and'curare.

These findings provided the basis for pharmacological classifi-

cation of cholinergic effects, and by extension, these effects are

now said, to be mediated by muscarinic and nicotinic acetylcholine

receptors (Gilman et al., 1980). The distribution of these receptors

in the mamalian nervous system is complex, although, it can generally

be stated that nicotinic receptors are associated with voluntary

systems (eg. skeletal muscle contraction) while muscarinic receptors

are involved in involuntary nervous control (eg. smooth muscle,

gland, myocardium, central nervous system).

While the concept that neurotransmitters exert their effects on

tissues by binding to specific receptor sites has enjoyed general

acceptance for almost a century (Langley, 1907), elucidation of their



molecular mechanisms of action has occured only during the past 20

years (Michelson and Danilov, 1971; Cuatrecasas and Jacobs, 1981).

The general properttes--morphological, physiological and biochemical-

-of synapses are well understood (Stevens, 1976). In particular, the

synapses of the neuromuscular junction represent the most thoroughly

understood system because the majority of the components responsible

for neurotransmission there have been isolated and their molecular

properties have been examined in detail (Kuffler and Nichols,

1976). One of these components, the nicotinic acetylcholine receptor

(nAcChR), specifically forms high affinity complexes with neurotoxins

produced by certain elapid snakes. Using radiolabeled derivitives of

these toxins, nAcChRs were identified in large concentrations in the

electric organs of electric fish (Meunier et al., 1972; Raftery et

al., 1971). nAcChRs were subsequently purified from these sources by

several techniques (Schmidt and Raftery, 1972; Karlsson et al., 1972;

Brockes and Hall, 1975) and they were shown to be oligomeric, inte-

gral membrane proteins possessing regulatory properties (Raftery et

al., 1979). Today the nAcChR serves as one of the paradigms-, for

neuroreceptor purifiCation and characterication (Jacobs and Cuatre-

casas, 1981).

Autonomic Regulation of Cardiac Function

The autonomic nervous system regulates, among several other

bodily functions, blood pressure, -heart rate and myocardial
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contractility (Katz, 1977). Neural control of the function of the

myocadium is acheived by recipricol interactions of the sympathetic

and parasympathetic nervous system (Levy, 1971). Norepinephrine

released by sympathetic innervations in all regions of the heart and

epinephrine, which is released into the blood stream (along with

norepinephrine) from chromaffin cells of the adrenal glands, have the

same effects on the myocardium. These effects include enhanced

contractility (positive inotropy), accelerated conduction, increased

heart rate (positive chronotropy) and shortening of the duration of

the cardiac action potential (Katz, 1977). The activation of

adenylate cyclase by catacholamine occupation of 0-adrenergic

receptors (Leftkowitz et al., 1981) and the subsequent cascade of

phosphorylations caused by cyclic.AMP-dependent protein kinase are

involved in these actions of sympathetic stimulation but their

precise roles in producing the electrophysiological responses are not

fully understood (Chapter 9; Katz, 1977).

Acetylcholine, secreted by parasympathetic nerves terminating

primarily on cells of the atria and the sinoatrial (SA) and atrioven-

tricular (AV) nodes, causes inhibitory effects (Trautwein, 1973).

The muscarinic acetylcholine receptor (mAcChR) is thought to mediate

the negative chronotropic response of the myocardium to vagal stimu

lation by increasing K-1- conductance (Higgens et al., 1973). This

effect is manifest as hyperpolarization of the pacemaker sarcolemma

and a slowing of the rate of myogenic depolarization of the pacemaker



potential (Katz, 1977). A second effect of acetylcholine occupation

of cardiac mAcChRs is a decrease in the slow inward Ca2+ current

(Giles and Noble, 1976). This effect causes a decrease in the con-

centration of intracellular free Ca2+ and result's in negative ino-

tropy, presumably by limiting the interactions of the contractile

proteins (Chapter 7; Katz, 1977).

The opposing influences of these two neurotransmitters on car-

diac function are not algebraically additive; their interactions are

complex and generally accepted to occur at several different levels

of control (Levy, 1971; Higgens et al., 1973; Katz, 1977; Sokolovski

and Bartfai, 1981).

Levels of Control of Neurotransmitter Action in the Heart

A. Anatomical

One of the physiological observations made in animal studies is

that the stimulation of the myocardium by catacholamines is markedly

. inhibited by vagal stimulation (Levy, 1971). Some of the parasympa-

thetic nerve fibers of the heart are found to terminate very closely

to sympathetic nerves (Cooper, 1965) and it has been shown that

acetylcholine released by these fibers exerts an inhibitory effect on

the release of norepinephrine (Vanhoutte and Levy, 1980; Muscholl,

1980). Thus there is presynaptic inhibition of catacholamine release

by cholinergic fibers but considerable debate centers around the pos-

sibility that presynaptic mAcChRs, which may be associated with sym-



pathetic nerve termini (Sharma and Banerjee, 1978; Yamada et al.,

1980) actually mediate this inhibition.

B. Cellular and Subcellular

A second regulatory level which controls the actions of sympa-

thetic and parasympathetic innervation in the myocardium is the func-

tion of the neuroreceptor proteins themselves. The observations made

at this level are primarily phenomenological and necessarily involve

the use of ligand-receptor binding studies to probe the interactions

of the receptor binding sites with various components of the myocar-

dial cell membrane. The results of such studies for muscarinic

receptors in the heart can be divided into three parts (i) mediation

of the muscarinic response; (ii) regulation of mAcChRs; and (iii)

biochemical characterization.

Approaches to the Study of Neuroreceptors

Before returning to the study of cardiac mAcChRs, it would be

useful to briefly consider the criteria by which neuroreceptors are

identified (Birdsall and Hulme, 1976; O'Brien, 1980). Unlike

enzymes, neuroreceptors do not possess any innate catalytic activity;

their method of detection must depend on a technique other than

observing reactants consumed or products released. In membrane pre-

parations where the biochemist has effectively removed the entity of

interest from the phenomenon which it caused (ie, change in membrane



potential, muscle contraction, etc.) the method of choice is an

indirect one involving the use of suitable radiolabled-probes with

affinity for some part of the receptor. Were it not for the ability

of these proteins to specifically recognize and bind to certain

molecules, the indirect approach would be useless. However,

fractionation of neuroreceptor proteins may change the interactions

between the ligand binding site of the receptor and the radiolabeled

probe and this becomes a diagnostic test for structural or

environmental changes when isolating the receptor protein from the

bulk of other membrane proteins (Cuatrecasas and Jacobs, 1981).

The three basic criteria for receptor identification using the

indirect approach (Burt, 1978) are (i) saturability, the receptor

should bind the probe up to a certain level, increasing probe concen-

trations above this level should show no further specific binding;

(ii) specificity, only the pharmacologically active ligands should

displace bound probe at saturating concentrations and; (iii)

localization, the saturable receptor site exhibiting pharmacological

specificity should be found in regions and tissues known to exhibit

responses to the pharmacological agents.

The radioactive probe most commonly used for studying mAcChRs is

[3H] quinuclidinyl benzylate ([3H]-QNB) (Fields et al., 1978). This

compound is commercially available in the L-form (the pharmaco-

logically active isomer) and at high enough specific activities to

allow its use in detecting mAcChRs in tissues with low concentrations
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of sites (<10 pMol/grm tissue). In addition, the hydrophobic portion

of this potent antagonist allows it to bind quickly to the muscarinic

ligand binding site and dissociate very slowly (t 1/2 approx 60 min

for dissociation) making its use in various ligand binding "assays far

more practical than ligandS with shorter dissociation half-lifes. It

is important to use a probe which will not dissociate from the

receptor during the separation of bound from free probe, since this

will interfere with the binding assay results and analysis (Burt,

1978). Another radiolabeled ligand used for detecting mAcChRs which

circumvents this problem, is the irreversible antagonist E 3 Hj-propyl-

benzilycholine mustard (Birdsall et al., 1978). This ligand suffers

from the fact that the ligand binding properties of mAcChRs detected

by this probe cannot be determined because the ligand binding site is

covalently labeled, but it is a valuable tool for studying the

polypeptide composition of the muscarinic ligand binding site

(Birdsall et al., 1979).

Mediation of the Muscarinic Response

The time course of electrophysiological changes in the heart due

to acetylcholine binding to the mAcChR (100-300 msec; Katz, 1977) is

consistent with the role of a second messenger in the mediation of

these changes (Birdsall and Hulme, 1976; Purves, 1978). However, the

mediation of muscarinic responses in various tissues is suspected to

involve second messengers primarily on the basis of recent reports



which show large increases in cyclic GMP concentrations in response

to cholinergi,c agonists (Black et al., 1979; Kapoor and Krishna,

1978; Strange et al., 1977). In addition, cyclic GMP or its derivi-

tives can mimic muscarinic responses in various tissues, particularly

in the heart (Nawrath, 1976; Trautwein and Trube, 1976). By analogy

to the adenylate cyclase system, muscarinic receptor occupation is

hypothesized to activate a guanylate cyclase which produces suffi-

cient cyclic GMP at the correct location to stimulate a cyclic GMP-

dependent protein kinase that, in turn specifically phosphorylates

some endogenous regulatory component (Purves, 1978). A cyclic GMP-

dependent protein kinase specifically activated by muscarinic

agonists in the heart has been characterized recently (Lincoln and

Keely, 1981), however phosphorylat-ed components of cardiac tissue

have not yet been identified. It is note worthy, however, that the

effect of exogenously added cyclic GMP on the heart is an inhibition

of the slow inward Ca2+ current and the accompanying negative

inotropic response (Nawrath, 1977). It is possible, therefore, that

the putative mAcChR-activated guanylate cyclase system of the heart

regulates at least part of the Ca2+ conductance mechanism.

Studies of membrane phospholipid turnover in response to neuro-

transmitter induced stimuli indicate that all of the receptors which

cause a breakdown of phosphatidylinositol share a common feature:

they have a mode of action on their target cells which involves Ca2+

in some essential way and they all elevate intracellular cyclic GMP
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levels (Michell, 1975; Griffen et al., 1979). Because Ca 2+ itself is

known to function as a second messenger via calmodulin and other cal-

cium binding proteins (Cheung, 1980), the role of cyclic GMP and Ca2+

in the phosphatidylinositol response to muscarinic activation is not

well understood at this time. Recent reports of muscarinic-agonist

induced increases in phosphatidic acid (Salmon and Honeyman, 1980;

Putney et al., 1980) indicate that Ca
2+

gating mechanisms are

directly involved in receptor occupancy and membrane fusion events,

since it was found that phosphatidate functions as a calcium iono-

phore. However, the effect of agonist induced increases in cyclic

GMP in the heart are a decrease in the slow inward Ca 2+ current, and

therefore such observations for stimulis-secretion coupling in smooth

muscle and epithelial cells (Putney et al., 1980) do not apply for

cardiac tissue.

Modification of the electrical properties of the myocardium by

removal of sialic acid residues has recently been demonstrated

(Nathan et al., 1980). Release of more than 25% of the sarcolemma-

bound sialic acid by neuraminidase treatment leads to transient

depolarization, arrhythmic spontaneous activity and initiation of

spontaneous firing in the presence of tetrototoxin (a sodium channel

blocker) in cultured heart cells (Bhatacharyya et al., 1981).

Substantial increases in Ca2+ influx were observed and suggested to

indicate that terminal sialic acid moieties on myocardial cell

surfaces may play a major role in the inotropic responses of the
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heart to acetylcholine. At physiologic pHs, sialic acids bind

strongly and preferentially to ionized calcium (Jaques et al., 1977),

forming a 1:1 complex. The interactions of membrane components

possessing these complexes with other components which may be

involved in Ca2+ -translocation may be important to the mediation of

cholinergic responses in the myocardium by muscarinic receptors.

Regulation of mAcChRs

The ligand binding properties of membrane bound mAcChRs appear

to be affected by a variety of agents. The binding of both

muscarinic agonists and antagonists to cardiac mAcChRs is influenced

by ionic strength (Hulme et al., 1981) mono- and divalent cations

(Birdsall, et al., 1979; Wei and Sulakhe, 1980; Rosenberger et al.,

1979), guanine nucleotides (Berrie et al., 1979; Waelbraek et al.,

1981; Burgisser et al., 1982) and amine-containing buffers (Sastre et

al., 1982).

At this stage in the characterization of membrane-bound mAcChRs

in the myocardium, it is still too early to correlate the variety of

observations made on the ligand binding properties with physiological

events, since each group of investigators prepare mAcChRs differently

and different sources of myocardial tissue are used in each study.

The following discussion focusses on the overall properties and

general features of cardiac mAcChR regulation; it is apparent that

the preceeding discussion of mediation of the mAcChR response
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overlaps with this one.

The binding of antagonists to cardiac mAcChRs is well described

by the Langmuir adsorption isotherm in a variety of tissues including

the myocardium (Fields et al., 1978; Birdsall et al., 1979;

Schimerlik and Searles, 1980). Muscarinic ligands such as atropine,

scopolamine and dexetimide all displace [ H] -L-QNB in a competitive

manner from a single class of noninteracting (homogeneous) binding

sites. The behavior of agonist binding, however, is not adequately

explained by simple mass action considerations (Birdsall et al.,

1979). Titration of[ H]-L-QNB from cardiac mAcChRs by agonists such

as acetylcholine, carbamylcholine, oxotremorine or pilicarpine are

distinctly biphasic and are rationalized in terms of two independent

classes of binding sites (Schimerlik and Searles, 1980). These

classes are distinguished by their affinities for agonists; high

affinity sites bind one to two orders of magnitude tighter than low

affinity sites. Correlation of these sites with physiological

responses (Birdsall et al., 1979; Galper and Smith, 1980) suggests

that the low affinity form of the cardiac mAcChR most closely

approximates the efficacy of muscarinic agonist effects from dose-

response studies in the myocardium.

Guanine nucleotides and their derivitives (GTP, GDP, GppNp) and

Na+ appear to decrease agonist affinities for the cardiac mAcChR.

Considerable debate continues as to exactly which site (high or low

affinity) is most affected by these agents and whether or not the
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apparent cooperativity of each site is altered (Berrie et al., 1979;

Rosenberger et al., 1979; Waelbraeck et al., 1981). It was found

that sulfhydral alkylating reagents such as N-ethylmaleimide (NEM)

and Mg2+ selectively increased the affinities of agonists for cardiac

mAcChRs (Wei and Sulakhe, 1980; Harden et al., 1982). In addition,

fluoride ions decrease the agonist affinities of cardiac mAcChRs

(Barritt et al., 1982).

Birdsall and Hulme (1976) first proposed the idea that the

fundamental difference between agonist and antagonist binding to

mAcChRs is that agonists induce a conformational change in a form of

the receptor which is coupled to an endogenous membrane-bound

effector molecule. The "degree" of coupling between receptor and

effector components modulates the .affinities of agonists such that

the tighter the receptor-effector association, the more hindered the

process of agonist-induced conformational change and agonist

affinities are thus reduced. The converse is true for uncoupled

receptors. At the time, this was an interesting but largely unproven

hypothesis. Since that time, however, substantial evidence in

support of the original proposal has accumulated.

Several groups reported that basal levels, as well as

catacholamine-induced stimulation of adenylate cyclase activity, are

blocked by muscarinic agonists in the presence of GTP (Watanabe et

al., 1978; Lichtshtein et al., 1979; Harden et al., 1982). It is now

genrally accepted that the key to an understanding of how vagal
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stimulation blocks the effects of catacholamines in the heart at the

subcellular level involves the mechanism through which mAcChRs

inhibit adenylate cyclase (Burgisser et al., 1982; Harden et al.,

1982; Hulme et al., 1981).

Both -adrenergic and -adrenergic receptors also exist in high

and low affinity states and guanine nucleotides and Mg 2+ act to

convert the high affinity form to low affinity form (Ross and Gilman,

1980). The -adrenergic receptor has been isolated and its ability

to stimulate cyclic AMP synthesis is now understood at the level of

protein-protein interactions within the cell membrane (review,

Leftkowitz et al., 1981). Leftkowitz and coworkers (DeLean et al.,

1980) developed a model which involves the formation of a ternary

complex between the - adrenergic receptor-agonist complex and a

guanine nucleotide regulatory protein in the absence of GTP.

Addition of Mg2+-GTP causes this complex to dissociate and the freed

guanine nucleotide regulatory protein associates with the catalytic

subunit of adenylate cyclase to cause the synthesis of cyclic AMP.

GTP is hydrolyzed in the process and the regulatory protein-GDP

complex then dissociates from adenylate cyclase, inhibiting further

cyclic AMP synthesis but allowing the -receptor-agonist-regulatory

protein ternary complex to reform.

The parallels between -adrenergic receptors and mAcChRs in

terms of agonist affinity modulation by guanine nucleotides may be

functional as well as exemplary. Recent studies (Galper and Smith,
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1980) suggest that the cardiac mAcChR-agonist complex may associate

with a guanine nucleotide regulatory protein to form a ternary

complex in the absence of GTP. The addition of Mg 2+-GTP is thought

to cause release of agonist and the low affinity form of the mAcChR,

consistent with Birdsall and Hulme's original proposal. However,

mAcChR inhibition of adenylate cyclase may be more complicated than

P.-adrenergic receptor activation of adenylade cyclase activity.

Unpublished observations (Halvorson and Nathanson, 1982) in which the

ability of cardiac mAcChRs to regulate adenylate cyclase activity

without exhibiting modulation of agonist binding by GTP, were

interpreted as evidence for two different guanine regulatory

proteins.

Recent studies indicate that antagonist binding, in addition to,

agonist binding changes under certain ionic strength conditions and

that guanyl nucleotides and Mg2+ act to interconvert two forms of the

cardiac mAcChR (Hulme et al., 1981; Burgisser et al., 1982).

Finally, a newly discovered binding site for choline has been

reported for the cardiac mAcChR which is distinct from either agonist

or antagonist sites and the occupation of this site causes a 45%

decrease in the number of antagonist sites (Sastre et al., 1.982).

The authors make reference to the demonstration that this site may

act in vivo to modulate the chronotropic responses of the myocardium

to acetylcholine.

The majority of the studies mentioned above were done on cardiac
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cell homogenates. Recent studies with Cultured heart cells

(Halvorsen and Nathanson, 1981; Galper and Smith, 1980) indicate that

long-term exposure to agonists causes a 26% loss of antagonist

binding sites in the' first minute, followed by an additional 44% loss

after three hours. The fast phase was characterized by a 6-fold

decrease in the remaining agonist affinity sites and guanine

nucleotides completely recovered these sites. In addition,

colchicine inhibited the slower phase, and the authors suggest that

cardiac mAcChRs are associated with the cytoskeletal system.

Down regulation of mAcChRs has also been demonstrated in brain

tissue (Burgoyne, 1980) and it was shown that both cyclic AMP and

calmodulin stimulated this phenomenon (Burgoyne, 1981).

Biochemical Studies of the mAcChR

To date, little is known about the structure of the mAcChR.

Early studies using [3H] -prBCM and NaDodSO4 gel electrophoresis

showed that the ligand binding site of brain mAcChR was a polypeptide

of molecular weight 83,000-daltons (Birdsall, 1979). This result

suggested that the multiple agonist affinity states of the receptor

were not due to different ligand binding proteins; it was interpreted

instead as indicating that variable associations of a single ligand

binding protein with additional modulator proteins were responsible

for this behavior. The lability of these associations, between mus-

carinic receptor and effector sites, 'was subsequently shown by demon-
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strating that under conditions in which the antagonist binding site

remained functional, the molecular weight determined by hydrodynamic

studies (Haga, 1980) of the solubilized [31-] -L -QNB- receptor complex

was still 86,000-daltons. Although, in the latter study [3H] -L -QNB

was first bound to the mAcChR and then solubilized with. Lubrol PX.

If the membranes were solubilized first and subsequently assayed for

QNB binding, there was no activity reported (Naga, 1980).

A recent report by Sokolovsky and coworkers (Avissar et al.,

1983) showed that the size of the antagonist binding peptide changes

under certain conditions of ionic strength and pH. These workers

found three sizes of affinity-labeled receptor proteins and demon-

strated that under alkaline conditions, two of these were converted

into the third form, a peptide molecular weight 40,000-daltons. They

suggest that the mAcChR is able to polymerize to form dimers of

80,000-daltons and tetramers of 160,000-daltons and that these oli-

gomers may bind agonists with different affinity. The authors

further postulate that the three forms of the mAcChR are intercon-

vertable based on the formation of an alkaline-labile phosphodiester

or pyrophosphate bond. These bonds may be a part of the

phosphorylase/dephosphorylase mechanism which may require cyclic

nucleotide dependent protein kinases (Avissar et al., 1983).

The biochemical manipulations which have proved successful in

recent years for the purification and characterization (of purified)

neuroreceptor proteins (Jacobs and Cuatrecasas, 1981; O'Brien, 1980;
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Gualtieri et al., 1979; Yamamura et al., 1978) all involve as a first

step, the extraction of the receptor protein(s) from the hydrophobic

environment of the cell membrane. Early studies on purified prepara-

tions of subsynaptic membranes ("synaptosomes") used organic solvents

in an attempt to isolate nAcChRs (DeRobertis, 1971). It was only

through the use of detergents such as Triton X-100 or bile salts that

the nAcChR was isolated from the postsynaptic membrane and shown to

exhibit pharmacological and physiological characteristics similar to

the membrane bound receptor (Karlin et al., 1976; Schmidt and

Raftery, 1972).

Purification and characterization of the mAcChR has not been

achieved principally because of the lack of a suitable detergent sys-

tem which can extract receptors from the cell membrane in a form

still capable of binding muscarinic ligands. The plant glycoside,

digitonin, remains one of the only detergents able to liberate

"active" mAcChRs (Hurko, 1978; Repke and Matthies, 1980; Gorissen et

al., 1981), although the recoveries of binding sites rarely exceed

20%-40%. Other detergents have been used but with negligible

improvement (Haga, 1983; Sokolovski, 1982). 2M NaCl was used to

release a form of the mAcChR from brain tissue which exhibited slight

pharmacological properties of membrane bound receptors (Bartfai et

al., 1974; Carson et al., 1977), however these results have been

refuted by others (review; Gorissen et al., 1981).

As documented above for mAcChRs, a suitable detergent system has
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not been found so that subsequent biochemical analysis may be per-

formed. The major problem with commercially available sources of

digitonin is that they are actually mixtures of several different

saponins. Digitonin added to aqueous buffered solutions forms an

opalescent suspension which precipitates in a matter of hours,

leaving a supernatant of undefined composition. Investigators using

digitonin buffers heat the suspension to 90°C at which point it

clarifies. Cooling these "supersaturated" solutions to room

temperature results in the formation of an intertwined mass of

crystals, resembling a curd. After the solid is removed, the

digitonin buffer is used to solubilize mAcChRs (Aronstam et al.,

1978; Hurko, 1978; Gorissen et al., 1981). Chemical studies are

lacking for digitonin, however, it is possible that the Krafft

temperature of aqueous digitonin mixtures is higher than most other

nonionic and bile salt detergent solutions. Thus, the temperature

must be raised to a value at which the solubility of digitonin

reaches the critical micelle concentration (Adamson, 1978; Tanford,

1973). Cooling a micellar solution below the Krafft point results in

the formation of a curd (Overbeek, 1980).

This laboratory has recently developed a mixed micelle detergent

buffer consisting of digitonin and cholic acid (Cremo et al.,

1981). Advantage was taken of the extremely tight complexes formed

between digitonin and cholate to solubilize aqueous digitonin without

heating. It was found that a 5:1 (w/w) ratio of digitonin an cholic
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acid in a buffered solution caused quantitative solubilization of

active mAcChRs from atrial membranes (Cremo et al., 1981).

When the ligand binding properties of soluble mAcChRs prepared

in this way were determined using rapid assay systems also developed

for use in this detergent buffer (Cremo et al., 1981), the binding of

antagonists were found to be the same as for the membrane bound

receptor (Herron et al, 1982). Thus, the two-step model of antago-

nist binding, in which the free receptor binds in a rapid preequilib-

rium step and subsequently undergoes a slower ligand-induced confor-

mational change to form the final receptor-ligand complex (RL') was

K kl

R + L R L ;,==tt R LI

k-1

shown to be the simplest mechanism consistent with the data (Herron

et al., 1982). However, the binding of agonists to the soluble

receptor, which had previously been described in the membrane bound

mAcChR (Schimerlik and Searles, 1980) as complex and involving both

high and low affinity sites was lost. The agonists now associated

competitively with L-QNB as described by the law of mass action and

the binding sites of the soluble receptor corresponded to the low

affinity sites of the membrane bound mAcChR.
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We suggested that the detergent system disrupted the interaction

of the ligand binding protein with effector components which are

generally accepted to be responsible for the complex agonist binding

behavior of membrane bound mAcChRs (Birdsall et al., 1979). This

work was critically reviewed (Nathanson, 1982) and this group

suggests that unless soluble mAcChRs can be produced which still

exhibit guanine nucleotide-dependent changes in agonist affinity

states, the muscarinic receptor is not "native."

It is possible that the ionic strength, presence of Na+,

concentration of divalent cations, presence of endogenous guanine

nucleotides and/or the mixed micelle detergent used in our studies

were not optimal for muscarinic receptor-effector associations to

remain intact during solubilization. In view of the highly labile

nature of these interactions, however it appears unlikely that the

"holo" receptor complex will ever be isolated in a state containing

all the physiologically important components. Rather, it would seem

more reasonable to attempt purification of the ligand binding protein

and to characterize at each step of the fractionation scheme the

interactions of this protein with muscarinic ligands. Functional

reconsitution of the purified ligand binding protein with various

fractions of starting material may provide insight into some of the

questions concerning the behavior of the mAcChR in vivo and in vitro.

The subject matter presented in each of the following chapters

can be related to a common theme: It is the goal of this laboratory
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to purify and characterize the atrial muscarinic receptor. As one of

the participants in this project, the majority of my efforts have

been directed toward this goal and this dissertation details these

efforts.

Chapter II describes the formulation of the new detergent system

and the development of rapid assays to facilitate routine identifi-

cation of soluble mAcChRs during subsequent fractionation proce-

dures. Chapter III describes the thermodynamic and kinetic evalua-

tion of the soluble mAcChR interactions with muscarinic ligands.

Chapter IV describes the discovery of carbohydrate moieties asso-

ciated with the atrial mAcChR and characterizes the glycoprotein pro-

perties of the soluble receptor. Chapter V describes the partial

purification of mAcChRs using lectin affinity chromatography and

evaluates the molecular properties of the partially purified receptor

in terms of its ligand binding characteristics and polypeptide

composition. Chapter VI is a short discussion and conclusions

section. The Appendix section gives the detailed procedure for

lectin affinity chromatography and describes some of the parameters

influencing mAcChR binding to the lectin affinity resin.
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CHAPTER II

SOLUBILIZATION OF. THE ATRIAL MUSCARINIC ACETYLCHOLINE RECEPTOR:
A NEW DETERGENT SYSTEM AND RAPID ASSAYS

Statement of Coauthorship

This research project, initiated by professor M.I. Schimerlik,

involved the development of a new detergent buffer system which quan-

titatively solubilized atrial muscarinic receptors. My contribution

to this work entailed the actual formulation of the mixed detergent

buffer and the early demonstration that this preparation'solubilized

3

[ H]-L-QNB binding sites. Subsequent work was aimed at the develop-

ment of rapid assay systems for the soluble receptor to facilitate

its further purification. My contribution here was to adapt a pub-

lished procedure using PEG precipitation for use in our detergent

system and to compare the QNB binding properties of the soluble

receptor using this assay with the results of equilibrium dialysit.

Christine Cremo developed the DEAE filter disc assay and together we

participated in comparing the results of both assay systems. Chris-

tine Cremo also worked on the stability studies. We wrote the manu-

script together; each sharing approximately 50% of the results and

discussion.
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Introduction

Molecular characterization of the mAcChR1 has been hampered by

the fact that a rich source of this receptor is not available [Rang,

1975]. In addition, solubilized mAcChR that retain ligand binding

activity have been difficult to prepare [Birdsall and Hulme, 1974].

Relatively low yields of muscarinic ligand binding sites have been

obtained in soluble form from brain tissue using saturated digitonin

[Repke and Matthies, 1980; Ruess and Lieflander, 1979; Aronstam et

al. Gorissen, et al. 1978; Hurko, 1978; Beld and Ariens, 1974],

Lubrol PX [Haga, 1980], and high salt concentrations [Alberts and

Bartfai, 1976; Carson et al. 1977]. Extraction of atrial membranes

with the mixed detergent system to be described permitted a near

quantitative [3H]-L-QNB site recovery. This paper describes the

first solubilization of mAcChRs froin cardiac tissue by any method.

Rapid assays employing PEG-6000 to preciptate the receptor-QNB com-

plex and DEAE filter disks were developed and used to quantitate

specific binding activities in detergent extracts.

lAbbreviations used: mAcChR, muscarinic acetylcholine receptor;
PEG-6000, polyethylene glycol-6000; PMSF, phenylmethanesulfonyl
fluoride; [3H]QNB L isomer of tritium-labeled quinuclidinyl
benzilate.
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Methods

[3H] -L -QNB (40.2 Ci/mmol), purchased from New England Nuclear,

cochromatographed with a nonlabeled standard (the generous gift of

Dr. W.E. Scott, Hoffman-La Roche Inc.) on Merck silica gel 60 plates

in chloroform:methanol:water:acetic acid (65:25:5:5; Rf=0.58) and

acetone:methanol:diethanolamine (10:10:0.3; Rf=0.38) solvent sys-

tems. Over 90% of the radioactivity was found in the QNB spot.

EDTA, bovine serum albumin, polyethylene glycol 6000, digitonil (Lot

No. 19C-0329), cholic acid, aprotinin, pepstatin, 1- globulin, phenyl-

methanesulfonyl fluoride, bacitracin, sodium azide, and atropine were

purchased from Sigma Chemical Company; 2.4 and 2.5 cm DEAE (DE81) and

GF/B filter discs were purchased from Whatman. Buffer A included 50

mM sodium phosphate, pH 7.4, 1 mM EDTA, 0.1 mM PMSF, 10 pg/m1 baci-

tracin and 0.02% sodium azide. Buffer B is defined as Buffer A with

0.4% (w/v) digitonin and 0.08% (w/v) cholate included. Buffer C is

defined as Buffer A with 4% (w/v) digitonin and 0.8% (w/v) cholate.

B. Preparation and Solubilization of Membranes

Atrial microsomes were prepared from fresh or frozen pig hearts

as described by Schimerlik and Searles [1980]. Specific activities

generally ranged between 300 and 500 pmol QNB sites per gram of

protein.
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Frozen atrial membranes were thawed immediately before use and

diluted with warm (22°C) Buffer A and Buffer C to final protein and

detergent concentrations of 3.0-3.5 mg/ml and 0.4% (w/v) digitonin,

0.08% (w/v) cholate, respectively. After 5 min of occasional

swirling at room temperature, the mixture was centrifuged at 100,000g

for 60 min at 4°C. The clear amber supernatant was removed with a

pipet and stored at 0°C.

[3H]-L-QNB Binding Assays

Membrane-bound mAcChR concentration was quantitated in terms of

[3H]-L-QNB sites as described by Yamamura and Snyder [ 1974].

Protein concentration was measured by the method Lowry et al.[1951],

as modified by Peterson [1977], with crystalline bovine serum albumin

as a standard.

For solubilized receptors, PEG precipitation assay was used as

follows. Detergent extract, 0.1 to 0.8 ml, was mixed with Buffer B

to a final volume of 1.0 ml in the presence of 10 nM [N]-L-QNB.

Nonspecific binding controls included 100 01 atropine. Equilibrium

was reached after incubation for 60 min at room temperature unless

otherwise stated. The mixture was placed on ice for 10 min and then

precipitated by adding 0.1 ml of cold 0.6% (w/v) y-globulin and 0.9

ml of cold 36% (w/v) PEG and vortexing for 10 s. After 25 min on

ice, duplicate 0.9-m1 aliquots were pipetted onto 2.4-cm glass-fiber

filters (GF/B) mounted on an Amicon vacuum manifold and immediately
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washed three times with 5 ml of ice-cold 16% PEG. The dry disks were

then placed into 5 ml of Triton - toluene scintillation fluid and

allowed to stand at least 1 h before counting.

The DEAE filter binding assay was modified from that originally

developed by Schmidt and Raftery [1973] and later used by Hurko

[1978] in studies on soluble brain mAcChRs. Detergent extracts were

incubated as described in the PEG precipitation assay except that the

buffer consisted of 10 mM sodium phosphate, pH 7.4, 1 mM EDTA, 0.4%

(w/v) digitonin, 0.08% cholate, 0.02% sodium azide, 10 pg/ml baci-

tracin, 0.1 mM PMSF. Aliquots were pipetted onto DEAE filter disks

that were impaled and suspended on pins or placed flat on a sheet of

aluminum foil. Maximum volumes pipetted were 0.1 ml for 2.4-cm and

0.15 ml for 2.5-cm filters. After 1-10 min, filters were washed at

room temperature by stirring in 200 -500 ml of 10 mM sodium phosphate,

pH 7.4, 1 mM EDTA buffer for 20 min. Filters were removed from the

wash, blotted on paper toweling, and placed into 5 ml Triton-toluene

scintillation fluid and counted after 1 h.

Equilibrium dialysis was performed to compare the two rapid

assays. To quantitate the solubilized receptor in terms of QNB

binding sites, aliquots of detergent extract in 1-cm dialysis tubing

were dialyzed separately against 25 ml of Buffer B containing'10 nM

[3H] -L -QNB for 30 h at 4°C. For equilibrium constant determinations

equal aliquots of extract were dialyzed against varying QNB concen-

trations in the dialysate. Nonspecific binding controls included 100



28

pM atropine. One hundred-microliter aliquots were removed from the

bags and dialysate and counted in 5 ml of Triton-toluene scintilla-

tion fluid. Net binding was measured by the difference in radio-

activity between equal volumes of proteirLsolution and dialysate.

For stability studies, frozen membranes that had been prepared

in the presence of 10 pg/ml bacitracin and 0.1 mM PMSF were diluted

100-fold in 10 mM sodium phosphate, pH 7.4, 1 mM EDTA buffer and

centrifuged at 30,000g for 1 h at 4°C. Pellets were resuspended and

extracted as described above except that no protease inhibitors were

present in the buffers. At time=0,- [3H]-L-OB and/or various

protease inhibitors were added to aliquots of the extract and the

mixture was either placed on ice or allowed to stand at room

temperature. Protease inhibitors were added to the following final

concentrations: pepstatin, 1 pg/ml; aprotinin, 20 Killikrein

Inhibitor Units/ml; bacitracin, 10 pg/ml; and PMSF, 0.1 mM. [3H]-L-

ONB binding was measured as described for the DEAE assay except that

the [3H] -L -QNB concentration was 15nM.

Results and Discussion

Solubilization

Opalescent suspensions of aqueous digitonin clarify in the pres-

ence of cholate, thus eliminating the need for heat and subsequent

precipitation to prepare accurate detergent buffers. Buffer B did

not precipitate at 4°C for up. to 6 months. The mixed detergent ratio
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of 5:1 digitonin to cholate represents the minimum proportion of

cholate which completely solubilized a 1% (w/v) suspension of aqueous

digitonin.

The concentration effect of this 5:1 detergent mixture on the

extraction of mAcChRs was determined over the range of 0.1-1.4% (w/v)

digitonin (data not shown). A maximum in the specific activity (nmol

of [3H]-L-QNB sites per gram of protein) of the extract was found at

digitonin concentrations between 0.3-0.4% (w/v). The higher deter-

gent concentrations did not significantly increase the total activity

solubilized (or inactivate the solubilized mAcChR); however, lower

specific activities were found due to an increase in total protein

extracted from the microsomes.

In contrast to previous methods which used saturated digitonin

solutions to solubilize brain tissue at 0°C for 1 h [Ruess and Lief-

lander, 1979; Aronstam et al. 1978.; Gorissen et al. 1978; Hurko,

1978; Beld and Ariens, 1974], extraction with digitonin-cholate

detergent system was complete in 5 min at 19-22°C. Membrane pnitein

concentration during extraction was varied between 0.5 and 6.2 mg/ml

(data not shown). Maximum PHT-L-QNB specific binding activity and

site recovery were obtained with protein concentrations between 2.7

and 3.2 mg/ml. Centrifugation of the detergent-treated membranes

between 15,000 and 150,000g for 1 h made no difference in the

recovery of total PH]-L-QNB sites from the supernatant. However, at

the higher angular velocities, specific binding activities were
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increased by approximately 10% if the supernatant was carefully

decanted to just above a viscous, yellow fluid which layered over the

unsolubilized membranes.

Under solubilization conditions described above, specific bind-

ing activities of 1.0 nmol [3H] -L-QNB sites/g protein and protein

concentration of approximately 1.0 mg/ml were routinely obtained in

the 100,000g supernatants. These values ranged between 0.7 and 2.0

nmol [3H]-L-QNB sites per gram of protein and 0.7 and 1.2 mg/ml,

respectively, depending on the membrane preparation used for solubil-

ization. In a typical experiment, about 87% of the total QNB sites

and 28% of the total protein in the membrane fractions were extracted

using the mixed detergent system. Recoveries of QNB sites ranged

between 75 and 98% which corresponded to a two- to threefold purifi-

cation over untreated membranes.

Using saturated digitonin solutions, solubilized muscarinic

ligand binding site recoveries from various brain preparations

between 5 and 50% have been reported [Ruess and Lieflander, 1979;

Aronstam et al. 1978; Gorissen et al. 1978; Hurko, 1978; Beld and

Ariens, 1974]. Haga [1980] reported 26% QNB site recovery from rat

brain using 0.32% Lubrol PX. We found 43% recovery of QNB sites from

atrial membranes and binding activities of approximately 450 pmol

[3H]-L-QNB sites/g protein using saturated digitonin solutions

according to the solubilization procedure of Hurko [1978].
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Assay Results

PEG and other high-molecular-weight nonionic polymers have been

used to fractionate macromolecules by selective exclusion from the

solvent system [Fried and Chun, 1971]. Methods for separating pro-

tein-ligand complexes from free ligand using PEG and a coprecipitant

such as /-globulin have been developed for radioimmunoassays

[Desbuquois and Aurbach, 1971] and peptide hormone receptor complexes

in detergent solutions [Cuatrecases, 1972]. A modification of this

procedure was used here to precipitate [3H] -L -QNB bound mAcChRs in a

digitonin-cholate buffer. The PEG assay requires approximately one-

third (25 vs 90 min) the precipitation time required by the ammonium

sulfate precipitation procedure of Hurko [1978]. In addition, the

presence of the cholate ion may interfere with the salting-out pro-

cess, although this possibility has not been tested. The interfer-

ence of other ions is unlikely in PEG precipitation since the rela-

tive decrease in solubility of proteins in polymer solutions is inde-

pendent of salt concentration and pH [Fried and Chun, 1971].

The results shown in Fig. II.1 demonstrate that [3H]-L-QNB bind-

ing to deteisgent extracts, as measured by the PEG assay, is linear

between 35 and 260 ug protein filtered. For the PEG assay, binding

curves are linear up to 900 ug protein filtered. At saturating

levels of radioligand, both DEAE filter disk and equilibrium dialysis

assays also yielded linear plots of specifically bound [3H]-L-QNB

versus protein nearly identical to the representative binding curve
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shown in Fig. II.1. Using the same extract, specific activities

obtained by these three methods are in good agreement, as can be seen

in Table 11.1. Therefore, it is reasonable to assume that the PEG

assay as described above quantitatively precipitates the radioligand-

receptor complex from the mixed digitonin-cholate detergent buffer.

The results of optimization experiments in which the concentra-

tions of PEG and y-globulin were independently varied are presented

in Fig. 11.3. Quantitative precipitation of QNB sites occurred only

at PEG and y-globulin concentrations equal to or higher than 16%

(w/v) and 0.03 (w/v), respectively. QNB site precipitation does not

vary between 0.13% (w/v) and 0.03% (w/v) digitonin (5:1 digitonin-

cholate) present at the precipitation step. At 0°C, at least 25 min

was required for complete precipitation.
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Figure II.1. Binding of [3H]-L -QNB to detergent extracts of
atrial membranes detected by the PEG precipitation assay as described
under Materials and Methods. Each, data point is the mean of
duplicate filtrations. A specific binding activity of (938 ± 36)
pmol [3H] -L- QNB /g protein was calculated using the weighted least-
squares method described by Bevington [1964]. open circles, net
counts per minute bound (i.e., total minus background cpm) closed
circles, counts per minute.bound in the presence of 10- M atropine.
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TABLE ILI

COMPARISON OF ASSAY METHODS FOR [3H] -L -QNB
BINDING TO SOLUBILIZED RECEPTOR

Method

Specific binding
pmol [3H]-1.-gN8/g

protein

PEG

DEAE

Equilibrium dialysis

938 ± 36

973 ± 58

918 ± 46

aThese data represent binding assays of a single detergent
extract. Nonspecific binding for all three methods was less than 3%
of the total binding. Uncertainties in each determination were cal-
culated as described in Fig. 11.1.*
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Figure 11.2. [3H] -L -QNB binding to solubilized muscarinic
receptor. A digitonin-cholate extract of atrial membranes, 270 pM in
[3H] -L -QNB sites, was equilibrated for 24 h at 4°C with varying con-
centrations of [3H] -L -QNB. Nonspecific binding controls included 100
04 atropine. [3H]-L-QN8 bound mAcChR concentration was measured by
the DEAE filter binding assay. After correction for nonspecifically
bound [3H]-L-QNB, data were plotted in the form of a Scatchar'd plot
(insert). Data points were the average of triplicate pipettings at
each [3H]-L-QNB concentration. Linear weighted least-squares
analysis gave a dissociation constant, calculated from the reciproCal
of the slope, equal to 323 ± 26 pM and a total concentration of [3H]-
L-QNB sites from the abscissa, equal to 284 ± 26 pM. The curve drawn
through the data points was calculated from the law of mass action by
using the calculated dissociation constant.
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Figure 11.3 Effects of PEG and y-globulin on the solubility of
[3H]-L-ONB-receptor complex in detergent (Buffer B). Percentage
precipitation values were calculated by dividing the counts per min-
ute at each point by counts per minute obtained under conditions as
described under Materials and Methods. Squares, varying y-globulin
concentration at 16% PEG, 500 pg filtered per point; circles, varying
PEG concentration at 0.03% y-globulin 271 pg,tiltered. Open symbols,
total [3H] -L -QNB binding; closed symbols, 10- M atropine controls.
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TABLE 11.2

EQUILIBRIUM DISSOCIATION CONSTANTS

Methods (00
Kda (pM)

Equilibrium dialysis 4 232 ± 9 2

PEG 4 233 + 10 2

DEAE 4 323 + 26 1

PEG 22 459 ± 74 2

DEAE 22 254 ± 10 3

aExcept for the Kd determination at 4°C by DEAE, each value is
the weighted mean of separate experiments as represented by the data
in Fig. 11.2. Uncertainties are the standard error of the weighted
mean.

b
Number of experiments.
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Figure 11.4 Stability of the solubilized mAcChR. Lower axis,
room temperature (19-22°C): closed dot, no QNB present; open dot, 15
nM PH]-L-QNB present. Upper axis, 0°C: closed square, no QNB pre-
sent; open square, 15 nM QNB present. [3H] -L -QNB binding was mea-
sured by the DEAE method. Protein 85 pg, was pipetted onto 2.4-cm
disks. All time points are averages of duplicate pipettings and
represent the counts per minute at time = t divided by counts per
minute at time t = 1 h.
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The data in Table II.1 indicate that the modified DEAE filter

disk binding assay also quantitatively measured the [3H] -L -QNB bind-

ing sites solubilized in the digitonin-cholate detergent system. At

saturating ligand concentrations, the specific binding of [3H]-L-08

to the solubilized mAcChR was linear over the range of 5 to 150 p9

protein applied to the filters. The small fluid capacity (0.1 to

0.15 ml) of the filters and the low protein concentrations (1 mg /ml)

of our extracts precluded evaluation of binding above 0.15 mg under

the conditions of the assay. Nonspecific binding was less than 3% of

the total [3H] -L -QNB binding.

Solubilized Porcine Atrial mAcChR Interactions with [3H]-L-08

The insert of Fig. 11.2 shows a Scatchard plot [Scatchard, 1949]

of [3H] -L -QNB binding to recOtors at 4°C as assayed by the DEAE

filter method. From the slope of the regression line, an overall

dissociation constant of (3.23 ± 0.26) x 10- 10 M was calculated. The

weighted means of various Kd values obtained using the PEG, DEAE, and

equilibrium dialysis methods are shown in Table 11.2. Schimerlik and

Searles [1980] report a dissociation constant of (4.1 ± 0.7) x 10

M for [3H]-L-QNB binding to the membrane bound mAcChR from pig

atria.
2

These results indicate that the solubilized mAcChR has a

11

2
Schimerlik and Searles [1980] report a Kd of (1.22 ± 0.12) x

10 M using a mixture of the D and L isomers a QNB. (4.1 ± 0.7) x
10- M is the calculated value of the K

d
for the L isomer, assuming

the D isomer does not bind to the receptor.
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different affinity for [3H]-L-QNB than that found in the membrane

bound state. This is not surprising, considering that work in many

laboratories [Heidmann and Changeaux, 1978; Raftery et al. 1975] has

shown that the state of the nicotinic acetylcholine receptor is

strongly dependent on its lipid/detergent environment. Aronstam et

al. [1977] have shown that the phospholipid environment effects QNB

binding to the membrane bound mAcChR in brain. For digitonin solu-

bilized brain mAcChRs, Aronstam et al., [1978] and Hurko [1978]

reported dissociation constants of (1.9 ± 1.0) x 10-10 M for DL-QNB

at 4°C and 3.7 x 10- 10 M for L-QNB. The dissociation constant for L-

QNB determined in our laboratory from a single experiment using

saturated digitonin solutions prepared according to the method of

Hurko [1978] equaled (8.6 ± 1.2) x 10-1° M.

Stability of Solubilized mAcChR

At 0°C or at room temperature, the solubilized mAcChR irrevers-

ibly loses [3H]-L-QNB binding activity at a faster rate than the

receptor-QNB complex (see Fig. 11.4). The decrease in [3H]-L-QNB

binding with time is biphasic for free receptors at room tempera-

ture. In the initial fast phase, 50% of the sites are destroyed in

approximately 9 h, whereas the second slow phase has a half-life of

approximately 80 h. At room temperature, the solubilized QNB-recep-

tor complex loses approximately 5% of its initial [3H]-L-QNB binding

activity in 70 h. At 0° C, the free receptor loses approximately 25%
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and QNB binding activity in 1 week. The loss in binding activity of

the free receptor with time at 0°C or room temperature was not

altered by the protease inhibitors pepstatin, aprotinin, bacitracin,

or PMSF (data not shown). Although the observed inactivation may be

due to proteolysis, these data indicate that the respective proteases

inhibited by these agents did not inactivate the receptor. Another

possible cause for the slow decrease in activity may be that the

mAcChR changes slowly to an inactive conformation when removed from

its native membrane environment. Aguilar et al. [1980] showed that

atropine protected against the inhibitory effect of Triton X-100 on

[3H] -L -QNB binding to mAcChRs in rat cerebral cortex. Perhaps L-QNB

binding induces a conformational change in the solubilized mAcChR

that either stabilizes the active conformation or protects the pro-

tein from proteolysis. The effects of other agents such as exogenous

lipids on mAcChR stability are worthy of future study.

Aronstam et al. [1978] and Carson et al. [1977] reported stabil-

ities of digitonin solubilized brain receptors at 4 and 5°C, respec-

tively, similar to those shown for 0°C in Fig. 11.4. Hurko [1978],

however, reported a 20% loss in QNB binding activity in 24 h at 4° C.

In summary, the mixed detergent system described here solubil-

izes mAcChRs in high yields from porcine atrial membranes. This is

the first report of mAcChR solubilization by any method from cardiac

tissue. Detergent extracts have [3H]-L-QNB specific binding activi-

ties two- to threefold higher than unextracted membranes and are
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shown to be very stable at 0° C. Excellent agreement was obtained

between the results of the two rapid assays with respect to specific

binding activities (Table II.1). Dissociation constants measured by

the PEG assay at 4°C agreed well with equilibrium dialysis while DEAE

assay results were slightly higher (Table 11.2). At 22°C, the PEG

assay gave a value for the dissociation constant of [3H]-L-QNB almost

twofold higher than the DEAE assay. The reasons for this difference

merit further study.

While digitonin has been used extensively to solubilize mem-

brane-associated proteins [Hoppel and Cooper, 1968; Hubbard, 1954],

little is known about its mode of action. Suggestions as to how it

may disrupt cell membranes have included digitonide formation with

membrane cholesterol [Hoppel and Cooper, 1968; Cooper and Lehninger,

1956]. However, recent evidence indicates that cholesterol need not

be present for digitonin to cause significant lysis of phospholipid

vesicles [Rosenqvist, Michaelsen and Vistres, 1980].

Commercially available digitonin is a mixture of several plant

glycosides [The Merck Index, 1976; Strain, 1943].3 When two of the

major digitalis saponins, digitonin and gitonin, were isolated and

tested separately for their ability to solubilize brain tissue [Repke

and Matthies, 1980], the recoveries of soluble mAcChRs were low com-

pared to extraction using a 3:2 digitonin/gitonin mixture. Since

3

The commercial product contains 70-80% digitonin, 10-20%
gitonin and tigonin, and 5-15% minor saponins [The Merck Index,
1976].
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pure gitonin is essentially insoluble in aqueous solution, whereas

pure digitonin is soluble [Repke and Matthies, 1980], previous

methods for preparing "saturated" digitonin solutions, which involve

heating to clarification and subsequent precipitation, may effec-

tively change the ratio of digitonin to gitonin or other saponins.

Aronstam et al. [1978] have reported that extraction of QNB sites

from brain tissue varied significantly depending upon the Sigma digi-

tonin lot number used. Similarly, preparations of both retinal

rhodopsin [Adams, 1969; Hubbard, 1965] and submitochondrial particles

[Hoppe] and Cooper, 1968; Schnaitman et al. 1967; Cooper and

Lehninger, 1956] vary depending on the source and the method by which

digitonin solutions were prepared.

The presence of cholate was required for optimum extraction of

active mAcChRs from atrial membranes. The combination of digitonin

and cholate has not, to our knowledge, been used previously to pre-

pare soluble mAcChRs. It is tempting to suggest that preferential

extraction of specific components which stabilize the membrane bound

mAcChR may involve cholate ions and/or the correct ratio of digitalis

saponins. Alternatively, low concentrations of cholate may be impor-

tant to mAcChR stability only after solubilization. Finally, to-

gether with any or all of the above effects, cholate may simply aug-

ment the extraction efficiency of certain membrane proteins by digi-

tonin.
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CHAPTER III

LIGAND INTERACTIONS WITH THE SOLUBILIZED PORCINE
ATRIAL MUSCARINIC RECEPTOR

Contribution of Coauthors

This project was undertaken to compare the ligand binding pro-

perties of the soluble mAcChR with those of the membrane bound recep-

tor. Professor M.J. Schimerlik provided the leadership for the

interpretation of experimental results and performed the kinetic

studies. My contribution entailed performing the equilibrium binding

experiments. The analysis of the kinetics was done by professor

Schimerlik while Steve Miller and I shared the analysis of the equil-

ibrium measurements. In addition, Steve Miller wrote the computer

programs for the data fitting. W-L. Manely provided technical assis-

tance with the routine preparation of materials for this study.
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Introduction

The physiological effects of the neurotransmitter acetylcholine

on the heart are thought to be mediated by (mAcChR's)I [Koelle,

1975]. Biochemical studies of this protein have been greatly facili-

tated by the introduction of the affinity alkylating agent PrBCM

[Young et al., 1972] as well as the radiolabeled derivative of the

potent muscarinic antagonist L-QNB [Yamamura and Snyder, 1974].

This membrane-bound neuroreceptor has been solubilized from brain by

salt treatment [Alberts and Bartfai, 1976; Carson et al., 1977],

digitonin [Aronstam et al., 1978; Gorissen et al., 1978], and lubrol

PX [Haga, 1980]. A recent communication from this laboratory [Cremo

et al., 1981] reported' the first solubilization of mAcChR's from

atrial microsomes with almost quantitative recovery by using a mixed

detergent system consisting of 0.4% w/v digitonin and 0.08% w/v

cholate.

The purpose of this paper is to characterize the solubilized

mAcChR from porcine atria with respect to its interactions with

muscarinic ligands. Data presented below indicate that the solubil-

ized mAcChR interacts in a stereospecific manner, binding the pharma-

cologically active isomer of benzetimide 2500-fold tighter than the

inactive isomer. Antagonists and local anesthetics appear tb have

1Abbreviations: mAcChR, muscarinic, acetylcholine receptor; L-
QNB, L isomer of quinuclidinyl benzilate; [3H]-L-QNB, tritiated L

isomer of quinuclidinyl benzilate; EDTA, ethylenediaminetetracetic
acid; PrBCM, propylbenzilylcholine mustard; PMSF,
phenylmethanesulfonyl fluoride.
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about the same affinity for the solubilized mAcChR as was found for

the membrane-bound protein while agonists interact with a single pop-

ulation of sites that correspond to the low-affinity class of agonist

sites observed in the membrane-bound preparation [Schimerlik and

Searles, 1980]. Kinetic studies of [3H]-L-QNB binding to the mem-

brane indicated that the kinetic mechanism entails formation of an

initial mAcChR-[3H]-L-QNB complex in a rapid preequilibrium whiCh

then undergoes a slow conformational change.

Materials and Methods

The mAcChR was solubilized from porcine atrial microsomes in 10

mM sodium phosphate, 1 mM EDTA, 1 mM PMSF, 0.4% w/v digitonin, and

0.08% w/v cholate buffer, pH 7.4, as described by Cremo et al.

[1981]. The solubilized receptor was quantitated in terms of QNB

binding sites [Yamamura and Snyder, 1974] by using the DEAF filter

disc assay developed by Schmidt and Raftery [1973] and modified in

this laboratory for use in the above-mentioned buffer system [Cremo

et al., 1981]. Protein concentration was determined by the method of

Lowry et al. [1951] as modified by Peterson [1977] with crystalline

bovine serum albumin as the standard. Specific activities of the

solubilized extract varied betwen 1 and 5 nmol of QNB sites per g of

protein, and recoveries of total QNB sites from the atrial microsomes

were between 85 and 98%. The solubilized mAcChR was either used

immediately or stored at 0°C where it appeared to be stable for at
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least a week (about 20% of the total QNB sites were lost after 8 days

at 0°C).

[3H] -L -QNB (40.2 Ci/mmol), purchased from New England Nuclear,

cochromatographed with a nonlabeled standard (the gift of Dr. W. E.

Scott, Hoffman-LaRoche Inc.) on Merck silica gel 60 plates in CHC13-

Me0H-water-acetic acid (65:25:5:5, Rf 0.58) and acetone-methanol-

diethanolamine (10:10:0.3, Rf 0.38) with over 90% of the radio-

activity in the QNB spot. Acetylcholine, carbamoylcholine, eserine,

scopolamine, tetracaine, and atropine were from Sigma Chemical Co.

Pilocarpine and oxotremorine were purchased from Aldrich Chemical Co.

Dibucaine, procainamide, lidocaine, and quinidine were purchased from

Pfaltz and Bauer, while dexetimide and levetimide were from Janssen

Pharmaceutica.

Equilibrium titrations were performed by adding the compteting

ligand to buffer plus protein followed by addition of [31-1]-L-QNB to

the desired concentration after about 10 min. Equilibrium was

reached after 1-2 h at which time 100-pL aliquots of solutions were

applied to 2.4-cm DEAE disks (or 150-pL aliquots to 2.5-cm disks,

Whatman). The solution was allowed to soak for 1-3 min, and the

disks were washed twice for 10 min each in 10 mM sodium phosphate-1

mM EDTA, pH 7.4, buffer. Disks were then dried and counted [Beckman

Model L53133P scintillation counter) in Triton-toluene scintillation

fluid. An aliquot of the incubation mixture was also removed and

counted to determine the total [3H] -L -QNB concentration. Free ligand
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concentration was then calculated from total minus bound [3H]-L-QNB

concentration. Nonspecifically bound ligand, determined in the pres-

ence of 10 1,14 atropine, was less than 5% of the total label bound at

[3H]-L-QNB concentrations up to 15 nM.

Kinetic studies were done by using methodology similar to the

equilibrium titrations. Experiments to determine the association

rate constant for L-QNB to the mAcChR were done under pseudo-first-

order conditions with the ligand in 10-fold excess over binding

sites. Identical rates were observed for QNB association whether the

reaction mixture was quenched by pipetting onto OBE filter disks or

by addition of a 20-fold excess of unlabeled QNB prior to application

to the disk. These results indicated that the reaction was quenched

by the disk essentially within the application time for the solution

(5-15 s), and therefore, this method was suitable for use in kinetic

studies. The rate constant for [3H]-L-QNB dissociation from the

solubilized mAcChR was measured by addition of varying concentrations

of competing ligand to a solution of mAcChR plus [3H] -L -QNB that had

been preequilibrated at room temperature. When the rate constant for

[3H]-L-QNB dissociation was measured by dilution of the mAcChR-[3H]-

L-QNB complex, a solution 1 nM in both L-QNB sites and [3H]-L-QNB was

equilibrated for 90 min at room temperature, followed by 10-fold

dilution. Aliquots (600 uL) were then pipetted onto 2-in. squares of

0E81 paper at time t, washed, and counted as described above.
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Data Evaluation

Equilibrium titration curves measuring [3H]-L-QNB displacement

were analyzed by using weighted least-squares fits to either eq 1 or

2. In eq 1, the value of the j function

[Io] - 1 = j = [Q] Ki (1)

[R0](1 - RQ/RQ0) [RQ] K

No] [Q]
RQ =

(2)
K(1 + [I0]/K1) [Q]

(Best-Belpomme and Dessen, 1973) was computed from the total concen-

tration of QNB sites ([R0]) and the fractional saturation of QNB

sites (RQ) at total inhibitor concentrations ([Io]) and in the

absence of inhibitor (RM. [Q] and [RQ] were the concentrations of

free and specifically bound [3H]-L-QNB at each inhibitor concentra-

tion, respectively, and Ki and K are the dissociation constants for

inhibitor and L-QNB, respectively. The value for the Ki for a given

competitive inhibitor was then calculated from the slope of the plot

of 3 vs. [Q]/[RQ] by using the dissociation constant for L-QNB.

Equation 2, adapted from the weighted least-squares fitting pro-

grams of Cleland [1967] for use in ligand binding studies, permitted

calculation of Ro concentration, K, and Ki in a single experiment.

Comparison of the computed values for [Ro] and K with their pre-

viously determined values (e.g., from QNB site assay and Scatchard

plot data, respectively) allowed a check on the internal consistency

of the experiment. In all experiments where data were fit by using
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eq 2, significant binding of inhibitor did not occur until the total

inhibitor concentration was in large excess over the concentration of

L-QNB sites, thus
CI -free

was essentially equal to [Io].

Kinetic data were analyzed by a least-squares fit to eq 3 where

T was the relaxation time, (cpm)t was the radioactivity

1(cPm)., (cpm)tI
-1In

1(cPm). - (cPR)Nsi (3)

bound at time t, (cpm). was the radioactivity bound at equilibrium,

and (cpm) Ns is the nonspecifically.bound [3H]-L-QNB. Control experi-

ments showed that nonspecific binding equilibrated rapidly compared

to [3H]QNB association/dissociation with the solubilized mAcChR.

Therefore, it was treated as an additive constant to both terms in

the numerator of the fraction in eq 3 and cancels.

The fit of the data in Figure 3-to eq 6 in the text was done by

the method of weighted least squares where weight in factors were

calculated according to Bevington [1969]. 1_1 was first estimated

by extrapolation of the plot of T1 vs. [3H] -L -QNB concentration to

zero L-QNB concentration (see eq 5). Using this value for k_l , we

calculated k1 and K from the weighted double-reciprocal fit (Figure

3, insert).
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Figure III.1 [3H] -L -QNB binding to the solubilized mAcChR.
Detergent extract, 250 pM in L-QNB sites, in a total volume of 1.2
mL, was equilibrated for 90 min at 25°C with varying concentrations
of [3H] -L -QNB. After removal of triplicate 100-uL aliquots for mea-
surement of total [31-1] -L-QNB concentration, triplicate 150-4 samples
were pipetted onto 2.5 cm DEAE disks and washed as described under
Materials and Methods. After correction for nonspecifically bound
label determined in the presence of 10 pM atropine, the data were
analyzed in the form of a Scatchard plot (insert). Weighted 'least-
squares analysis gave a dissociation constant, calculated from the
reciprocal of the slope, equal to (1.9 ± 0.4) x 10-10 M and the total
concentration of sites, calculated from the abscissa, equal to 262 ±
14 pM. The curve drawn through the data points was computed from the
law of mass action by using the computed values for K and
[R0]. ov
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Results

Interactions of [3H]-L-QNB with the Solubilized mAcChR. The

equilibrium dissociation constant for L-QNB binding to the mAcChR was

determined by using a Scatchard plot [Scatchard, 1949; Figure

III.1]. From the reciprocal of the slope of the weighted least-

squares fit to the data (Figure III.1 insert), an overall dissocia-

tion constant of 190 t 40 pM was calculated. These data indicate

that at equilibrium L-QNB appeared to bind noncooperatively to a

single class of sites. The weighted average of four such determina-

tions and values determined from the fit of double-reciprocal plots

to eq 2 [(2.50 ± 0.45) x 10-10 M, given in Table III.1] were used to

compute the Ki values for inhibitors from eq. 1.

Kinetic studies measuring the rate of [3H] -L -QNB association

with the mAcChR under pseudo-first-order conditions (Figure 111.2)

showed a single exponential to over 90% of completion of the reac-

tion, again indicating the homogeneity of the mAcChR preparation with

respect to interaction with L-QNB. The calculated intercept of 95 ±

7% indicated that within experimental error all the specifically

bound [N]-L-QNB could be attributed to the single kinetic phase.

When the value of T
_1

for L-QNB association with the mAcChR was

determined as a function of [3H] -L -QNB concentration (the mAcChR

concentration was also varied such that the reactions were always

measured under pseudo-first-order conditions), it appeared to be non-

linear, leveling off at higher ligand concentrations (Figure 111.3).
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TABLE III.1

EQUILIBRIUM DISSOCIATION CONSTANTS FOR
MUSCARINIC LIGANDSa

classification compound
dissociation

constant method b

antagonist

agonist

local anesthetic

L-QNB
atropine
scopolamine
dexetimide
levetimide

acetylcholinec
carbamoylcholine
oxotremorine
pilocarpine

lidocaine
dibucaine
tetracaine
procaine
quinidine

1

(2.5 ± 0.4) x 10
(1.1 ± 0.1) x 10

u

(4.9 ± 1.0) x 10-
9

10
(9.0 + 1.8) x 10 -6
(2.1 ± 0.4) x 10-

(1.6 ± 0.3) x 10 -5c
(5.7 ± 1.0) x 10N
(3.2 + 1.4) x 10_6
(1.2 ± 0.7) x 10-

5
(1.3 ± 0.2) x 10 -5
(2.5 ± 0.3) x 10__5

6
(0.4 ± 1.0) x 10_5
(1.9 + 0.1) x 10_5
(1.5 t 0.2) x 10-

II

I

I

I

I

I

II

II

II

II

a
pH 7.4 in the previously described buffer. bMethod I was from

a fit to eq 1 by using the j function; method II, double-reciprocal
plots fit to eq 2; method III, a Scatchard plot. cln the previously
described buffer, pH 6.9, plus 8 1111 eserine. At this concentration,
eserine did not significantly inhibit [3H]-L -QNB binding.



12 16 20 24 28 32

i (min)

56

Figure 111.2 Time course for [41]-L-QNB association with the
mAcChR. [3H]-L-QNB (final concentration 2.28 nM) was added to the
solubilized mAcChR (final concentration 0.22 nM in L-QNB sites) in a
total volume of 4.0 mL (0.24 mg/mL protein) at time zero. At time t,
150-pL aliquots were quenched by pipetting onto 2.5-cm diameter DEAF
filter disks. Equilibrium values were measured after 3 h. A least-
squares fit of the_pata to eq 3 gave an intercept value of 95 + 7%
and a value3 for, T calculated from the slope equal to (1.66 ±
0.05) x 10- s . The curve drawn through the data points is the
theoretical plot calculated for a single relaxation by using the
experimentally determined values.



The simplest mechanism consistent with these data is given in eq 4.

K
k

1R + RQ'
1

57

(4)

The mAcChR (R) binds L-QNB (Q) in rapid equilibrium to form the RQ

complex with K=ERHOL[RQ]. The RQ complex then undergoes a confor-

mational change to RQ' with rate constants k1 and k..1 in the forward

and reverse directions, respectively. In the above mechanism, the

first step must be unobservably fast, or two exponentials would be

found [Quast et al., 1974]. Furthermore, the RQ' complex must be

the exclusive source of bound label since Q rapidly dissociates from

RQ.during the washing step. The dependence of the relaxation time on

ligand concentration for the above mechanism is given in. eq 5. The

data were computed from a weighted.

k
1
[Q]

T =

K +[Q]
(5)

least-squares fit to the reciprocal form of this equation (see Figure

111.3 and Data Evaluation) after k_i was estimated by extrapolation

of the plot T 1 vs. [M]-L-QNB concentration to zero ligand concen-

tration.

(T-1 k_0-1. K 1

ki [Q] k1
(6)
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The values obtained from the data evaluation where k 1 = 1.7 x 10-4

s -1, and K = (5.7 ± 2.2) x 10-
9

M. Since Ki = k_i/k1<< 1, the

overall dissociation constant for L-QNB from the mAcChR, Kov =

Pi[Q]/(B0 + PQ']), is approximately equal to KK1 = (2.3 ± 1.2) x

10-
10

M. This value agrees well with the measurements of Kov from

either Scatchard plots or fits to eq 2, indicating the consistency of

the thermodynamic and kinetic measurements.

The rate constant for [31-] -L-QNB dissociation from the mAcChR-

[3H]-L-QNB complex was determined with both antagonists and agonists

as displacing ligands or by dilution of the mAcChR-[41]-L-QNB com-

plex. The data in Figure 111.4 (10 IN atropine as the displacing

ligand) show a single kinetic phase for dissociation when the reac-

tion was followed up to 80% of completion. The ordinate intercept of

100 + 3%, calculated from a leas.t-squares fit to the data (Figure

111.4 insert), indicated the absence of any rapid phase in the disso-

ciation kinetics. The observed rate constant for L-QNB dissociation

from the receptor, equal to (4.0 ± 0.3) x 10-
5

s
_1

(weighted average

of ten experiments), was a factor of 4-fold slower than that pre-

dicted from the analysis of eq 5 and 6. The observed rate constant

for L-QNB dissociation and the number of kinetic phases did not vary

over atropine concentrations from 10-
8

to 10-
5

M, unlabeled DL-QNB

concentrations to 1.5 x 10
_8

M, 10-
2

M carbamoylcholine, or 7.5 x 10-

y M oxotremorine. The same value was also found when the rate con-

stant for L-QNB dissociation was measured by 10-fold dilution of the
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mAcChR- [3H] -L -QNB complex. Thus, the observed rate for L-QNB disso-

ciation appeared to be independent of the concentration and structure

of the competing ligand over the concentration range studied.

Equilibrium Titrations

Agonists, antagonists, and local anesthetics appeared to dis

place [3H]-L-QNB in a competitive manner from a single class of

sites. Data obtained from,fitting equilibrium titrations to eq 1 and

2 are shown in Figure 11.1.5 (for the agonist acetylcholine) and

Figure 111.6 (for the local anesthetic tetracaine), respectively.

DisSociation constants determined for all classes of ligands are sum-

marized in Table 111.1.

Discussion

The kinetic studies reported above for L-QNB association with

the mAcChR indicate that QNB induces a conformational change in the

solubilized mAcChR, similar to that previously reported for the mem-

brane-bound atrial mAcChR [Schimerlik and Searles, 1980]. The values

of 1(.4 obtained for the solubilized mAcChR agree within a factor of

2 with those reported for the membrane-bound mAcChR; however, the

prequilibrium constant (K) appears to be about 6-fold higher for the

solubilized mAcChR. Thus, the difference in Kov for L-QNB binding to

the solubilized mAcChR (2.30 x 10-
10

M) compared to the membrane-

bound protein (4.1 x 10'11 M)2 appears to lie in the
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Figure 111.3 Dependence of T 1 on [3H] -L-QNB concentration.
The curve throiohithe data was calc4latied by using
k_i= 1.7 x 10- s , kl= 4.0 x 10 s ' and K = 5.7 x 10-9 M. The
insert is a weighted least-squar?s ifit to eq 5 that permitted salcu-
lation of k1= (4.0 t 1.5) x 10- s and K = (5.7 t 2.2) x 10- M by
using the alpove estimate for 1(...1 obtained by extrapolation to the
value for T at zero [31-1]-1..-QNB concentration.
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Figure 111.4 Time course for [3H] -L-QNB dissociation. mAcChR
(final concentration 0.92 nM in L-QNB sites, 1.0 mg/mL protein) plus
1 nM [41]-L-QNB were incubated for 1 h at room temperature (total
volume 4 mL). At time zero, atropine (final concentration 10 01) was
added, and 100-11 aliquots were withdrawn at time t, pipetted onto
2.4-cm DEAE disks to quench the reaction, and washed as described
under Materials and Methods. Data were fit to eq 3 (insert) to give
an ordinate intercept of -100 ± 3% and an observed rate constant equal
to (3.4 ± 0.2) x 10- s . The curve drawn through the data points
is the theoretical curve for a single exponential by using the calcu-
lated values from the data fit.
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Figure 111.5 Acetylcholine titration of specifically bound
PHI-L-QNB. Titration was performed as described under Materials and
Methods except that the pH was adjusted to 6.9 and 8 IV eserine was
included. Final concentrations were as follows: 1.05 nM [3H] -L -QNB;
0.33 nM l -QNB sites (0.7 mg/mL protein in 300-11 total volume).
Points represent the average of duplicate determinations. The data
were evaluated by a weighted least-squares fit to eq 1 (insert) to
give a dissociation constant of (1.6 i 0.3) x 10-5 M. The curve
through the data points was calculated by using this value, a disso-
ciation constant of 2.5 x 10-10 M for L-QNB (Table 1), and the
experimentally determined free [3H]-L -QNB concentrations.
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Figure 111.6 Tetracaine titration of specifically bound [3H]-L-
QNB. Titration was performed as described under Materials and
Methods. Final concentration of L-QNB sites was 0.21 nM in a total
volume of 400 uL (0.95 mg/mL protein). The data were evaluated by
using a weighted least-squares fit to eq 2, giving values of K = (2.7
± 0.3) x 10-10 M for -4

Lr-1-1]-L-QNB, Ki = (9.4 ± 1.0) x 10-6 for tetra-caine, and [Ru] = 0.21 ± 0.01 nM. Lines through the data were com-
puted from this fit.
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value of K rather than the rate constants for the conformational

change once the antagonist-mAcChR precomplex has been formed.

The data in Figure 111.3 were also fit to eq 7 which describes

the dependence or T 1 on ligand concentration for a simple

biomolecular

_1
T = ki[Q] k_1

(7)

5 _1 _1
association reaction. The values obtained for 1(1(3.7 x 10 M s )

and k_1(3.3 x 10
4 1

) s , give a dissociation constant

(k_i/ki) of 9 x.10-10M, 4-fold higher than that found in equilibrium

measurements. An additional reason for discarding the simple biomo-

lecular association mechanism was that the computed forward rate

constant was at least 2 orders of magnitude too slow for a diffusion-

controlled association [NammeS, 1978; Bonner et al, 1976]. Models

involving either two slowly equilibrating receptor forms where only

one state binds L-QNB or two-state mechanisms where ligand binding is

fast compared to protein isomerizations can also be discarded for

reasons identical with those presented for the membrane-bound mAcChR

[Schimerlik and Searles, 1980].

Although the values for Kov determined thermodynamically agree

with the values determined from the kinetic studies of L-QNB associa-

tion with the mAcChR, there was a 4-fold difference between the value

of k_i determined from the extrapolation of T
1

vs. [3H]-L-QNB con-

centrations to zero ligand concentration and that determined directly
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by displacement of the label. The possibility that the mechanism for

L-QNB dissociation was via a ternary complex between [3H]-L-QNB,

mAcChR, and displacing ligand [suggested in a preliminary report of

these data; Herron et al., 1981] was discarded since the dissociation

rate constant was the same whether it was measured in the presence of

an excess of competitive inhibitor, or directly by dilution of the

receptor-[3H] -L-QNB complex. The possibility that his descrepancy

was due to an artifact of the DEAE assay cannot be totally dis-

counted; however, control experiments [Cremo et al., 1981] have shown

that the values for Kov and total L-QNB sites determined by this

method agree quite well with those determined by equilibrium dialy-

sis. This would not be expected if [3H]-L-QNB was somehow nonspecif-

ically trapped on the disk or one rate constant in the overall

mechanism was selectively altered by a factor of 4.

If the data in Figure 111.3 are refit to eq 6 by using the

experimentally determined value for K..1 equal to (4.0 ± 0.3) x 10-5
_

s
1

, one can calculate K = (8.6 ± 6.6) x 10-
9
M, kl = (6.3 ± 4.8) x

10-
3 _1

, and Kov = (5.5 ± 5.0) x 0
_11

M. Thus,ov 55 1 Th using the

experimentally determined value for k..1 results in poorly determined

values for k1, K, and Kov, with Kov being about 4-5 fold lower than

that value found from thermodynamic studies.

In an attempt to rationalize the difference in k..1 obtained by

extrapolation to zero ligand concentration vs. the experimentally

determined value, three possibilities were considered. The simplest
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was that the mechanism given in eq 4 is correct, and the value for

K
ov determined by using the experimentally determined value

for k_1(as opposed to thermodynamic measurements) was an accurate

reflection of the limitations (e.g., within a factor of 4-5) of the

DEAE assay. The second possibility was that the experimentally

observed rate constant for L-QNB dissociation was not equal to the

true value for k
-1 obtained by extrapolation to zero L-QNB concen-

tration. This situation might arise if the [41]-L-QNB, a hydrophobic

ligand, could not freely dissociate from the protein-lipid detergent

mixed micelle containing the receptor. In this case, the local con-

centration of radiolabeled ligand may not be equal to zero, and sig-

nificant reassociation may be occurring, driving the reaction back-

ward toward RQ' formation. This would not affect the equilibrium

measurements since once the reaction was quenched the DEAE disks were

washed in a large volume of 10 intl. vhosphate buffer, containing no

detergent. This could cause micelle disruption followed by dissocia-

tion of any weakly bound ligand, leaving only the specifically bOund

PH] -L-QNB-mAcChR (RQ") complex bound to the disk. The final alter-

native is that the mechanism in eq 4 is not complete, and a more

complex mechanism that involves saturation of various preequilibria,

_1
and therefore a hyperbolic dependence of T on L-QNB concentration,

must be sought. The last possibility must be emphasized in view of

previous reports of anomalous dissociation kinetics in the membrane-

bound porcine mAcChR [Schimerlik and Searles, 1980] and digitonin-
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solubilized mAcChR from bovine [Hurko, 1978] and rat [Gorissen et

al., 1978] brain.

Equilibrium titrations showed that agonists, antagonists, and

local anesthetics all appeared to displace [3H]-L-QNB in a competi-

tive manner from a single class of binding sites. The affinity of

antagonists and local anesthetics for the solubilized mAcChR appeared

to agree reasonably well (within factors of 2-5) with those values

previously reported for the mAcChR in the membrane-bound state. The

fact that stereospecificity in ligand binding was maintained upon

solubilization of the mAcChR was shown by the 2500-fold tighter bind-

ing of dexetimide (the pharmacologically active isomer of benzeti-

mide) compared to the inactive isomer levetimide.

The behavior of agonists, however, differed from previous

results which showed strongly biphasic titration curves [Schimerlik

and Searles, 1980] for displacement. of [3H] -L -QNB from the membrane-

bound mAcChR. Those experiments were analyzed in terms of two

noninterconvertible classes of membrane-bound mAcChR's having either

low (65-80% of the total L-QNB sites) or high affinity (20-35% of the

total number of L-QNB sites) for agonists. The dissociation

constants for'three of the four agonists studied agreed quite well

with those values determined for the low-affinity membrane'-bound

agonist sites. The value of the dissociation constant for

pilocarpine determined above (1 x 10-6 M) fell between those values

found for high- (2.2 x 10-7 M) and low-affinity (2 x 10-5 M) sites.
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Several possibilities may be considered to explain the loss of

biphasicity in the agonist titration data. The first possibility, a

selective solubilization of only the low-affinity agonist sites,

seemed unlikely since 85-95% of the total L-QNB sites in the atrial

microsomes were recovered in the detergent extract. The second

possibility was that these are two structurally distinct types of

membrane-bound mAcChR in porcine atria, and detergent solubilization

affected only the high-affinity agonist sites, converting them to

low-affinity sites. While this possibility cannot be discounted, it

would certainly be fortuitous that the modified population would

interact toward all ligands sudies in the same manner as the unmodi-

fied population. The third possibility is that the ligand binding

units of both populations of mAcChR are similar; however, the high-

affinity agonist sites were coupled to a second protein or subunit

that serves as either regulator or effector, and detergent solubili-

zation disrupts this interaction. Since agonist binding to the

mAcChR in the heart has been shown to activate a guanylate cyclase

[George et al., 1970], and agonist affinity has been modulated by

both guanyl nucleotides and cations [Berrie et al., 1979; Rosenberger

et al., 1980; Sokolovsky et al., 1980), this suggestion, made origin-

ally by Birdsall et al. [1979], does not seem unreasonable.

In summary, this paper presents a study of ligand interactions

with the mAcChR solubilized from porcine atrial microsomes in a mixed

detergent system consisting of 0.4% w/v digitonin and 0.08% w/v
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cholate. Dissociation constants for local anesthetics and antagon-

ists agree fairly well with those found for the membrane-bound mAcChR

in porcine atrial microsomes while agonists interact with a single

population of L-QNB sites that correspond to the populations of mem-

brane-bound mAcChR's having low affinity for agonists. The kinetic

mechanism for L-QNB binding to the solubilized mAcChR appears to be

similar to that found for the membrane-bound protein although

anomalous dissociation kinetics indicate that a more complicated

mechanism may be needed to completely explain the data in both cases.
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CHAPTER IV

GLYCOPROTEIN PROPERTIES OF THE SOLUBILIZED
ATRIAL MUSCARINIC ACETYLOCHOLINE RECEPTORt

1Abbreviations

mAcChR = muscarinic acetylcholine receptor

ConA = Concanavalia ensiformis agglutinin

LcH - Lens culinaris agglutinin

WGA . Wheat germ agglutinin

SucWGA = Succinylated wheat germ agglutinin

DBA = Dolichos biflorus agglutinin

SBA = Soybean agglutinin

PNA = Peanut agglutinin

UEA = Ulex europaeus agglutinin

RCA I and II = Ricinus communis agglutinin I and II

13Hj-L-QNB = tritium labeled L isomer of quinucldinyl benzylate

GlcNAc = pN-acetylglucosamine

Ga1NAc = (3-N-acetylgalactosamine

NeuNAc = Sialic Acid = 13-N-acetylneuraminic acid

DEAE = Diethylamino ethyl

Buffer A = 0.4% (w/v) digitonin, 0.08% (w/v) cholate, 25 mM

Imidazole pH 7.4, 1 mM EDTA, 250 mM NaC1

2

Buffer A contains 3.25 mM digitonin and 1.96 mM cholate. Assuming 2
moles each of glucose, galactose and xylose per mole digitonin, Buf-
fer A contains 6.5 mM glucose, galactose and xylose.
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Introduction

Parasympathetic regulation of cardiac function is achieved

through the action of acetylcholine released by the vagus nerve

(Katz, 1977). The physiological response to vagal stimulation is

thought to be mediated by muscarinic acetylcholine receptors

(mAcChRs) located primarily in the atrial cell membrane (Trautwein,

1973).

This laboratory has recently reported the solubilization

atrial mAcChRs in high yields with a mixed detergent system of digi-

tonin and cholate (Cremo et al., 1981). We have also shown that the

soluble mAcChR interacts with muscarinic ligands ina manner which is

similar to the membrane bound receptor (Herron et al., 1982).

Most neurotransmitter receptors are integral membrane proteins

and as such, are usually glycosylated (Sharon and Lis, 1982; Jacobs

and Cuatrecasas, 1981). This communication describes the carbohy

drate characteristics of the soluble mAcChR using sugar-specific

plant lectin binding and glycosidase digestion techniques.

Materials and Methods

CHJ-L-QN8 (33.1 Ci/mMol) was obtained from New England Nucle-

ar. Neuraminidase Type V from Clostridium perfringens (EC
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3.2.1.18), 13-N-acetylglucosaminindase from Jack bean (EC 3.2.1.20),

ovomucoid, bovine submaxillary mucin, human IgG, chitin,

G1cNAc, f3- lactose, thiobarbituric acid, N-acetyl neuramin-lactose,

and p-nitrophenyl-f3-2-acetamido-2-deoxy-D-glucopyranoside were ob-

tained from Sigma. Agarose-bound ConA, DBA, SBA, PNA, UEA, RCA' and

RCA
II were obtained from Vector Laboratories. All other chromatogra-

phic resins were obtained from BioRad. LcH was purified according to

Hayman and Crumpton (1972) and attached to CNBr-activated BioGel A

1.5 M according to March et al. (1974). WGA was purified according

to Kahane et al. (1976) and succinylated according to Monsigny et al.

(1979). They were then coupled to AffiGe1-10 in 0.1 M HEPES pH 7.5,

0.1 M G1cNAc at a concentration of 9 mg/ml gel. Chitin oligosacchar-

ides were prepared according to Rupley (1964), and separated on a

BioGel P2 column according to Raftery et al. (1969). The oligomer

containing fractions were pooled and reacetylated with acetic anhydr-

ide before being lyophilized.

Free sialic acid was quantitated by a modification of the thio-

barbituric acid assay (Yeh et al., 1971). Total sialic acid was

measured by acid hydrolysis according to Schauer (1982). Reducing

sugars were determined by the method of Sumner (1921) and protein by

the method of Peterson 1977)
3

( [. H]-L-QNB binding activity wa's mea-

sured according to Cremo et al. (1981). Atrial membranes were pre-

pared by a modification of Peterson and Schirnerlik (1982) and a

detergent extract of the membranes was prepared by a modification of
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the procedure used by Cremo et al. (1981).

Preparative WGA affinity chromatography was performed. at 4 C by

applying 8 mg protein (approximately 4 ml detergent extract) per ml

of gel and washing with one column volume of Buffer A at a flow rate

of 25 ml/hr. After one column volume of 10 mM GlcNAc, the mAcChR was

eluted with two column volumes of 0.2 M GlcNAc. The fractions from

the peak of the 0.2 M sugar eluate were pooled (WGA-Pool) and the

sugar was removed by gel filtration on a BioGel P-10 column.

Results

The results of binding experiments in which the soluble mAcChR

Was applied to lectin columns are shown in Table IV.I. Receptor

binding activity was considered specific if QNB sites were absorbed

by the resin in the presence of 250 mM NaC1 and subsequently eluted

by the appropriate sugar hapten.

Of the lectins tested, only WGA exhibited both high capacity and

reversible binding to the soluble mAcChR. RCA/ and RCA'', both spe-

cific for D-galactosyl residues, bound mAcChR reproducibly but at a

much lower concentration compared to WGA. Elution with 0.2 M -lac-

tose yielded fractional recovery of receptor. SBA and DBA, both

specific for Ga1NAc units appeared to bind a small amount of soluble

mAcChR but not reproducibly and the sites were not elutable with 0.2

M Ga1NAc.

The total amount of mAcChR binding to WGA-agarose and more
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importantly, the percent recovery of QNB sites from the column was

found to be dependent on the density of lectin coupled to the gel,

the amount of protein applied. to the column and the flow rate. The

conditions used to run the preparative WGA affinity column (Materials

and Methods) represent the results of experiments in which these

parameters were optimized.

Approximately 95% of the applied protein elutes in the void

volume of the preparative WGA column while over 90% of the mAcChR is

specifically bound. It was found that 2% of the weakly bound protein

and 6-8% of the receptor could be eluted with 10 mM GlcNAc. Elution

with 200 mM GlcNAc results in the recovery of 2% protein and 52-54%

of the receptor, yielding a 20 to 25 fold purification of QNB sites

relative to detergent extract (data not shown). This fraction, WGA-

Pool, was then used for glycosidae digestion and WGA-agarose compe-

tition studies after removal of GlcNAc using a BioGel P-10 column.

Scatchard plots of [3H] L-QNB binding to detergent extract in the

presence and absence of 2.5 mg/ml free WGA gave identical maximum

site concentrations. The dissociation constant obtained in the pres-

ence of WGA was 622 ± 62 pM compared to 955 ± 41 pM for extract

alone.

Control experiments were done to determine if the detergent

buffer system was interfering with glycoprotein-lectin binding since

digitalis saponins possess covalently linked polysaccharide moieties

(Fieser and Fieser, 1959) and because cholate derivitives have been



Table IV.I Binding of Soluble mAcChR to Lectin Affinity Resin

Lectin Elution Sugar QNB Site Bindingt
Detergent Extract Neuraminidase Treatedc

% Elutedb % Eluted% Bounds % Bound

ConA a-Methyl Mannoside 1-2 . NDd 5 ND
LcH a-Methyl Mannoside ND ND ND ND
DBA GalNAc 1 ND ND ND
SBA GalNAc 3 ND 5 3

PNA D-Galactose ND ND ND ND
10-15 5 40 33RCA

I
13-Lactose

RCA
II 0.-Lactose 7 2 15 14

UEA a-L-Fucose ND ND ND ND
WGA GlcNAc 75-90 45-60 46 40
SucWGA GlcNAc .ND ND 31 29

t ml columns were equilibrated at 20°C in Buffer A containing the appropriate divalent cations. 1 ml of
detergent extracted membranes was then applied, an equal volume of Buffer A was added, and the initial elu-
ate was reapplied to the column 3 times. The column was then washed with 2 ml of Buffer A, foll9wed by 2
ml of the appropriate sugar at a concentration of 20 mM and the final eluates were assayed for H] L-QNB
sites.

a%
sites] in column wash

x 100% Bound = 1
[QNB sites] applied to column

b% Eluted
[QNB sites] in sugar eluent

100[QNB sites] applied to column
c
Detergent extract incubated one hour at 37°C with 1 unit neuraminidase (C. perfringens) per mg protein

d
ND = Not Detectable
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reported to affect the binding of glycoproteins to immobilized lectin

columns (Lotan et al., 1977). No change in mAcChR binding was found

when the lectin columns were run in either five- or ten-fold diluted

detergent buffer.2 Asialo-bovine submaxillary mucin and asialo-human

IgG both possess carbohydrate-binding loci for a variety of lectins

(Goldstein and Hayes, 1979; Bhavanandan and Katlic, 1979). The immo-

bilized lectins used in this study specifically bound either or both

of these glycoproteins to varying extents in the presence of deter-

gent buffer (data not shown). Results similar to those shown in

Table IV.I were obtained when either the [3H]-L-QNB receptor complex

or the WGA-Pool were used in these experiments.

The soluble receptor was treated with bacterial neuraminidase

and subsequently chromatographed on lectin columns. The results of

these experiments, shown in Table IV.I, are consistent with those

reported for several other membrane proteins (Lotan and Nicolson,

1979; Cohen and Barchi, 1981; Adair and Kornfield, 1974) and intact

cells (Flowers and Sharon, 1979). Treatment of the mAcChR with neur-

aminidase exposes sites specific for RCA. RCA' binds nearly 3 times

more mAcChR in treated relative to untreated sample. A small in-

crease in SBA binding activity was detected in the treated sample,

however, this was not reproducible.

Neuraminidase treated receptor binding to WGA-agarose decreased

approximately 50%. Succinylation is reported to abolish the binding

of glycoproteins and glycocojegates to WGA via sialic acid residues
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(Monsigny et al., 1979 and 1980). As shown in Table IV.I, no detect-

able binding of the soluble mAcChR was found when applied to a suc-

cinylated WGA column, suggesting that one possible mode of receptor-

WGA interaction was through sialic acid groups. The decrease in

neuraminidase treated receptor binding to WGA-agarose was nearly

matched, however, by an increase in succinylated WGA-agarose bind-

ing. Thus the removal of terminal sialic acid units exposes sites

specific for succinylated WGA binding.

The interaction of the soluble mAcChR with immobilized WGA was

investigated further by performing competition studies using sacchar-

ides and glycoproteins with high specificity for WGA. Table IV.II

indicates the relative binding affinities of neuraminidase treated

and untreated WGA-Pool for immobilized WGA. The important points

are: a) The mixed 13(144)-linked Oligomers of GlcNAc appear to inhi-

bit receptor binding approximatelY .25-fold better than the monomer,

consistent with the reported carbohydrate binding specificity of WGA

(Allen et al., 1973), b) ovomucoid, a glycoprotein rich in GlcNAc but

containing little sialic acid (Lin and Feeney, 1972) blocks receptor

binding at concentrations comparable to those inhibiting agglutina-

tion of red blood cells (Bhavanandan and Katlic, 1979), c) bovine

submaxillary mucin, a glycoprotein mixture with very high slant acid

content but lacking GlcNAc (Bhavanandan and Katlic, 1979) also inhib-

its receptor binding but at 10 fold higher concentrations relative to

ovomucoid and, d) without exception, neuraminidase treatment of the
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Table IV.2INHIBITION OF WGA-AGAROSE BINDING TO NEURAMINIDASE
TREATED AND UNTREATED mAcChR BY SACCHARIDES AND
GLYCOPROTEINSt

Sample Competitor
Concentration Required

for 50% Inhibition

WGA-Pool G1cNAc 2.3 mM
Treated WGA-Poola 25. mM

WGA-Pool Chitin Oligosaccharidesb 0.09 mM
Treated WGA-Pool 0.27 mM

WGA-Pool Ovomucoid < 0.1 mg/ml
Treated WGA-Pool 0.35 mg/ml

WGA-Pool Bovine Submaxillary Mucin 1.1 mg/ml
Treated WGA-Pool 3.5 mg /ml

tCompetition studies were performed by mixing the pre-incubated
competitor-gel slurry with treated or untreated sample. The
mixtures were shaken gently at 20°C for 20 minutes and centrifuged
to separate yound from free mAcChR. The supernatants were then
assayed for [ H] L-QNB sites remaining.

aWGA-Pool treated with C. perfringens neuraminidase as in Table I

bChitin oligosaccharides had 4.52 x 10
-4

reducing equivalents per
gram solid relative to G1cNAc.
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WGA-Pool appears to cause a stronger interaction with WGA-agarose

relative to untreated.

Incubation of the atrial membranes and detergent extract with 10

units/ml of a-N-acetylglucosaminidase from Jack bean for up to 12

hours at 25°C, pH 6.4 did not decrease the binding of mAcChR to WGA-

agarose. Control experiments using the artificial substrate, p-ni-

trophenyl-a-2-acetamido-2-deoxy-D-glucopyranoside indicated that the

Vmax of this glycosidase in 50 mM citrate, pH 5.0 at 37°C was 21

nMole GlcNAc released per minute per unit. The enzyme had a Vmax of

12 nMole GlcNAc released per minute per unit under the same condi-

tions but using detergent buffer at pH 6.4.

The C. perfirgens neuraminidase released approximately 90% of

the total sialic acid present in the detergent extract in less than

one hour at 37°C and under these Conditions receptor binding to WGA-

agarose decreased by 50% (Table IV.I). The activity of the sialidase

in detergent buffer using N-acetylneuramin-lactose was 75 nMoles

NeuNAc released per minute per unit and using bovine submaxillary

mucin in detergent buffer it was 12 nMoles per minute per unit. The

lectin binding results were the same if atrial membranes or WGA-Pool

were digested, or if the [3H] -L -QNB- receptor complex was used rather

than the free receptor. Similarly, digestion for up to 12 hour's with

10 times the concentration of neuraminidase had no effect on the

results obtained relative to digestion for one hour at 37°C with 1

unit per protein. Finally, no variation in the total [ 3H]-L-QNB
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sites was found before and after glycosidase treatment of any of the

mAcChR preparations used.

When detergent extract was incubated overnight at 20°C with 10

units/m1 .-.14-acetylglucosaminidase together with 1 unit/ml neuramini-

dase the WGA-agarose binding behavior was identical to that obtained

with neuraminidase digestion alone. Thus, no additional decrease in

immobilized WGA-receptor binding was observed by this double treat-

ment relative to treatment with neuraminidase.

The effect of neuraminidase on the charge properties of the

soluble mAcChR was investigated by anion exchange chromatography.

Figure IV.1A illustrates the profiles of treated and untreated recep-

tor on a DEAE BioGel A column. The sialidase treated sample con-

tained a new [3H]-L-QNB-binding component which eluted at a 25 mM

lower salt concentration than the untreated sample. Fig. IV.1B shows

a time course of neuraminidase digestion of the WGA-purified receptor

as a function of the ratio of QNB sites eluted at 75 mM to those

eluted at 50 mM NaCl. At zero time, the total number of [
3
H]-L-QNB

sites eluted with 75 mM NaC1 was about 4 times that eluted by 50 mM

NaCl. By 20 minutes, the two fractions were in approximately equal

proportions which appeared to represent the maximum extent of

receptor hydrolysis as continued incubation did not increase the

amount of receptor eluting at 50 mM NaC1 despite continued release of

sialic acid from the WGA-Pool.
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Discussion

Based on the immobilized lectin binding data and the results of

glycosidase digestion studies, it is clear that the soluble mAcChR

exhibits sialoglycoprotein properties. The finding that glycosidase

treatment of atrial membranes followed by solubilization yielded the

same lectin binding characteristics as detergent extract argues

against significant "masking" of succeptable carbohydrate substrates

by the mixed detergent. The similarity of lectin binding results

obtained for free mAcChR and the [3H]- L- QNB - receptor complex supports

the hypothesis that the lectin and antagonist binding domains of the

soluble receptor appear not to interact appreciably. In addition,

the binding of free WGA to the receptor effects the equilibrium bind-

ing of [3H] L-QNB only slightly since the Kd for QNB was decreased by

only a factor of 0.5 in the presence of large excesses of free WGA

while the total number of binding sites remained unaltered.

The increase in RCA binding activity observed following neura-

minidase treatment suggests that the fraction of receptors sensitive

to this enzyme possess oligosaccarides with penultimate D-galactosyl

residues adjacent to terminal a-linked NeuNAc. The inability of Jack

bean glucosaminidase, an exoglycosidase (Li and Li, 1970), to effect

receptor binding to WGA-agarose seems to indicate that terminal

GlcNAc units are not responsible for this interaction. The removal

of sialic acid groups does not appear to render the receptor more
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Part A DEAE BioGel-A chromatography of neuraminidase treated WGA-
Pool. 400 pl of treated sample from the last time point in
the experiment of Part B (open circles) or untreated sample
incubated for the same time period but with no neuraminidase
added (closed circles) was applied to a (0.5 x 1) cm DEAE
column equilibrated in detergent buffer. After washing with
3 ml of detergent buffer, a 10.ml NaCl gradient in detergent
buffer was started (0 to 150 mM) and 500 pi fractions were
collected and assayed for QNB sites.
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Part B Time course of C. perfringens neuraminidase digestion of
WGA-Pool. At.t=0, .03 units of enzyme (.15 mg) were added
to 6 ml of WGA-Pool and the mixture was incubated at 37°C.
At the indicated time points aliquots were removed and
assayed for free sialic acid (open circles) and for salinity
sensitive binding to DEAE BioGel A (closed circles). For
DEAE binding, 500 pl columns were equilibrated in detergent
buffer and 200 pl of treated sample was applied. The col-
umns were washed once with 1.5 ml of 50 mM NaC1 and once
with 1.5 ml of 75 mM NaC1 in detergent buffer. Each frac-
tion wash then assayed for QNB sites; (QNB sites) 0 mm
represents the amount of mAcChR eluted with 50 mM Man and
(QNB sites)75

mM represents that amount eluted with 75 mM
NaCl.



86

succeptable to the action of the glucosaminidase as evidenced by the

results of double treatment with both enzymes.

The increase in receptor binding to succinylated WGA-agarose

following neuraminidase treatment supports the hypothesis that a

population of mAcChRs may be binding to this lectin derivitive by

sites other than terminal NeuNAc units. Based on the reported carbo-

hydrate binding specificities of WGA (review; Goldstein and Hayes,

1979) and assuming succinylation prevents WGA binding via sialic acid

but does not effect binding via GlcNAc (Monsigny et al., 1979 and

1980) it is suggested that internal GlcNAc units are the receptor

carbohydrate binding loci for succinylated WGA.

Consistent with this hypothesis, the anionic charge properties

of a population of mAcChRs or a component(s) associated with them are

influenced by the removal of sialic acids, as evidenced by the

altered mobility of neuraminidae sensitive receptor on DEAE

columns. The resistance of roughly 50% of the mAcChR to the action

of neuraminidase (Table IV.I and Figure IV.1B) suggests a certain

degree of heterogeneity in the population and/or environment of

receptor associated oligosaccharides.

Indications of the degree of high affinity interactions between

the mAcChR and immobilized WGA are illustrated by the competition

studies. Table IV.II shows the apparent binding affinity of neura-

minidase treated receptor for WGA-agarose increases significantly

relative to untreated. The possibility exists that other high affin-
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ity components which copurify with the mAcChR on the preparative WGA

column are being converted to low affinity components by neuramini-

dase digestion and that the increase in receptor-WGA binding avidity

is 'apparent' relative to the concentration of these endogenuous

competitors. Alternatively, it is also possible that neuraminidase

treatment exposes additional and/or higher affinity binding sites on

the population of mAcChRs which still bind to WGA-agarose.

In summary, this investigation supports the hypothesis that the

atrial mAcChR is sialoglycoprotein and that a certain degree of

heterogeneity exists either in the oligosaccharide environment or in

the number and type of oligosaccharides associated with the mAcChR.
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CHAPTER V

CHARACTERIZATION OF THE ATRIAL MUSCARINIC
ACETYLCHOLINE RECEPTOR PARTIALLY PURIFIED BY
WHEAT GERM AGGLUTININ AFFINITY CHROMATOGRAPHY

Introduction

91

Biochemical characterization of the muscarinic acetylcholine

receptor (mAcChR)1 has been difficult due to the lack of an appro-

priate method for extraction of these proteins from the cell mem-

brane. Of the several methods examined, the plant glycoside, digi-

tonin, appears to be most effective in solubilizing mAcChRs in a form

which is still capable of binding muscarinic ligands (Beld and

Ariens, 1974; Hurko, 1978; Repke and Matthies, 1980; Gorissen et al.,

1981) although, more recently, lysophosphatidylcholine (Haga, 1983)

and the zwitterionic detergent 3-[(3-chloramidopropyl) dimethyl-

amino]-1-propane sulfonate (CHAPS) (Gavish and Sokolovski, 1982) have

been reported to solubilize mAcChRs in low yields. Lubrol PX and

cholate have also been shown to solubilize active mAcChRs but only in

the presence of saturating concentratiions of muscarinic ligands

(Haga et al., 1982; Haga, 1983).

In contrast to the methods above, this laboratory has developed

a mixed detergent system consisting of digitonin and cholate which is

capable of solubilizing up to 90% of the mAcChRs from atrial mem-

branes with 3- to 4-fold enrichments (Cremo et al., 1980; Peterson
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and Schimerlik, in preparation). The ligand binding properties of

the soluble mAcChR prepared with digitonin/cholate were shown to be

the same as those reported for the membrane bound receptor, involving

a two-step association reaction in which the free receptor binds L-

QNB in a rapid preequilibrium step followed by a slower ligand-

induced conformational change (Schimerlik and Searles, 1980; Herron

et al., 1982). The soluble mAcChR was shown to bind specifically to

lectin affinity columns and to be sensitive to neuraminidase

digestion indicating the sialoglycoprotein characteristics of the

atria mAcChR (Herron and Schimerlik, submitted).

Based on physiological and pharmacological studies, several

reports haye suggested that the mAcChR is a regulatory protein, which

upon agonist binding, is capable of reversibly interacting with.a

variety of membrane associated "effector" sites (Birdsall et al.,

1979; Triggle, 1979; Sokolovski and Bartfai, 1981). In particular,

modulation of agonist affinity states of the cardiac mAcChR by gua-

nine nucleotides, Na + and divalent cations (Wei and Sulakhe, 1980;

Rosenberger et al., 1980; Berrie et al., 1979) and muscarinic

agonist-induced inhibition of adenylate cyclase (Harden et al., 1982)

as well as, agonist induced stimulation of guanylate cyclase

(Nawrath, 1977) all suggest that the cardiac mAcChRs is somehow

linked to processes involving a variety of second messengers (Kahoe

and Marty, 1980). A recent report from this laboratory using alkyl

guanidines and histrionicotoxin, agents which have been used as
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probes for the cation translocating channel of the nicotinic recep-

tor, suggests that binding occurs at the same site as that of [3H] -L-

QNB (Cremo and Schimerlik, in press).

Studies of mAcChRs in cardiac cell cultures show that muscarinic

agonists induce a time dependent, biphasic decrease in the number of

exposed antagonist binding sites (Galper and Smith, 1980). The rapid

phase, complete within the first minute, results in the loss of 26%

of the antagonist sites and addition of guanine nucleotides causes

the reappearance of these sites. A slower phase which takes 3 hours

to complete and results in the loss of another 44% of the antagonist

sites is not recoverable with guanine nucleotides but is completely

inhibited by the microtubule inhibitors colchicine or vinblastine.

The authors suggest that the regulation of cardiac mAcChRs in vivo is

influenced by agonists, guanine mucleotides and activators of cyto-

skeletal rearrangements such as GTP; consistent with the observations

of several other receptor systems in vivo (Catt et al., 1979).

Sokolovski and coworkers (Avissar et al., 1983) have recently

reported a phenomenon in which the molecular size of the muscarinic

antagonist binding protein was observed to change under certain ionic

strength and pH conditions. The authors propose a model for mAcChR

regulation that envisions changes in ligand binding behavior are

caused by reversible polymerization of a 40,000-dalton monomer. It

is suggested that this polymerization reaction is part of a protein
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phosphorylation/dephosphorylation mechanism involving cyclic nucleo-

tide-dependent protein kinases.

The studies presented here show that the two step mechanism of

L-QNB association with the partially purified receptor is preserved

but that quantitative changes in the ligand binding behavior have

occurred. Evidence is presented suggesting that the mAcChR is able

to interact with a reversibly associating protein factor which causes

a restoration of the association kinetics for L-QNB to the receptor

after it has been separated by lectin affinity chromatography. The

molecular size characteristics of the antagonist binding peptide are

analyzed by affinity labeling studies and these results are discussed

in terms of those obtained for mAcChRs in other laboratories.

Materials and Methods

CH]-L-QNB (33.1 Ci/mmol), purchased from New England Nuclear,

cochromatographed with a nonlabeled standard (gift Dr. W. E. Scott,

Hoffman-LaRoche, INc.) on Merck silica gel 60 plates in CHC13-Me0H-

water-acetic acid (65:25:5:5, Rf 0.58) and acetone-methanol-

diethanolamine (10:10:0.3, R
f

0.38) with over 90% of the radio-

activity in the QNB spot. [3H] propylbenzilycholine mustard (33

Ci/mMol) was purchased from New England Nuclear. Carbamylcholine,

atropine sulfate, N-acetylglucosamine, bovine serum albumin, digi-

tonin (Lot No. 19C-0329) and cholic acid were purchased from Sigma;

oxotremorine was purchased from Aldrich Chemical Co.; DEAE filter
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discs (2.4cm DE81) were purchased from Whatman; AffiGe1-10 was pur-

chased from BioRad. Proteinase.K was a gracious gift from Dr. Henry

Schaup. Stock (10X) detergent buffer was prepared by first dissolv-

ing all ingredients and then adjusting the pH to 7.4 with NaOH and

water to volume. The final concentrations were 4% (w/v) digitonin,

0.8% (w/v) cholic acid, 25 mM imidazole, 1mM Na2EDTA, 0.002% NaN3.

Dilutioins of the stock detergent were made by adding buffer B as

needed. Buffer B consisted of 25 mM imidazole, 1 mM Na2EDTA, 0.002%

NaN3 pH 7.4. Total protein was determined by the Folin phenol method

of Peterson (1977; 1983) using crystalline bovine serum albumin as

the standard.

Preparation and Solubilization of Membranes

Pig atrial tissue obtained fresh on ice from the slaughter house

was freed of extraneous tissue, fat and blood and either used

directly or stored frozen at -80°C. In a standard preparation 200 g

of atrial tissue was cut into small pieces and homogenized in 500 ml

buffer B under argon at 4°C for 40-45 sec using a Polytron homogen-

izer equipped with a PT35K probe. The homogenate (H) was centrifuged

at 2000 rpm in a Sorvall GSA rotor for 15 min at 2°C. The super-

natant (Si) was filtered through four layers of cheesecloth and then

centrifuged at 30,000 rpm in a Beckman type 35 rotor for 1 h at

2°C. The pellet (P2) from the latter centrifugation was resuspended

in buffer B to 40 ml final volume and centrifuged through a sucrose
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step gradient consisting of 20 ml P2 fraction, 9 ml 13% (w/v) sucrose

in buffer B, 10 ml 28% (w/v) sucrose in buffer B. The gradients were

centrifuged at 27,000 rpm in a Beckman SW 28 rotor for 1 h at 2°C.

The sample zone was then removed by aspiration and discarded and the

13% sucrose and 23% sucrose zones above the large pellet removed by

aspiration, diluted with at least an equal volume of buffer B and

centrifuged in the 35 rotor as described for the P2 fraction in order

to remove the sucrose. The final pellet (P3) was resuspended in

buffer B to a final volume of 10 ml per 200 g of starting tissue and

either stored on ice or at -80°C.

Solubilization of pig atrial mAcChR was accomplished in a two

step process with the use of a digitonin-cholate mixed detergent sys-

tem (Cremo et al., 1981). For solubilization of mAcChR from mem-

branes prepared according to the method described above, the membrane

suspension was first adjusted to 5:5 mg protein/ml in buffer B then

mixed with 1/9 volume of 10X stock detergent. The mixture was left

at room temperature (18-22°C) for 10 min with occasional gentle mix-

ing, then centrifuged form 1 h at 70,000 xg and 2°C, and the super-

natant decanted and discarded. The pellet was resuspended in buffer

B to an estimated protein' concentration of 10 mg/ml, assuming 30% of

the original protein was lost to the supernatant. The resuspended

membranes were mixed with 1/4 volume of 10X stock detergent and

incubated and centrifuged as in the first detergent treatment. The

supernatant from the second detergent treatment was carefully removed
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to avoid contamination from a loose overlying pellet layer, and saved

as the E2 (second extract) fraction. Since the remaining. pellet was

large it trapped sufficient E2 to warrent a third resuspension and

centrifugation to recover some of the traped extract. The pellet was

resuspended in buffer B to about the same volume as in the second

extraction and immediately centrifuged as above, and the supernatant

(E3) either saved separately on ice or combined with E2.

Wheat Germ Agglutinin (WGA) - Agarose Chromatography

WGA - AggiGe1-10 was prepared as described in the Appendix sec-

tion of this dissertation. Prepartive WGA Affinity chromatography

was performed at 4°C by applying 8 mg protein (approximately 6-8 ml

detergent extract) per ml of gel and washing with one column volume

of detergent buffer containing .25M Nan at a flow rate of 18

ml/hr. After a small volume (5-8 ml) of detergent buffer with no

salt, one column volume of 10 mm GlcNAc was washed through the column

and the mAcChR was then specifically eluted with .2M GlcNAc. The

fractions containing mAcChRs from the two sugar washes were pooled

separately and used for ligand binding studies and NaDodSO4 gel

electrophoresis.
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[
3

H]-L-QNB Binding Assays and Equilibrium Titrations

For monitoring mAcChR binding activity in detergent extracts and

WGA-affinity column fractions, aliquots were appropriately diluted

with detergent buffer to give final QNB site concentrations in the

range of 0.5 - 2nM. [
3

H]-L-QNB was added to a final concentration' of

20 nM and the reaction was allowed to incubate at room temperature

for 2-3 hours. Duplicate 100 pt aliquots were applied to 2.4 cm DEAE

filters and allowed to soak for 2-3 min before being washed twice in

10 mM NaHPO4pH7.4, 1mM EDTA, 0.1% triton X-100. The discs were then

dried and counted (Beckman Model L53133P scintiallation counter) in

Triton-toluene scintillation fluid.

Equilibrium titrations were performed on the pooled WGA column

by adding the competing ligand to buffer plus protein followed by

addition of
3

H]-1.-QNB to the desired concentration after 10-20

min. Equilibrium was reached after 3 hours at room temperature and

duplicate 100 pt aliquots were assayed exactly as described above.

Triplicate aliquots of the incubation mixture were also removed and

counted to determine the total [
3

H]-L-QNB concentration. Free ligand

concentration was then calculated from total minus bound [3H]-L-QNB

concentration. Nonspecifically bound ligand, determined in the pre-

sence of 10 pM atropine, was less than 5% of the total label bound at

[
3

H]-L-QNB concentrations up to 15nM.
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-L-QNB Binding to Partialy Purified

Kinetic studies were done on the same batch of WGA-column puri-

fied mAcChR as that used for the determination of the equilibrium

dissociation constant. Experiments to determine the association rate

constant for L-QNB to the receptor were done under pseudo-first-order

conditions with ligand in 10-fold excess over binding sites. At t=0,

appropriate concentrations of [3H] -L-QNB were added to suitably

diluted samples and at t=t, the reaction was quenched by pipetting

onto DEAE filters as described in an earlier report (Herron et al.,

1982). The rate constant for CHI-L-QNB dissociation from the WGA-

column purified receptor was measured by addition of varying concen-

trations of competing antagonists and agonists to a solution of

mAcChR plus [3H]-L-QNB that had been preequilibrated at room tempera-

ture.

Reconstitution Studies

5 ml pilot WGA-affinity columns were used to prepare fresh par-

tially purified mAcChR from detergent extract on a routine basis.

For a typical run, 5 ml of extract was applied to the column at a

flow rate of 14 ml per hour which had been washed previously with .1M

acetic acid and equilibrated in detergent buffer (as described in the

Appendix Section). 1.5 ml fractions were collected and the column

was washed with approximately 10 ml of .25 m Nacl in detergent buffer
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after which 10 ml of .2M GlcNAc in detergent buffer was then added.

The fractions were then either pooled or tested separately as

follows. Equal volumes of column fractions from the void volume and

the sugar eluate were mixed and allowed to incubate at 4°C for appro-

priate times. At the end of the incubation, the mixtures were

quickly warmed to room temperature and [3H] -L -QNB was added at t=0 to

a final concentration of 20 nM. Duplicate 50 pz aliquots were then

removed at t=5, 10, 15, 20, 25 and 180 min and applied to 2.4 cm DEAE

filters and washed for 20 min exactly as described for previous [
3
H]-

L-QNB binding assays.

Affinity Labeling of the Partially Purified mAcChR

A (1.5 x 12)cm WGA-affinity-column was loaded with 20 ml of

detergent extract (17.0 nM [3H]-L-QNB sites; 2.1 mg/ml protein) and

washed with 25 ml of .25 M Nacl in detergent buffer at a flow rate of

15 ml per hour. 20 ml of .2 M GlcNAc was then added and the sugar

fractions containing CHM-L-QNB binding activity were pooled and

reassayed for protein and QNB sites (13.2 nM [3H] -L -QNB sites; .25

mg/ml protein). 5 ml of this material was then applied to a (1.5 x

12.5)cm BioGel P-10 column equilibrated in 10 mM NaHPO4, 1 mM-EDTA,

0.4% (w/v) digitonin and 0.08% (w/v) cholic acid pH 7.4 and 1.5 ml

fractions were collected at a flow rate of 15 ml per hour. The peak

of the void volume, which contained over 90% of the applied QNB sites

and protein was pooled and labeled as follows. A stock solution of
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[3H] -prBCM at a concentration of 1.1pM was allowed to cyclize at room

temperature in 10 mM NaHPO4, 1mM EDTA pH 7.4 for one hour. lOpt of

this solution was then added to 90pt of the mAcChR preparation

described above and the reaction was incubated for 20 min at room

temperature. A duplicate sample of mAcChR which had been pre-

equilibrated in 10 atropine was also labeled in exactly the same

manner. At the end of the incubation period, 26pt of 5X Laemmli

sample buffer was added to stop the reaction. The entire mixture was

then loaded onto 8.75% acrylamicle SDS gels and electrophoresed

according to the method of Laemmli (Laemmli, 1970). The gels were

stained with Coomassie brilliant blue R-250 (BioRad) in 10% Me0H for

6 hours and destained in 7.5% acetic acid, 5% Me0H for 2 days. After

scanning the destained gels with the gel scanner accessory on a Cary

Model 219 spectrophotometer, the gels were sliced and dissolved in

30% H202 before being counted for. radioactivity in triton-toluene

scintillation fluid using a Beckman model L53133 P scintillation

counter.

NaDodSO4 Gel Electrophoresis

Polypeptide compositions of the detergent extract and the WGA

purified mAcChR preparation were analyzed by polyacrylamide gel

electrophoresis under denaturing conditions according to the method

of Laemmli, 1970. The gels were first stained for carbohydrate using

the periodic acid Schiff's reagent (PAS) for carbohydrates according
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to Fairbanks et al., (1971). After densitometric scanning, the gels

were then restained with coomassic blue R-250 and rescanned under the

same conditions.

Data Evaluation

Equilibrium titration curves measuring [
3

H]-L-QNB displacement

were analyzed by using weighted least-squares fits to eq. 1. The

value of the 3 function

[Io] 1
K

[Ro](1-TNRQ0) [RQ] K
(1)

(Best-Belpomme and Dessen, 1973) was computed from the total concen-

tration of QNB sites ([R0]) and the fractional saturation of QNB

sites (RQ) at total inhibitor concentrations ([Io]) and in the

absence of inhibitor (RM. [Q] and [RQ] were the concentrations of

free and specifically bound [3H] -L -QNB at each inhibitor concentra-

tion, respectively, and Ki and K are the dissociation constants for

inhibitor and L-QNB, respectively. The value for the Ki for a given

competitive inhibitor was then calculated from the slope of the plot

of 3 vs. [Q] /[RQ] by using the dissociation constant for L-QNB.

Kinetic data were analyzed by a least-squares fit to Eq. 2 where

T was the relaxation time, (cpm)t was the radioactivity bound at time

t, (cpm)o was the radioactivity bound at equilibrium (approximately 3

hours).
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(2)

The fit of the data in Figure V.7 to Eq. 6 in the text was done by

the method of weighted least squares where weighting factors were

calculated according to Bevington (1969). The value of k-1 used here

was the weighted mean of 3 determinatiions using atropine as the dis-

placing ligand as listed in Table V.4.

The Reconstitution Studies were analyzed by using Eq. 3, where

A
m

represents the difference between the observed association rate

constant at 20 nm QNB' for the detergent extract and that value

obtained for the WGA-Pool under the same conditions. A represents

the difference between the observed association rate constant at 20

nM QNB for the WGA Pool mixed with various fractions of void volumes

and the observed association rate constant of the WGA Pool alone

under the same conditions.

A
m

t
-1

(Detergent Extract) - T
-1

(WGA-Pool)

T
-1

(Sample) - TT
1

(WGA-Pool)
(3)
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Results

Binding of Soluble mAcChR to WGA-Agarose

The results of preparative WGA-affinity chromatography of the

detergent extract are shown in Figure V.I. As previously reported

(Herron and Schimerlik, submitted) mAcChRs solubilized with the mixed

detergent system, digitonin/cholate, exhibit high affinity for immo-

bilized WGA. Approximately 95% of the protein in detergent extract

passes through the WGA column while over 90% of the QNB sites are

specifically absorbed. 250 mM NaCl is used to wash the column after

the receptor is bound to discourage nonspecific binding. The elution

of approximately 2% of the weakly bound protein can be accomplished

with 10 mM GlcNAc, however, 6-8% of the mAcChR is also liberated by

this low concentration of GlcNAc. It is found that, of the remaining

80-85% of the applied QNB sites only 50-55% can be specifically

eluted with GlcNAc concentrations as high as .2M (WGA-Pool).

Attempts to increase the recovery of applied mAcChR using low

concentrations of triton X-100, borate, KI or other sugars were

unsuccessful (data not shown). Recoveries of mAcChRs from WGA-

agarose columns were found to be strongly dependent upon the

concentration of WGA immobilized to the support matrix, the amount of

detergent extract applied to the column and the flow rate (see

Appendix).



100

75

50

25

Extract Load
NaCI GicNAc
0.25 MI 10mM 200 mM I

5 10 15 20

FRACTION NO. (2.78 mI/fraction)

25

2.5

2.0

1.5

1.0

0.5

0

105

Figure V.1 mAcChR binding to WGA-agarose affinity column. 81 mg of
detergent extract protein (908 pMol [3H -L -QNB sites) were applied as
described in Materials and Methods.
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The stability of [ H]-L-QNB binding to the material from both

the. low and high concentration sugar eluates of the preparative WGA-

affinity column appear to the same as was reported for the detergent

extract (Cremo et al., 1980; data not shown).

Table V.1 gives the values for partial purification of the

mAcChR using the WGA-affinity column. Values for the specific activ-

ity of the pooled high concentration G1cNAc wash (WGA-Pool) illus-

trated in Figure V.1 range between 70 and 140 nMole [3H] -L -QNB

sites/grm protein depending on the starting material. In most cases,

an approximate 20-fold purification is achieved by this procedure

relative to detergent extract the peak fraction (Fig V.1 #22) had an

activity of 270 nMol/grm. Attempts to achieve significantly greater

fold purifications using a variety of nonspecific elution methods or

sequential binding and elution from other lectin affinity columns

(Herron and Schimerlik, submitted) have not been successful.

The fractionation of various proteins achieved by the WGA

affinity column is illustrated in Figures V.2 and V.3. The coomassie

staining pattern of detergent extract contains a total of about 30

resolved protein bands and the periodic Schiff's staining has approx-

imately half that many. There appear to be two populations of glyco-

proteins as detected by this staining method; an apparently minor

group of glycoproteins is resolved in the molecular weight range of

50,000 daltons and a more intense staining and more abundant group

between 60,000 and 160,000 daltons. The staining patterns for the



Purification Step

TABLE V.I

PURIFICATION TABLE OF mAcChR+

Protein mAcChR

Total

Activi

.Specific
Activi
(pmol [ H]-

Total mg % Recovery

(pmol [ H]-
L-QNB sites) % Recovery

L-QNB/mg
protein)

Fold*
Purification

Crude Atrial Homogenate 38,500.00 100.000 3,273 100.0 0.085 1.00

Purified Microsomes 353.00 0:920 450 13.7 1.28 15.10(1.00)

Detergent Extract 42.10 0.110 289 8.8 6.87 80.80(5.39)

WGA Pool 1.29 0.003 172 5.2 134.00 1575 (105)

Based on 300 grams of frozen atrial tissue

* Numbers in parenthesis represent normalization of "fold purfication" to the value of the specific activity

of the purified microsomes, ratherthan crude homogenate
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Figure V.2 NaDodSO4 gel electrophoresis of peptides in detergent
extract. 120 ig protein electrophoresed at 4 mA, stained first with
periodic acid Schiff's reagent (upper trace) follwed by coomassie
blue (bottom trace). Molecular weight standards (marked by arrows)
from left (top) to right (bottom) of gel are, myosin, 194,000;
debranching enzyme, 160,000; $-galactosidase, 116,100; phosphorylase
a, 97,000; bovine serum albumin, 66,300; and ovalbumin, 42,800. TD
is position of tracking dye.



2.0

1.6

E
1.20

LC)

LU

0.8

0.4

X111

20 40 60

MIGRATION, mm

80

109

Figure V.3 NaDodSO4 gel electrophoresis of peptides isolated by WGA-
affinity chromatography. 75 pg protein electrophoresed as in Figure
V.2, stained first with periodic acid Schiff's reagent (upper trace)
followed by coomassie blue (bottom trace). Molecular weight markers
are the same as in Figure V.2
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WGA-Pool exhibit 3-5 prominent bands and nearly all of the proteins

with apparent molecular weights less than 50,000 daltons mhich were

present in detergent extract are gone. There is a very intense set

of coomassi staining bands centered at 90-95,000 daltons which are

poorly resolved but at least one of which also stains for carbohy-

drate.

Ligand Interactions with the Partially Purified mAcChR

Figure V.4 represents the analysis of the equilibrium binding of

[3q-L-QNB to the WGA-Pool. The equilibrium dissociation constant

was determined from the reciprocol of the slope of the Scatchard plot

(Scatchard, 1949; Figure V.4 insert). A value of 9.37 + 0.21 x

-
10 1 0M was calculated from this- determination which indicates a

single class of non-interacting [ F] -L-QNB binding sites present in

the WGA-Pool. The weighted average of three such determinations of

separate preparations gave a value of 9.55 t 0.58 x 10-10
M.

Both antagonists and agonists appear to displace CH]-L-QNB com-

petitively from a single class of sites as illustrated by the equili-

brium titration curve of atropine in Figure V.5 and the values

obtained from similar experiments shown in Table V.2 for the agonists

oxotremorine and carbamylcholine.

Kinetic studies measuring the rate of CH]-L-QNB association

with the partially purified receptor made under pseudo-first-order

conditions (Figure V.5) indicate a single exponential to over 90% of
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Figure V.4 [
3
H]-L-QNB binding to the partially purified mAcChR. 1.91X 10- 0 3

11 H]-L-083 sites in the WGA-Pool was incubated at varying
concentrations of [ H] -L -QNB. Scatchard analysis of data (Scatchard,
1949) using the weighted least squares firsitt, gave an equilibrium
dissociation constant of (9.37 ± 0.g1) x 10-1' M an a maximum site
concentration of (1.68 ± 0.05) x 10-' M. The curve drawn through the
data points is calculated from the law of mass action using the
values obtained from the Scatchard plot.
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Figure V.5 Atropine titration of specifically bound [3H] -L-QNB.
Titration was performed as described in Material s and Methods. Final
concentrations were; 1.09 nM [ I-1]-L-QNB; 0.38 nM L-QNB sites. Poi nts
were average of duplicate determinations. The data were evaluated by
weighted least squares fit to Eq 1 (insert) to give a dissociation
constant of 12.7 ± 0.1 nM. The curve through the data points was
calculated using this value, a dissociation constant of 0.955 ± 0.058
nM for3 L-QNB (Table V.2) and the experimentally determined values of
free [ 1-1]-1-QNB.
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Table V.2 EQUILIBRIUM DISSOCIATION CONSTANTS FOR MUSCARINIC LIGANDS

Classification Ligand Dissociation Constant

Antagonist

Agoni st

L-QNB (9.55+.58)x10-1°

ob
Atropine (1.27±.13)x10-'

cb

Oxotremorine (3.61+.11)x10-'

bCarbamylcholine (1.85±.21)x10-3

a Value represents weighted mean ± S.E. of three separate determin-
ations as in Figure V.4.

b
Values determined using eq. 1 (see Data Analysis) as in Figure V.5.
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completion of the reaction. This provides further evidence for the

homogeneity of binding sites present in the WGA-Pool. Least-squares

fit to the data gave an intercept of 99 ± 4%, indicating that all of

the specifically bound CH]-L-QNB could be attributed to a single

kinetic phase within experimental error. Figure V.6 shows the depen-

dence of T-1 for CH] -L-QNB asociation with the mAcChR as a function

of the concentration of [
3

H]-L-QNB in the incubation mixture. Care

was taken to ensure that the site concentration was varied as well,

such that the reactions were consistently measured under pseudo-

first-order conditions. This dependence appeared to level-off at

high QNB concentrations and the nonlinearity of such a plot is not

consistent with a simple bimolecular reaction mechanism (Schimerlik

and Searles, 1980). The simplest mechanism consistent with these

data is given in eq. V.4

R + RQ

-1
(4)

The mAcChR (R) binds L-QNB (Q) in a rapid pre-equilibrium step to

form the RQ complex with K = [R][O/DO. The RQ complex then under-

goes a conformational change to RQ' with foward rate constant kl and

reverse rate constant k
-1. Because only one exponential is observed

in the association reaction, the pre-equilibrium step must be unob-

servably fast (Quast et al., 1974). In addition, RQ' must be the

only source of bound radioactive ligand since RQ dissociates very
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Figure V.6 Time course for [ 3
H]-L-QNB association with the partially

purified mAcChR. [ H]-L-QNB (final concentration 8.75 nM) was added
to the WGA-Pool (final concentration 1.5 nM in L-QNB sites) in a
total vol ume of 2.5 ml at time zero. At time t, duplicate 100 pl
aliquots were quenched by the DEAE fi 1 ter di sc assay. Least-square
fq of the data to Eq 3 gave an intercept of 99 ± 4% and a xal ue 9f
T cal culated from the slope equal to (1.88 to 0.05) x 10- min
The curve drawn through the data points is the theoretical plot
calculated for a single relaxation by 'using the experimental ly
determined value.
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Figure V.7 Dependence of T-1 on
3
1-0-L-QNB concentration. ,The curve

througp the data was calculated using k_1=8.33 x 10" min-I, k1-7.33
x 10"' min"' and K-26.6 nM. The insert is a weighted least-squares
fit to Eq 6 (in text).



117

rapidly and would not retain the bound [3H] -L -QNB during the 20

minute washing step of the assay.

The relationship between the relaxation time and the ligand con-

centration for the above mechanism is given in eq V.5.

T
-1

= k + (5)

The theoretical curve drawn through the data points in Figure

V.6 was computed from a weighted-least squares fit of the data points

to the recipricol form of this equation

K 1 1
k
-1

) =
k

kl 1

(6)

The values obtained from the data were kl = (7.33 + .21) x 10 -2 min-1

k_l = (8.33 ± .15) x 10-4 min-1 and K = (26.6 ± 8.8) x 10-9M. Since

K1 = k_1 /k_1 <<1, the overall dissociation constant for L-QNB, Kov

([R][Q] /[RQ] [RQ"]), is approximated by KIK]. = (3.03 ± 1.42) x

10-10M.

The rate constant for [3H] -L -QNB dissociation from the mAcChR -

3

F1]-1-QNB complex was measured with both antagonists and-agonists.as

displacing ligands. The data in Figure V.8 indicate that 111M atro-

pine displaces bound QNB in a single kinetic phase when the reaction

was followed up to 70% of completion. Least squares fit gave an

intercept of 99 ± 1% indicating the absence of any rapid phase in the
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Figure V.8 Time course of [3H]-L-QNB dissociation from the partially
purified mAcChR. WGA-Pool (final concentration 15.8 nM) was
incubated for 3 hours in 20 nM H]-L-QNB and diluted 1:15 into 1 pM
atropine at t=0. At t=t, duplicate 100 pl aliquots were quenched by
DEAE filter assay. The data were fit to Eq 3 (insert) to give an
ordinate intercept of 99,± 1% and an observed rate constant equal to
(8.6 ± 0.1) x 10" min'. The curve drawn through the data points
are the theoretical curve for a single exponential by using the
calcualted values from the data fit.
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Table V.3 OBSERVED DISSOCIATION RATE CONSTANTS FOR [3H] -L -QNB

DISPLACEMENT FROM PARTIALLY PURIFIED mAcChR.

Displacing Ligand Concentration k
-1 (min-1)

a

r2

Atropine 1 uM (8.6±.19)x10-4 .99

Atropine 10 pM (11.4±.84)x10-4 .93

Atropine 100 uM (7.2±.30)x10-4 .98

Carbamylcholine 5 mM (21.4±1.2)x10-4 .62

Oxotremorine 250 pM (14.3+.92)x10-4 .81

a
r
2=correlation coefficient of least squares fit to data using

exponential curve fitting program on an HP-65 programmable
calculator.
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dissociation kinetics. The observed rate constant for L-QNB disso-

ciation.from the mAcChR' in this experiment was equal to 8.6 ± 0.2)

x 10- 4 min- 1
. Table VIII lists the values of k...1 obtained for dis-

placement of L-QNB from the WGA-purified mAcChR by atropine at var-

ious concentrations and for the agonists oxotremorine and carbamyl-

choline. The k_1 determined by antagonist displacement of L-QNB

appeared to center around 8 x 10-
4

min
-1

, whereas the value of k
-.1

was 2-3 fold higher for agonist displacement. Since the value of T-1

extrapolated to zero [
3

H]-L-QNB concentration in Figure V.7 was equal

to 7.5 x 10-4 min-1, the weighted average of the values of k_1 for

antagonist displacement of L-QNB was used for the determination of

Kov (see Data Analysis).

Reconstitution Studies

Experiments were done in order to investigate the possibility

that the observed association rate constants for [3H] -L-QNB binding

to the partially purified mAcChR could be restored to those values

obtained for binding to the detergent extract. The method that was

used consisted of mixing various fractions of the material which was

not absorbed by the WGA-affinity resin (void volume) with fractions

from the material which was absorbed and subsequently eluted with .2M

G1cNAc (WGA-Pool). This latter material contains approximately 50%

of the applied mAcChR .
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Table. V.4. OBSERVED RATE COySTANTS FOR [3H] -L -QNB ASSOCIATION TO THE
mAcChR AT 20nM [ H] -L -QNB

Sample T1 (min -1 )a Number of Determinations

Detergent Extract

WGA - Pool

(9.37±2.4)x10-2

(3.58±.98)x10-2

7

13

aThese values represent the averages of the number of experiments
indicated and their standard deviations.
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Table V.9 lists the averages of the observed relaxation times

for 1-1]-L-QNB association to the mAcChR under pseudo-first-order

conditions at 20nM CH]-L-QNB. It can be seen that the value of T-1

obtained from several separate determinations for the partially puri-

fied mAcChR is approximately 3-fold slower that the corresponding

value obtained for detergent extract under the same conditions.

Figure V.9 illustrates the effect on T-1 of adding various frac-

tions from a typical WGA-affinity column back to the .2M GlcNAc

eluate from the same column. The data are normalized to the value of

T
-1

determined for detergent extract (100%) and for the WGA-Pool

alone (0%) (see Data Analysis section of Materials and Methods). The

addition of fractions 1 and 2 to the WGA-Pool from the same column

results in a positive change in T-1, whereas, addition of fractions 3

through 11 indicate a relative decrease in T-1 for these mixtures.

Fraction 12, the second fraction collected after the start of the .25

M Nacl wash, appears to cause a positive change fn the observed T-1.

In order to determine whether the ability to cause a positive

change in T-1 was a feature of just detergent extract, the pooled

void volumes from several preparative WGA-affinity column prepara-

tions (fractions 2-16 Fig. V.1) were applied a second time to a WGA

column and the fractions collected were mixed with the mAcChR from a

freshly prepared batch of WGA-Pool. The results (Fig. V.10) again

show that the first few fractions of both the load and .25M Nacl wash

appear to cause an increase in the observed -1 for L-QNB association
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Figure V.9 Dependence of T-1 for [3H] -L -QNB association with the
partially purified mAcChR on the addition of WGA affinity column
fractions using detergent extract as the load. 500 it aliquots were
removed from the fractions indicated and added to 500 pl of thp .2M
GlcNAc wash from the same column run. After 12 hours at 4°C, [ H] -L-
QNB was added at a final concentration of 20nM at t=0. The kinetics
assay was then performed as described in Materials and Methods. The
data are normalized as described in Data Evaluation. E represents
the value of kobs for L-QNB association to the detergent extract.
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Figure V.10 Dependence of T-1 for [3H] -L -QNB association with the
partially purified mAcChR or addition of WGA affinity column
fractions using the pooled void volumes from several WGA affinity
columns as the load. Experiment performed as in Figure V.9.
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to a freshly prepared WGA- Pool. Further experiments showed, however,

that the ability to stimulate the observed association rate constants

seem to depend more upon the relative age of the WGA-Pool rather than

the age of the void volume. Thus, a WGA-Pool stored on ice for more

than 1-2 days would not exhibit the change in T-1 by mixing with any

void volume (data not shown).

The dependence of time on the reconstitution phenomenon was

investigated by performing the kenetics assay at various times after

mixing the void volume and WGA-Pool from a freshly prepared column

run. Figure V.11 shows that by approximately 8 hours the observed

association rate constants of the detergent extract and the WGA-Pool

plus void volume are about equal. It was found that the reconstitu-

tion must be done at 4°C because, the observed association rate con-

stants for [
3

H]-L-QNB to any preparation of mAcChR (ie, detergent

extract, WGA-Pool or WGA-Pool plus Void Volume) shows a steady

increase with time at room temperature to values as high as 25 x 10 -2

mi n -1 (data not shown). At 4°C, however, values of T
-1 for either

WGA-Pool or extract alone remain essentially constant during the

reconstitution experiment (ie 6-12 hours).

The dependence of the ratio of void volume to WGA-Pool on the

observed association rate constant was investigated by performing

serial dilutions of the void volume. Figure V.12 shows that the

ability to change T-1 is concentration dependent, indicating an

approximate stoichiometry of the "factor" present in the void volume
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Figure V.11 Dependence of T-1 on time interval between mixing void
volume and WGA-Pool. A pilot WGA-column was run as described in

Materials and Methods and the void volume fractions and GlcNAc wash
fractions pooled separately. At t=0, 500 pl aliquots from each pool
were mixed. At t.t, the kinetics assay was performed as described in
Materials and Methods.
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Figure V.12 Dependence of kobc on dilution of void volume. A- pilot
WGA column was run as described in Materials and Methods and the void
volume and G1cNAc wash fractions were pooled separately. The void
volume pool was then diluted into detergent buffer to the indicated
values and 500 pl aliquots were mixed with the WGA-Pool and incubated
at 4°C overnight. The kinetics assay was then performed as in
Materials and Methods. The insert shows that the reciprocal of knhc
vs dilution of void volume can be extppolaed to "zero-foTd"
dilution to give a value of (8.7 ± .4) x 10-' min-i.
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to cause maximal change in T-1. The insert of Figure V.12 shows

that, in this particular experiment, the value of T -1 extrapolated to

"zero-fold" dilution is (8.74-.4)x10-2 min-1 which is in good agree-

ment with the average value of T-1 found for the detergent extract

(9.37±2.4)x10-2 (Table V.V). Samples of void volume which were

dialyzed against detergent buffer did not lose the ability to cause

an increase in -1 for freshly prepared WGA-Pool (data not shown).

The results of the dialysis experiment suggested that the factor

present in the void volume which caused restoration of T-1 for the

partially purified mAcChR may be a protein. This possibility was

investigated further by treating the void volume with a broad spec-

trum protease for 4 hours at 4°C and then stopping the digestion with

a protease inhibitor before mixing .with the WGA-Pool. The results of

this experiment (Figure V.13A) suggest that action of this enzyme,

proteinase K, completely blocked the ability of the factor in the

void volume to stimulate an increase in T-1. The control experiment

in which the enzyme was first quenched by inhibitor and then added to

the void volume or buffer before the reconstitution (Figure V.13 B&C)

showed that the digestion procedure was not artifactual and that the

protease inhibitor was effective in stopping the proteolysis, at

least to the extent that it did not interfere with the reconstitution

phenomenon.
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Figure V.13 Relative value of T-1 before and after treatment of void
volume with Proteinase K. A pilot WGA column was run and void volume
and GlcNAc wash were pooled separately. A; 400 pl of void volume was
incubated with 5 mg Proteinase K/mg protein (4 mg of enzyme) for 4
hours at 4°C. The reaction was quenched by the addition of 12 pl of
.1M freshly prepared phenylmethylsulfonyl fluoride (PMSF) in
isoproponal before being mixed with 400 pl of WGA-Pool which had been
stored on ice since it was fractionated and diluted 1:1 with
detergent buffer before use. B; 4 mg Proteinase K in 200 pl of
detergent buffer was quenched with 12 pl of .1M PMSF before being
mixed with 400 pl of void volume. This was then mixed with 200 pl of
WGA-Pool. C; 4 mg Proteinase K in 200 pl of detergent buffer was
quenched with 12 pl of .1M PMSF before being mixed with 400 pl of
detergent' buffer. This was then mixed with 200 pl of WGA-Pool. D; 4
mg Proteinase K in 200 pl of detergent buffer was quenched with 12 pl
of .1M PMSF before being mixed with 400 pl detergent buffer. This
was then mixed with 200 pl of detergent extract. E; 400 pl of 1:1
diluted WGA-Pool was mixed with 400 pl of void volume alone. The
above mixtures were allowed to incubate overnight at 4°C before the
kinetics assay was performed as described in Materials and Methods.
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Affinity Labeling of the Partially Purified mAcChR

Afteis removal of the .2M G1cNAc and imidazole buffer using a

BioGel-P10 column (Materials and Methods) the partially purified

mAcChR was incubated with the irreversible, radiolabeled antagonist

[3H]-propylbenzilycholine mustard [3H] -prBCM at room temperature for

20 minutes. The results of NaDodSo4 gel electrophoresis of this

material (Figure V.14) indicates that the peak of the radioactivity

present in the stained and destained gel migrates at an apparent

molecular weight of 80,000 daltons. The dashed line in Figure V.14

represents the radioactivity present in a sample preequilibrated with

1 IA atropine before being labeled with the [3H] -prBCM run under the

same conditions. It is'clear that the affinity labeling is com-

pletely blocked by this muscarinic antagonist, indicating the specif-

icity of [3H]-prBCM and the favorable labeling conditions used in

this experiment. The peak of the radioactivity was found to not

migrate with the major coomassie stained peak which had an apparent

molecular weight of approximately 100,000 daltons. There appeared to

be two shoulders of radioactivity associated with the major peak

which were also blocked by atropine; these migrated at apparent

molecular weights of 160,000 and 47,000 daltons, respectively. These

data are consistent with the labeling patterns obtained for atrial

membranes and detergent extract using [3H] -prBCM (Dr. G.L. Peterson,

Personal Communication).
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Figure V.14 [ 3

In-propyl benzilychel ine mustard label ing of partially
purified mAcChR. Label ing was performed as described in Materials
and Methods. Lower trace; densitometri c scan of coomassi e blue
stained gel. Upper trace, (solid line) radioactivity of same gel
sliced and counted as described in Materials and Methods, (dashed
line) duplicate gel of WGA-Pool preequi 1 i brated with 1 uM atropine
before being labeled. Mol ecul ar weight standards from left (top) to
right (bottom) of gel are marked with arrows as follows; 13 -

gal actosi dase, 116,100; phosphoryl ase a, 97,000; bovine serum
albumin, 66,300; and oval bumin , 42,800. TD is position of tracking
dye.
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Discussion

The data presented in this paper deomonstrate that affinity

chromatography on WGA-agarose columns is an effective procedure for

partial purification of porcine atrial mAcChRs. Although not puri-

fied to homogeneity, the specific activities of the peak fractions

from the preparative affinity columns represent substantial purfica-

tions over starting material (20-to 25-fold; Table V.1). Such puri-

fications have been reported for the saxitoxin-binding component of

the potential sensitive sodium channel using WGA-sepharose (Barchi et

al, 1980; Hartshorne and Catterall, 1981), human erythrocyte membrane

glycoproteins using several different lectin columns (Adair and Korn-

field, 1974) and the nicotinic acetylcholine receptor using ConA-

sepharose and WGA-sepharose (Salvaterra et al, 1977).

The interaction of the soluble mAcChR with immobilized WGA was

shown to be of high affinity and to involve multisite attachment

(Herron and Schimerlik, submitted). This complex binding is sug-

gested to require both terminal sialic acid and internal G1cNAc or

its B(1+4)-linked oligomers based upon differential lectin binding

and glycosidase digestion techniques. In addition, evidence was

presented which supports the possibility of at least two different

groups or classes of soluble mAcChRs from atrial membranes based upon

neuraminidase sensitivity and lectin-binding experiments (Herron and

Schimerlik, submitted). This is the first report of lectin-affinity

chromatography of membrane glycoproteins in digitonin solutions and
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of the mAcChR from any source. The binding of the soluble mAcChR to

immobilized WGA is shown to exhibit the characteristics of a specific

affinity interaction as described by Lowe and Dean

the recovery of applied [3H] -L -QNB binidng sites is

and appears to depend strongly on several different

possible reasons for the nonquantitative recoveries

of the WGA-affinity column are discussed in detail

section.

NaDodSO4 gel electrophoresis of detergent extracted atrial mem-

branes shows the polypeptide heterogeneity of the material being

applied to the WGA-affinity column. Consistent with the idea that

the material binding to the WGA-column represents glycoprotein, the

desitometric scans of periodic acid Schiff's stained gels from the

WGA-Pool show a close correspondence with the coomassie stain of the

same gel. It is known that some glycoproteins stain anomolously with

coomassie blue and periodic acid Schiff's reagent (Adair and Korn-

field, 1974; Sharon and Lis, 1982), although this does not seem to be

the case with the detergent extracted membranes from porcine atria.

The kinetic studies reported here for L-QNB binding to the par-

tially purified mAcChR indicate that QNB induces a conformational

change in the receptor similar to that observed for both the membrane

bound and soluble mAcChR (Schimerlik and Searles, 1980; Herron et

al., 1982). The value of K1, for the conformational change

(1974), however,

not quantitative

parameters. The

and optimization

in the Appendix

(K =K
-1

/k
1

) was 1.14 x 10 -2
for the partially purified receptor,
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whereas, K1=4.25 x 10-2 for the soluble mAcChR present in detergent

extract (Herron et al., 1982). However, the preequilibriuM constant

(K) appears to be 4- to 5-fold higher for the partially purified

receptor relative to extract. The difference in Kov for L-QNB

binding to the WGA-Pool (9.55 x 10-1°M) compared to the detergent

extract (2.3 x 10-10M), therefore, appears to be due to both changes

in the behavior of L-QNB binding to the free receptor to form the

preequilibrium complex (RQ) and in the rate of isomerization of this

receptor-ligand complex to the final state (RQ').

If the data in Figure V.7 are refit using the equation which

describes the dependence of T-1 on L-QNB concentration for a simple

bimolecular association reaction, the values obtained for ,

T
-1

= k [Q] + k_1
-1

k1(1.24 x 10
6
m
-1
min

-1
) and k

-1
(4.63 x 10

-3
min

-1
) give a dissocia-

tion constant (k_1 /K1) of 3.73 x 10-9M. This value for the overall

equilibrium dissociation constant is approximately 4-fold higher than

the value obtained for the scatchard analysis (Figure V.4).

The value of Kov determined thermodynamically (9.5 x 10-10M) was

about 3-fold higher than the value predicted from kinetic analysis

(3.0 x 10-10M) using the 2-step model (eq. 4). The reasons for the

descrepancy are not known, however the self consistency of the kine-

tic analysis was checked by observing that the experimentally deter-



135

mined rate constant for L-QNB dissociation from the partially puri-

fied receptor was in good agreement with that value obtained by

extrapolating to zero L-QNB concentration in Figure V.7. Thus,

although the dissociation rate constant determined for the WGA-

purified mAcChR (8.3 x 10-4 min-1) was within a factor of 3 of that

determined experimentally for the detergent extract (2.4 x 10-3min-1;

Herron et al., 1982), in the present study the experimental and

calculated dissociation rate constants were equal. This was not the

case for the soluble mAcChR in detergent extract, however, if the

experimentally determined value of k_l was used for calculation of

K
ov (Herron et al., 1982) the value obtained from thermodynamic

studies turned out to be 4- to 5-fold greater than the kinetics

predicted, very similar to the situation reported here.

In an attempt to see whether the 3-fold difference in

observed for L-QNB association to the mAcChR between detergent

extract and WGA-Pool could be restored to its original value, the

material which did not bind to the WGA column was added back to the

material which did bind and observed association rate constants were

remeasured. The results presented in this study support the possi-

bility that a reversibly associating protein is dissociated from the

mAcChR during the affinity chromatographic procedure. Thus, it is

expected that this protein has little or not affinity for WGA and

that it is dissociable under conditions used to wash the lectin

column. It is interesting to note that the increase in T-1 is
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observed only when freshly prepared WGA-Pool is mixed with the first

few fractions from the column load (fraction #1 and 2, Fig V.9 and

fraction #1, Fig. V.10) and the first few fractions from the .25M

NaCl wash (fraction #12, Fig. V.9 and fraction #5, Fig. V.10). Pre-

liminary data indicate that fractions from a column washed with no

salt do not cause an increase in

lished results).

At this time it is not yet

T
-1

for L-QNB association (unpub-

clear whether the changes in the

ligand binding properties of the partially purified mAcChR are due to

changes in the quaternary structure of the soluble receptor once it

has passed over the WGA affinity column or if some other events are

responsible. The reconstitution studies provide reasonable evidence

that the ligand binding properties of the WGA-Pool can be restored to

the original values observed for detergent extract. These data are

consistent with the generally accepted view that the mAcChR is a

complex of more than one protein subunit (Birdsall et al., 1979;

Harden et al., 1982; Triggle, 1979) although considerably more work

is needed to demonstrate that this is, in fact, the case for the

atrial receptor.

The identity of the nondialyzable, protease sensitive factor in

the void volume of the WGA column is not known; for instance, it may

represent one of the "effector" subunit(s) postulated by Birdsall et

al., (1979) or it may be a cytoskeletal fragment which was associated

with the ligand recognition subunit of the mAcChR in vivo or some
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other subunit on the cytoplasmic surface of the cell membrane which

specifically interacts with the mAcChR. The latter possibility has

been suggested to occur for a number of other cell surface receptors

based on agoni st modulation of the number of binding sites (Catt et

al . , 1979). In view of the results obtained for agoni st-i nduced loss

of [ 3
H]-L-QNB binding sites on cultured heart cells (Gal per and

Smi th, 1980) this may be a possible factor involved i n the reconsti-

tution studies reported here. Cl early, more work is needed to prove

the identity of such a factor, however.

The polypeptide which appears to represent the antagonist bi nd-

i ng protei n for the atrial mAcChR is shown to be a mi nor component

of the total protein present in the WGA purified material by affinity

labeling studi es using [3H]- prBCM. This polypeptide, shown here to

have an an apparent molecular weight of about 80,000 dal tons by

denaturing gel electrophoresis is consistent with the values obtained

for [3H] -prBCM labeling in brain ti ssue (Birdsall et al . , 1979), and

for CH]-L-QNB binding to Lubrol PX sol ubl i zed brain ti ssue using

hydrodynamic methods (Haga , 1980). In addition, Sokol ovsky and

coworkers (Avi ssar et al . , 1983) have recently reported the labeling

patterns of various brain regions and cardiac atria using a newly

synthesi zed muscari ni c photoaffi ni ty reagent, N-methy1-4-p1 peridyl -p-

azi dobenzi I ate (azido-{3H]4-NMPB). The results of these studies

suggest that the antagonist binding peptide of the mAcChR from these

ti ssues is actual ly a 40,000-dal ton protein which is able to poly-
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merize to form an 80,000-dalton and 160,000-dalton complex under cer

tain conditions. Thus, these authors propose a model to explain the

structure of mAcChRs from all tissue sources which entails dimeriza-

tion of the 40,000-dalton peptide to form the 80,000-dalton species

which, in turn, dimerizes to forM the tetrameric speies of 160,000-

daltons. They also suggest that the two states of the receptor based

on agonist affinity studies (Birdsall et al., 1979) can be correlated

with the two interconvertible oligomers of the 40,000-dalton peptide

labeled with azido- [3H]- 4NMPB.

The tetrameric and dimeric forms of the antagonist binding pep-

tide labeled with azido-[ 3 H]4NMPB are converted to the monomer under

mild alkaline conditions and the authors suggest the existence of a

phosphodiester or pyrophosphate linkage which may be part of a phos-

phorylation-dephosphorylation mechansim. Such observations are able

to expalin the data presented by Alberts and Bartfai (1976) of a [3H]

prBCM labeled peptide from brain tissue which was solubilized by '2M

Nacl and shown to have a molecular weight of 30,000-daltons by gel

filtration in the absence of detergents.

The results reported here for [3H] prBCM labeling of the par-

tially purified mAcChR suggest that the antagonist binding peptide is

mostly in the 80,000-dalton, or dimeric form of the receptor. The

labeling pattern shown in figure V.14 indicate the possiblity of

small amounts of a 45,000-to 50,000-dalton peptide which is atropine

displacible, as well as, small amounts of a 160,000-dalton species.
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Recent work from this laboratory has demonstrated the existence of a

45,000-dalton peptide as the major [
3H]-prBCM labeled species in

material which was exposed to both alkaline conditions and high salt

concentrations (Dr. G.L. Peterson, personal communication). Whether

or not this peptide is the same as that labeled in rat atria by

azido- [3H] -4NMPB (Avissar et al., 1983) remains to be determined.

Using the value of 80,000-daltons obtained from the labeling

studies, it can be estimated that the mAcChR present in the WGA-Pool

is approximately 1% pure (using the peak fraction from the

preparative WGA column (fraction #22, Fig. V.1) this value is 2.2%)

assuming that one mole of 80,000-dalton peptide binds to one mole
3

11]-1,QNB or [3H]-prBCM. By comparison of the densitometric scans

of the peptides present in the WGA-Pool (Figure V.3) one can see that

the majority of the contaminating protein is in the molecular wieght

range between approximately 180,000-daltons and 50,000-daltons. This

degree of purificaiton is about 100- to 150-fold higher than that

value reported for highest specific activity mAcChRs from any source

(Repke and Matthies, 1980; Haga, 1983; Gorrissen et al., 1981).

In summary, the results presented in this paper indicate that

the mAcChR from porcine atria can be solubilized using. the

digitonin/cholate mixed detergent system previously described (Cremo

et al., 1980) and partially purified on WGA-agarose affinity columns

under appropriate conditions. The lectin purified mAcChR exhibits

somewhat different ligand binding properties relative to the unpuri-
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fied material but the mechansim of L-QNB association is shown to be

consistent with the two step mechanism in which free receptor binds

L-QNB in a rapid preequilibrium step followed by a slower ligand-

induced conformational change, similar to that found for both the

membrane bound and soluble mAcChR (Searles and Schimerlik, 1980;

Herron et al., 1982). In addition, evidence is presented that

supports the hypothesis of a dissociable protein factor which revers-

ibly affects the association of L-QNB with the partially purified

receptor. Finally, the antagonist binding peptide of the lectin-

affinity purified mAcChR is shown to be a minor component of the

total protein bound to the affinity column and to exist in a form

consistent with the observations of others.

Addendum

Previous work in this laboratory has shown that the large scale

preparation of porcine atrial membranes described by Peterson and

Schimerlik (1982) can be used to prepare soluble mAcChRs in high_

yields with ligand binding properties similar to those found for the

membrane bound receptor (Herron et al., 1982). Modification of the

membrane preparation and solubilization procedures (Peterson and

Schimerlik, in preparation; see Materials and Methods) yield mAcChRs

of 4- to 6-fold high specific activities and with favorable yields of

70% to 80%. The ligand binding properties of these preparations are

currently being evaluated, however, preliminary data indicate that
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the imidazole buffer used in the new procedures results in approxi-

mately four fold increases in equilibrium dissociation constants of

muscarinic ligands. Thus, titration of the [
3
H]-L-QNB-mAcChR

complex in phosphate buffer with imidazole (pH 7.4) shows a 50% inhi-

bition of L-QNB binding at approximately 25mM (Dr. G.L. Peterson,

personal communication). Since the ligand binding studies presented

in this report were all performed in 25 mM imidizole (pH 7.4) the

results obtained should be regarded as preliminary and comparisons to

earlier studies, which were all done in phosphate buffer (pH 7.4)

should be considered in view of these most recent findings.

In addition, several recent studies have reported the appearance

of heterogenous antagonist binding sites which were "unmasked" in

membrane preparations of atrial mAcChRs by amine-containing buffers,

such as Tris and choline (Sastre et al., 1982; Burgisser et al.,

1982) and by low ionic strength mediums containing EDTA and Tris

(Hulme et al., 1981). The latter authors suggest that the atrial

mAcChR possess two populations of binding sites (for both agonists

and antagonists). One is responsive to changes in ionic strength,

and is sensitive to Mg2+-guanine nucleotide complexes. The other is

not. Leftkowitz and coworkers show that agonist and antagdnist

affinity states of the cardiac mAcChR can be interpreted in terms of

a model for two interconvertible forms of the receptor and these

forms are reciprocally related to each other (Burgisser et al.,

1982). However, this interpretation is complicated by the fact that
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these authors used whole frog hearts--not just atria--and their

buffers contained 511M Tris and 111M Mg 2+ and their tissue source was

stored frozen at -80°C. All of these conditions may change the

subtle interactions between ligand binding and effector sites (Bird-

sall et al., 1979; Sokolovski and Bartfai, 1981). Finally, Sastre

and Rusher demonstrate that choline or Tris (at 10mM to 50mM) pro-

foundly influence the number of [3H]-L-08 binding sites in cardiac

membranes (45% loss fo sites at 2nM [3H]- L -QNB) without effecting the

Kd for L-QNB appreciably. The authors conclude (Sastre et al., 1982)

that the choline/Tris site on the atrial mAcChR (i) is distinct from

previously described antagonist or agonist binding sites; (ii) exhi-

bits a unique structure-activity profile; and (iii) exhibits complex

interactions with monovalent ions. They suggest that this site may

be occupied by choline during synaptic transmission and that it may

modulate chronotropic responses to acetylcholine in vivo.

These studies suggest the possibility that the imidazolium ion

used in our membrane preparations may be influencing the ligand bind-

ing properties in complex ways that cannot be explained, for example,

by simple mass action considerations (Hulme et al., 1981). Work is

currently being done to provide a more detailed understanding ofthis

effect with the hope of explaining the discrepancies reported in this

investigation.
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CHAPTER'VI

DISCUSSION

The postsynaptic events which give rise to observed increases in

ion conductance following neurotransmitter release are now known to

involve regulatory proteins imbedded in the cell membrane. Molecular

studies of these proteins have greatly increased our knowledge of

chemical neurotransmission and have served to focus many of the unan-

swered questions concerning synaptic transmission and axonal conduc-

tion.

The vertebrate heart is regulated by higher brain centers prin-

cipally in response to pertubations in blood pressure, demand for

oxygen and emotional State. Historically, neural control of the myo-

cardium provided the first proof of chemical neurotransmission.

The neurotransmitter receptor for one of the two branches of the

autonomic nervous system controlling heart function has been isolated

and its molecular properties have been determined.

The 0-adrenergic receptor binds to catacholamines which are released

by sympathetic nerve fibers and the adrenal glands via the blood

stream. The effect of catacholamine binding to f3-receptors is medi-

ated by an elaborate biochemical cascade mechanism involving cyclic

AMP synthesis and protein phosphorylations. The presence of guanine

nucleotides and divalent cations are required for the regulation of

catacholamine induced-cyclic AMP synthesis. The net effect on the
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function of the myocardium is an increase in heart rate and myocar-

dial contractility.

The molecular properties of the neurotransmitter receptor medi-

ating parasympathetic effects on the heart have not been determined

because this protein has not been isolated. However, from physiolog-

ical studies the muscarinic acetylcholine receptor is found to cause

a decrease in the heart rate and myocardial contractility upon bind-

ing acetylcholine released by the vagus nerve. Cyclic GMP, guanine

nucleotides and certain ions appear to have roles in the mediation

and regulation of muscarinic receptors.

Previous attempts to isolate muscarinic receptors have not been

successful due to the lack of tissue sources with high densities of

these proteins and of a suitable detergent system to extract intact

receptors from the cell membrane (Rang, 1975; Birdsall and Hulme,

1974). Biochemical studies are now just beginning on muscarinic

receptors and the reasons for the apparent difficulties in molecular

characterization of this protein are becoming better understood.

This dissertation concerns the descriptions of methods for

obtaining soluble mAcChRs from porcine atrial membranes and for frac-

tionating the receptor protein using affinity chromatographic .tech-

niques. The interaction of the solubilized and partially purified

forms of the mAcChR with muscarinic ligands is assessed and compared

to the ligand binding properties of the membrane bound receptor.

It was found that a 5:1 (w/w) ratio of digitonin and cholic acid
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quantitatively solubilized mAcChRs from atrial membranes and that

rapid assay systems employing PEG-6000 to precipitate the receptor-

[3111-L-QM complex and DEAE filter discs were able to identify

mAcChRs in this detergent buffer (Chapter II). From the discussion

presented in this chapter, it is clear that the mechanism of

solubilization by digitonin and cholate is not understood. In view

of the work of others in this field (Repke and Mathies, 1980; Haga et

al., 1982) it appears that amphipathic molecules possessing the

steroid backbone somehow provide an environment for soluble mAcChRs

which allows the ligand binding site to remain functional. Whether

or not this means that the membrane bound receptor is stabilized

and/or associated with cholesterol in vivo remains to be

determined. Should this turn-out to be the case, however, the

significance of this associatiation may be that membrane fluidity and

phase transitions between different membrane structures (eg.

gel+liquid crystal) also mediate or are involved in muscarinic

responses.

Thermodynamic and kinetic studies of [3H] -L -QNB association with

soluble mAcChR indicated that muscarinic ligands interact in a stereo

specific manner and antagonists bind with high affinity similar to

the membrane bound receptor (Chapter III). Agonists, on the other

hand, interact with a single population of homogeneous sites that

correspond to the low-affinity class of binding sites observed in the

membrane-bound preparation. Kinetic studies of [3H] -L -QNB binding to
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the soluble mAcChR indicated that the kinetic mechanism entails the

formation of an initial mAcChR-QNB complex in a rapid preequilibrium

which then undergoes a slow conformational change. These results

were discussed in terms of the postulated muscarinic receptor-

effector protein complex (Birdsall et al., 1979) and its apparent

sensitivity to detergent extraction.

At this time it is still to early to state--with any degree of

confidence--that receptor-effector interactions are responsible for

the changes in agonist affinities observed upon solubilization.

Demonstration of guanine nucleotide effects on agonist binding must

first be made in the soluble preparation of mAcChRs. These effects

may be .apparent only by including a muscarinic agonist and gunanine

nucloetides/Mg2+ during the solubilization procedure. Since these

experiments have not been done, these comments are speculative.

Studies employing the use of lectin affinity chromatography and

glycosidase digestion revealed that the cardiac mAcChR exhibits

sialoglycoprotein properties (Chapter IV). The carbohydrate charac-

teristics of the soluble mAcChR were reported and it was found that

.immobilized wheat germ agglutinin (WGA) interacted specifically and

with high affinity. This interaction was shown to involve multisite

attachment to terminal sialic acid units, as well as, internal N-

acetylglucosamine or its 0(14)-linked oligomers. Two populations of

mAcChRs or mAcChR associated oligosaccharides, were revealed on the

basis of their sensitivity to neuraminidase and lectin affinity
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chromatography.

The finding that the cardiac mAcChR possesses sialic acid

residues is significant in view of the recent reports that these

moieties are involved in Ca2+ gating mechanisms and possibly the

negative inotropic response of the myocardium to acetylcholine

(Battacharyya et al., 1981). By way of speculation, it is suggested

that the atrial mAcChR-associated oligosaccharides may complex with

Ca2+ and somehow influence the slow-inward Ca2+ current. Since

cyclic GMP and phospholipid turnover -are also involved in the

negative inotropic response to acetylcholine in the heart (Nawrath,

1977; Salmon and Honeyman, 1980), the influence of sialic acid-bound

Ca 2+ may be either proximate or distal to the actual inhibition of

the slow channel. More work is needed to demonstrate a relationship

between mAcChR-associated sialic acid residues and Ca 2+ gating

mechanisms in the heart.

After optimizing the binding parameters of the WGA-affinity

resin (Appendix) the partially purified mAcChR was characterized in

terms of its association with muscarinic ligands and its polypeptide

composition (Chapter V). Thermodynamic and kinetic studies again

releaved that antagonist and agonist binding proceeded via the. two-

step mechanism and competitively displaced [3H]-L-QNB from a single

class of homogeneous binding sites. Quantitative differences in the

affinity and rate constants were found and studies were performed

which revealed the presence of a protein factor that may have
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dissociated from the soluble receptor during WGA-affinity

chromatography. This protein factor was found to restore the

observed association rate constant of the fractionated mAcChR.

Finally, affinity labeling of the partially purified receptor

indicated that the ligand binding peptide of the cardiac mAcChR was

approximately 80,000-daltons. Based on the specific activity of

atrial homogenates, the fractionated mAcChR has been purified 1575-

fold and represents approximately 1-2% purity, assuming one [3H]-L-

QNB site per 80,000 dalton receptor protein.

By way of speculation, the "native" mAcChR from the heart may

include--in addition to the antagonist binding peptide--peptides for

(i) guanine nucleotide regulatory components(s), (ii) cyclic

nucleotide-dependent and/or Ca2+ (calmodulin)-dependent protein

kinase(s), actin and/or tubulin anchoring component(s), ion-

translocating component(s) and a guanylate cyclase component.

Evidence for all these components, based on phenomenological studies

using radiolabeled muscarinic ligands and electrophysiological

methods has been given throughout the introduction and discussion

sections of each chapter in this dissertation. Biochemical evidence

is lacking however for the majority of them. This laboratory has

recently shown (Cremo and Schimerlik, in press) evidence that the

ligand binding peptide and the monovalent cation (e) channel may be

associated or perhaps may be the same protein. Unpublished results

(Dr. G.L. Peterson, personal communication) indicate that a component
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of guanylate cyclase activity copurifies with the [ H]-L-QNB binding

protein on the WGA-affinity column. Preliminary biochemical

characterization, therefore, suggests that preparations of the

porcine atrial mAcChRs developed here may provide a good source of

material for investigating the structure and function of native

mAcChRs.

This dissertation represents the combined effort of several

workers in our laboratory and the contributions of each have been

detailed (Chapter II and III). It is hoped that the results of this

work will provide a substantial starting point from which the atrial

mAcChR will ultimately be obtained in homogeneous form. Subsequent

studies of its molecular properties may then be conducted'and recon-

stitution of the purified receptor with known membrane components may

reveal the mechanisms of receptor regulation and mediation of the

parasympathetic response in the myocardium.
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APPENDIX

Wheat Germ Agglutinin--Agarose Preparation and
Characterization as an Affinity Absorbent

for Muscarinic Receptors

Cell surface receptors are integral membrane proteins with

distinct intra- and extracellular orientations (Sharon and Lis,

1982). Since most, if not all, of the extracellular membrane com-

ponents of cells are glycosylated, cell membrane receptors,'including

neuroreceptors are glycoproteins (Lotan and Nicholson, 1979).

Lectins are naturally occuring carbohydrate-binding proteins (Gold-

stein and Hayes, 1978). Because of the similarity between lectin-

saccharide interactions and antibody-antigen interactions, the puri-

fication of glycoproteins by immobilized lectin derivitives naturally

followed the work on antigen isolation by immobilized antibodies

(Silman and Katchalski, 1966). The major advantage of this type of

affinity chromatography is its mild biospecific method of elution

relative to the measures required for antigen elution or receptor

elution from ligand affinity resins (Jacobs and Cuatrecasas, 1981;

Lowe and Dean, 1974). Thus, the simple sugar hapten is all that is

required to displace the glycoprotein and it is unlikely that this

treatment will cause denaturation of the protein or interfere with

its detection based on ligand binding assays. Another advantage is

the relative stability of lectin binding properties under the condi-

tions used to solubilize integral membrane proteins (Lotanand Nichol-
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son, 1979). In addition, the ligand binding sites of most cell sur-

face receptors appear to be distinct from lectin binding sites, thus

allowing the possibility of detection using radiolabled ligands when

the lectin is still attached.

The major disadvantage of lectin affinity chromatography for

cell membrane receptor isolation is its relative lack of specific-

ity. It can be assumed that the receptor protein represents a very

small fraction of the total glycoprotein of the cell membrane and

therefore this technique may not yield significant purification. It

is therefore essential that the correct lectin be identified and the

conditions for optimal binding be established.

Based on the lectin screening experiments recently reported for

the mAcChR in a digitonin/cholate buffer system (Herron and

Schimerlik, submitted) it was found that wheat germ agglutinin (WGA)

interacts specifically and with high affinity towards the soluble

mAcChR. The present paper reports on the preparation of a high

capacity immobilized WGA derivitive which yields substantial purifi-

cation of atrial mAcChRs in detergent solution.

Materials

All reagents were from Sigma, unless otherwise stated. Type

III-0 Trypsin Inhibitor from chicken egg white (ovomucoid, free of

ovoinhibitor) was from Sigma. BioGel A1.5M and, AffiGe1-10 were from
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BioRad. Fresh, raw wheat germ, stored at 4°C, was purchased from 1st

Alternative Coop (Corvallis). Asolectin was from Associated

Concentrates, Woodside, N.Y.

Methods

Preparation of Buffers and Coupling Solutions

One liter of 2M Na
2
CO

3 was prepared fresh and kept at room tem-

perature until it was mixed with gel slurry (see below). Four liters

each of .1M and .2M NaHCO3 pH 9.5 were cooled to 4°C after preparing

from 1M stock NcHCO3 pH 9.5. CNBr solution was prepared by adding

50m1 of dry, distilled CH3CN (Baker) to a 100 grm bottle of CNBr

(Baker) and stirring in hood for 15-20 minutes at room temperature.

The capped solution (including stir bar) was sealed with parafilm,

placed in a tobacco jar with dri-Rite and stored at -20°C until ready

for use. When ready to use it was placed on a stir plate in the hood

and redissolved (required approx. 30 min at room temperature). '1M

Ethanolamine was prepared by dilution of stock reagent and adjusting

to pH 8.0 with 12M HC1 (store at 4°C). 16 liters of a Buffer A (50mM

NaHPO4, .25 m NcC1, pH 7.2) prepared by dilution of 10 x stock, is

cooled to 0° to 4°C. The WGA coupling buffer, .1M HEPES was prepared

fresh and the pH was adjusted to 7.5 with NaOH after adding .1M

G1cNAc (VT=100 ml).
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Preparation of Ovomucoid Affinity Resin

All resins described in this section were "washed" using the 3

liter scintered glass funnel with slight vacuum. Preparation of ovo-

mucoid affinity resin was done at 4°C by a modification of the proce-

dure of March et al. (1974). 300 ml of BioGel A 1.5M was washed with

4 liters of dH2O and resuspended in 300 ml of dH2O. The slurry was

then mixed with 600 ml of 2 M Na
2
CO

3
and stirred gently at 4°C for 30

min. Stirring was increased and 2.5 ml of CNBr/CH3CN (2 grm/ml) was

added. The mixture was stirred vigorously for 2- to 3-minutes, after

which time it was washed with 4 liters of cold .1M NaHCO3 pH 9.5.

The gel was then washed again with 4 liters cold .2M NaHCO3 pH 9.5 at

4°C. The moist cake was transferred to a 1 liter plastic bottle

containing 300 ml of ovomucoid at a concentration of 3.33 mg/ml. The

slurry was then either rocked or rotated gently at 4°C overnight. An

aliquot was removed for A280 before being mixed with 25 grm

glycine. The slurry was rotated gently, at room temperature and

after 2 hours, the slurry was washed with 3- to 4-liters of cold

Buffer A, resuspended and stored at 4°C until ready for use (if not

for immediate use, add .025% NaN3).

Preparation of WGA

The procedure used here was a modification of Kahane et al.

(1976) and adapted for use with S.R. Anderson's Beckman Model J-6B
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Clinical Centrifuge (consult with Chi-Jiunn Pan for technical

details). Wheat germ (150g) was suspended in 1 liter of ice cold

Buffer A and homogenized in a Waring blender for 1.5 min at maximum

speed. The homogenates from a total of 600 grm wheat germ were cen-

trifuged at 4000 rpm for 10 minutes. The supernatant was heated for

15 minutes at 56°C, cooled to 10°C and centrifuged for 15 minutes as

above. The supernatant was filtered through cheesecloth to remove

floating fat and the filtrate was absorbed batchwise onto 300 ml of

ovomucoid affinity resin with gentle stirring at room temperature.

After 45 minutes the mixture was centrifuged at 4000 rpm for 10

minutes. The beads were resuspended in a total volume of 2 liters of

ice cold Buffer A after the supernatant was carefully 'asperated.

This procedure was repeated twice and the washed beads were

transfered to the 3 liter scintered glass funnel and washed again

with 6 liters of ice cold Buffer A. Finally, the beads were

transferred to a (4 x 100) cm Kontes column (end sealed!) and washed

with Buffer A in the cold box until the A280<.01. The wheat germ

agglutinin was eluted--usually the next day--with .1M acetic acid.

The peak of protein, monitored by A280, was pooled and dialized

against 2 x 4 liters dH2O and lyophilized. On the second dialysis

change, the inclusion of 5-10 ml Buffer A results in a manageable

solid following lyophilization. The ovomucoid affinity column was

washed extensively with .1M acetic acid and the beads transferred to

the scintered glass funnel and washed with 4 liters of Buffer A.
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They were then transferred to a container and stored in Buffer A plus

.025% NaN3 at 4°C. After lyophilization, the content of WGA in the

solid was determined by A280 (1mg/m1=1.46 01)280).

Preparation of WGA-AffiGe1-10 Affinity Resin

(Read BioRad catalog on coupling procedure before performing.)

For large scale preparation (25 ml) of WGA-affinity resin;. 1 bottle

of AffiGe1-10 (stored at -20°C) was washed with 80- to 100 ml ice

cold dH2O (until .the smell of isopropanol was gone) in a scintered

glass funnel (less than 10 minutes). The moist cake was transferred

back into same bottle (rinsed several times in dH2O) which contained

225 mg WGA dissolved in .1M HEPES pH 7.5 (NaOH), .1M G1cNAc. The

slurry was rotated at 4°C for 4, hours. An aliquot of supernatant was

removed for A280 and 250 pl 1M ethandlamine-Hcl pH8 was added. After

rotating for 1 hour at 4°C, the resin was loaded into a (1.2 x 15) cm

BioRad Econocolumn and washed with coupling buffer (50 ml). The WGA-

affinity resin was stored at 4°C in this buffer plus .025% NaN3 until

ready for use. Before use, the coupling buffer was washed from

column and replaced by .1M acetic acid (approx. 1 column volume).

The column is then equilibrated in 2- to 3-column volumes of deter-

gent buffer.
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mAcChR Binding to WGA-Affinity Resin

Part A. Factors Affecting [3H]-L-QNB Binding and Elution

1) Asolectin (ASL) protection of WGA bound mAcChR

Pilot WGA-afinity columns (7mg WGA/ml gel) were used to assess

the effects of asolectin at .5 mg/ml on the recoveries of [
3
H] -L -QNB

sites. 1 ml of detergent extract in .5 mg/ml ASL or 1 ml of extract

dialyzed against 1/10 x D/C in .5 mg/ml ASL were loaded onto dupli-

cate 1 ml pilot columns. The former was washed with 5 ml of D/C .5

mg/ml ASL and eluted with 3 ml of .1M GlcNAc in the same buffer. The

latter was washed with 5 ml of imidazole buffer containing .5 mg/ml

ASL (no detergent) and eluted with 3 ml of D/C contianing .1M GlcNAc

and .5 mg/ml ASL. A duplicate control column was run with no ASL in

detergent. A fourth column was run the same way but the wash con-

tained .1% triton-x100 instead of di"gitonin/cholate. Aliquots from

each column fraction were assayed for [
3
H]-L-QNB sites.

2) Dependence of WGA-coupling density on [3H] -L-QNB site binding and
recovery

The concentration of WGA was varied between 0 and 10 mg/ml gel

during the coupling reacton with AffiGel.-10. Conditions were; 2 ml

coupling volume, 1 ml gel, coupling time 4 hrs at 4°C and protein

coupled exactly as described in BioRad Catalog. The gels were loaded

into dispo-syringe columns and washed with .1M acetic acid, WC plus

.5 mg/ml ASL. 1 ml extract loaded, washed with 5 ml D/C and eluted
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with .1M GlcNAc in ASL. Aliquots from each fraction were assayed for

CHT-L-QNB sites and protein.

3) Dependence of protein load on [3H]-L-QNB site binding and recovery

The volume of detergent extract was varied between 2 ml and 20

ml during batchwise incubation with 1 ml of WGA-affinity resin (9

mg/ml gel). The extract-gel slurries were rotated overnight at 4°C

before being loaded into syringe columns and washed with 2 ml of D/C

in ASL, followed by 2 ml of D/C and receptor eluted with 2.5 ml .2M

GlcNAc. Aliquots of each eluate were assayed for [
3

H]-L-QNB sites.

4) Protection of WGA-Hapten binding sites during coupling reaction.

Duplicate 3m1 AffiGe1-10 were coupled to 27 mg WGA in .1M HEPES

pH7.5 containing either .1M GlcNAc or 58 pMol of mixed chitin oligo-

saccharides. Conditions were the same used as before for coupling

times and washes. 1 ml of extract was loaded on each column followed

by I ml of D/C. The eluates were reapplied to the columns 3 times

before the columns were washed with 3 ml of .25 M Nacl and receptor

elued with 3 ml .1M GlcNAc. Aliquots of each function were assayed

for [
3

H]-L-QNB sites.

Part B. Interaction of WGA-Affinity resin with [
3

H]-L-QNB-mAcChR
complex.

1 ml of extract was preequilibrated with lOnM [
3

H]-L-QNB and

added to 250 pl WGA-affinity resin. After 5 minutes, duplicate ali-

quots were filtered on GF/B filters in an Amicon Vacuum filtration
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manifold and washed 2 x with 5 ml of 0/C. Control samples contained

.2M GlcNAc and/or atropine (10-5M). 1 ml of extract was 1st added to

WGA-resin, then after 5 min lOnM [ 3
11]-L-QNB was added. After 1 hour

the slurry was filtered as above and the filters were counted for

radioactivity.
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Figure A.1 Dependence of WGA coupling density on [3H] -L-QNB site
binding to and recovery from WGA affinity resin. WGA
col umns coupled and run according to materials and
methods.
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Figure A.2 Dependence of protein load on
3

H]-L-QNB site binding to
and recovery from WGA-affinity resin. Batchwise mixing
of detergent extract with WGA-affinity resin run
according to materials and methods. The value for
detergent extract (1.15 mg/ml protein, 4.52 pmole H]-L-
QNB site/ml) were converted to free concentration of QNB
sites after subtracting bound from total sites added.
The data were plotted in double recipricol form
(insert). Least squares fit to data gave a value for the
maximum site concentration from the y-intercept of 32
pMol/m1 gel and an apparent binding affinity constant
from the x-intercept of 1.55 nM.
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TABLE A.1

ASOLECTIN PROTECTION OF IMMOBILIZED WGA-BOUND mAcChRt

Column Wash

% [3H] -L -QNB site
ASLa Tritonb D/Cc Recovery in GlcNAc Wash

30%

0%

29%

63%

+ + - 0%

t Experiments performed as in materials and methods

a
.5 mg/ml Asolectin

b .1% (V/V) Triton X-100

.4% (W/V) digitonin/.08% (W/V) cholate
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TABLE A.2

PROTECTION OF WGA-HAPTEN BINDING SITE DURING COUPLING REACTION

Fraction % [
3

H]-L-QNB sitesa

G1cNAc Chi-oligo

Protein Load 6.2% 10.5%

Nacl Wash 4.2% 5.6%

G1cNAc Eluate 35% 47.5%

tWGA-afinity resins coupled in presence of either G1cNAc or
chitin oligosaccharides

aNumber of [
3

H]-L-013. sites recovered in Fraction, indicated
relative to number applied
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TABLE A.3

INTERACTI9N OF WGA-AFFINITY RESIN WITH THE
[ H]-L-QNB-mAcChR COMPLEX'

Order of Addition of Reactants Radioactivity on Filtera

(First+Second4Third. . .)

ONB+Extract+Resin 6435 ± 798

Atropine+Extract+QNB+Resin 185 ± 5

Resin+Extract08 7611 ± 569

QNB+Extract+GlcNAc+Resin 320 ± 1

Atropine+Extract+084G1cNAc+Resin 78 ± 2

t GF/B Filter Assay of WGA-affinity resin bound [ H]-L-QNB-mAcChR
complex. Experiments performed as in Materials & Methods.

a Mean cpm ± S.D.
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Results and Discussion

Ovomucoid Affinity Resin

The effectiveness of ovomucoid to absorb WGA from the homogener-

ates of heat treated raw wheat germ appears to be independent of the

support matrix; BioGel A 1.5M, A5M, Sepharose 4B, Sepharose CL-4B and

CL-6B were all found to give essentially the same yield of WGA. How-

ever, optimal yields (200-250 mg WGA/Kg wheat germ) are. markedly

reduced when the CNBr activation step is not done in the cold or if

too much or too little ovomucoid is coupled. Reasons for this are

unclear but coupling efficiencies are usually about 90% in any

case. The gel can be stored in .1M acetic acid at 4°C for several

weeks without apparent loss of binding activity, however, the binding

capacity is reduced to less than 50% of the optimal value after about

5 uses of resin stored in this manner. After the first or second

use, the gel becomes contaminated with conspicuous chunks of

precipitated wheat germ homogenate (lipid, protein). These can be

removed by either filtering the gel through cheeze cloth or a wire

mesh screen, however, their effects on the purity of the WGA obtained

is negligible. NaDodSO4 gel electrophoreses of material from the

ovomucoid column stained with coomassie blue shows one band at

approximately 24,000-daltons which comigrates with the WGA standard

(Vector Laboratories). Storage of the lyophilized WGA solid at 4°C

in a sealed container for up to 2 months had no effect on the

capacity to bind mAcChRs once it is immobilized.
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WGA-AffiGe1-10 Affinity Column

General Comments

WGA purified as described above can be immobilized to AffiGe1-10

in .1M GlcNAc under conditions described in the BioRad catalog with

coupling efficiencies between 90 and 100%. AffiGe1-10 is an N-

hydroxysuccinimide derivitive of agarose with a 14 atom spacer arm.

The attachment of this spacer arm to the crosslinked agarose matrix

is via a stable ether linkage. The mode of attachment of WGA to this

activated ester-agarose is by the formation of amide bonds between

primary amines exposed on WGA and the activated ester (N-

hydroxysuccinimide). It is found that WGA coupled in this manner

does not lose apparent binding capacity for soluble mAcChRs after 10-

20 uses. Furthermore, the gel can-be abused by allowing the column

to run dry in the presence of detergent buffer or imidazole buffer

without apparent loss of binding activity.

The WGA-affinity resin is washed before use with .1M acetic acid

for two reasons. First, it removes the bound GlcNAc used to elute

the mAcChR quickly, without extensive washing. Second, it also

removes any tightly bound glycoproteins present in detergent extract

along with lipids and glycoconjegates. Without this acetic acid

wash, it is found that the WGA column loses both its capacity and

specificity for mAcChRs. However, this acid wash has one very

significant disadvantage; if the column runs dry in the presence of

the acid, no mAcChR binding activity is found afterwards.



181

The extreme stability of the WGA-AffiGe1-10 affinity resin pre-

pared as.described here is attributable to both the stability of the

spacer arm-agarose linkage and the amide bond formed between WGA and

the spacer. In addition, WGA is one of the most stable of all lec-

tins (Goldstein and Hayes, 1978), being comprised of 20% cystiene

residues (Allen et al., 1972). It can bind glycoproteins in 2%

NaDodSO4 (Kahane et al., 1976) but binding activity is lost quickly

in the presence of reducing agents.

Asolectin Protection Studies

Early work with WGA-affinity chromatography of soluble mAcChRs

showed considerable variability in the recoveries of QNB sites from

the columns. These values ranged from 20% to 80% and usually cen-

tered around 30%. In an attempt to determine possible reasons for

the nonquantitative elution of mAcChRs, phospholipids were added to

the detergent extract and wash buffers. Asolectin (ASL) is a mixture

of phospholipids from soybean and has been used to stabilize the

nicotinic receptor (Wu and Raftery, 1981) and phospholipids were

added to all buffers during WGA affinity chromatography and DEAE

chromatography of the solubilized sodium channel (Cohen and Barchi,

1981; Hartshorne and Catterall, 1981). In addition, a role for aci-

dic phospholipids in mAcChR stability from brain tissue has been

reported (Aronstam et al., 1977). Table A.1 shows that ASL increases

the recovery of QNB sites from WGA-affinity columns when it is pre-
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sent in the detergent extract applied and the buffer used to wash the

column. Relative to no ASL present, this represents a 2-fold

increase in site recovery.

The inclusion of ASL (.5mg /ml) in the buffer system resulted in

large increases in nonspecific [
3

H]-L-QNB binding using DEAE filter

disc assay (Cremo et al., 1981). It was found that if 0.1% Triton X-

100 was included in the 10 mM NaHP0
4

wash buffer used for the DEAE

assay this nonspecific [
3

H]-L-QNB binding was reduced to background

levels (data not shown). Thus, in an attempt to see whether the

digiton/cholate detergent could be replaced by Triton-X100 in the

presence of ASL, 0.1% Triton was included in the washing step of a

pilot WGA column (Table A.1). The results indicate that Triton-X100

causes irreversible loss of QNB binding activity even in the presence

of 0.5 mg/ml ASL. However, in the absence of any detergent in the

wash buffer, ASL protected QNB binding sites to the same level as

control values (Table A.1). These experiments indicate the possi-

bility that phospholipids may be involved in the interaction of WGA-

affinity resin and soluble mAcChRs. This hypothesis is supported by

the results of other soluble glycoprotein fractionation procedures

(Cohen and Barchi, 1981). Further work with this protection quality

of ASL is warranted.
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WGA-Coupling Density

Figure A.1 shows the dependence of immobilized WGA concentration

on QNB site binding and % recovery. It was found that after 2 mg

WGA/ml gel, the specific activity of mAcChRs (nMol QNB sites/grm

protein) remained constant but the % of QNB site recovery steadily

increased until a value of 8-10 mg WGA/ml was reached. This result

helps explain some of the variability in site recoveries from earlier

WGA-affinity resins which were coupled at various concentrations

between 3 and 7 mg/ml.

Attempts to exploit the low QNB site binding to gels coupled

below 1 mg/ml in the hopes of gaining substantial improvements in the

fold-purification of mAcChRs were not successful. Thus, sequential

addition of extract to low density WGA-affinity resin followed by

high density resulted in negligible improvement in specific binding

activity of mAcChRs eluted from the high density gel (data not

shown). All WGA-affinity resin was subsequently coupled at 9' mg

WGA /ml gel.

Protein Loading

It was suspected from earlier work that column geometry and flow

rates were responsible for much of the variable site recoveries

obtained. However, further work showed those factors were less

important than the amount of protein in the detergent extract loaded
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onto the WGA column. The theoretical binding capacity of the WGA-

affinity resin coupled at 9 mg WGA /ml gel is enormous; assuming a

molecular weight of WGA of 36,000 daltons per dimer (Goldstein and

Hayes, 1978) and 2 saccharide binding sites per monomer, the theore-

tical value is 1 omol saccharide binding sites per ml of gel. Figure

A.2 shows a saturation binding curve of mAcChR binding to WGA-

affinity resin. It indicates that, at a value of approximately 8 ml

detergent extract per ml gel (9.6 mg extract protein), the total

binding apparently begins to level-off at a favorable site recovery

of 68%. The specific activity of mAcChRs also levels-off at a value

of approximately 100 nMole [
3

H]-L-QNB/grm protein. Note, however,

that this batchwise experiment was rotated overnight at 4°C

(Materials and Methods). Column flow rates and geometries must be

optimized for each batch of WGA-AffiGe1-10. If the specific activity

values are converted to moles of QNB sites and plotted as a function

of sites unbound in double-recipricol form (insert, Figure A.2) the

maximum site concentration bound to the gel is 32 pMol [3H] -L- QNB /ml

gel. This value is 0.0032% of the theoretical binding capacity of

the resin. Such a difference is suggested to be due to the presence

of several other glycoproteins in detergent extract which are present

in much higher proportions relative to the mAcChR and effectively

compete for the available saccharide binding sites on the immobilized

WGA. Other possible reasons for the fractional % mAcChR binding to

WGA-affinity resin relative to the theoretical binding capacity
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include (i) interaction of several WGA binding sites with each

glycoprotein, (ii) inactivation of binding sites by coupling

procedure, (iii) inaccessability of binding sites for saccharides

associated with mAcChR.

Indications of the nature of high affinity interactions between

immobilized WGA and the soluble mAcChR were reported to involve mul-

tisite attachment through both terminal sialic acid and internal

GlcNAc and/or its 13(1+4)-linked oligomers (Herron and Schimerlik,

submitted). This is further characterized by the data in Figure A.2

(insert) which show that the apparent binding constant derived from

the saturation experiment is equal to 1.55 nM. This value is at

least 2 orders of magnitude lower than affinity constants for

saccharides and glycoconjegates binding to either free or immobilized

WGA (Goldstein and Hayes, 1978.; Bhavanandan and Katlic, 1979). It is

interesting to note that once the mAcChR is bound to immobilized WGA,

10 mM GlcNAc releases only 5-8% of the [3H]-L-QNB sites applied

(Figure V.1 in this dissertation). Whereas, in contrast to this

behavior, 50% of mAcChRs are blocked from binding to immobilized WGA

preincubated in 7 mM GlcNAc (Table IV.2 in this dissertation). The

specificity of WGA for glycoproteins is complex and not well under-

stood (Bhavanandan and Katlic, 1979: Monsigny et al., 1979). In par-

ticular, the role of multiple sacharide binding domains having high

affinity for uncharged chitosaccharides and charged clustered sialyl

residues is not known. The data presented in this section support
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the possibility of multiple site attachment of mAcChR associated

oligosaccharides to immobilized WGA. Attempts to elute the remaining

QNB sites from WGA columns which had been previously washed with .2M

GlcNAc have not been successful. Chaotropic agents (KI and PEG) and

various nonspecific agents (borate, triton X-100) were not able to

increase % recoveries significantly. It remains to be tested whether

the .1M acetic acid wash can elute additional receptors. Using the

affinity label, [3H]-prBCM, this possibility could certainly be

investigated.

Protection of WGA-Hapten Binding Sites

In an attempt to determine if the binding of mAcChRs to immo-

bilized WGA could be affected by the method of protection of sacchar-

ide binding sites during the immobilization procedure, both the

monomer and oligomers of GlcNAc were included in the coupling

buffer. The affinity of WGA for oligomers of GlcNAc increases by

several orders of magnitude starting from monomers and ending at the

pentasaccharide (Allen et al., 1973). Table A.2 shows that the

binding and elution properties of duplicate WGA-affinity resins

coupled in either GlcNAc or chitin oligosaccharides changes

significantly. A two-fold increase in the number of QNB sites

eluting in the load fraction indicates that the receptor associated

oligosaccharides do not interact with WGA-resin in the same manner

relative to the resin coupled with GlcNAc. The % receptor eluting in
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the GlcNAc wash was increased by almost 20% from the column coupled

in the presence of chitin oligosdccharides, also suggesting a change

in the mode of mAcChR attachment. It is suggested that the primary

amines exposed on WGA during the coupling reaction are diffentially

effected by the extent of hapten-site protection.

Interaction of Immobilized WGA with the [3H]-L-QNB-mAcChR complex.

Consistent with the reports of other cell surface receptors

(Cohen and Barchi, 1981; Cuatrecasas and Jacobs, 1981; Salvaterra et

al., 1977) lectin binding does not appear to influence significantly

the binding of ligands (ie drugs, hormones and neurotransmitters).

It was reported that the equilibrium binding of L-QNB to the soluble

mAcChR in the presence of 2.5 mg /ml free WGA (Herron and Schimerlik,

submitted) was not significantly effected. Table A.3 extends these

observations to the immobilized WGA-QNB-receptor complex. Thus,

regardless of the order of addition of the reactants, the QNB-mAcChR

complex apparently binds to the same extent to immobilized WGA. This

has important implications for the use of immobilized WGA in studies

where the ligand-receptor complex needs to be physically isolated

from solution. Such studies may include detergent and lipid

exchange, reconstitution of purified effector proteins with the

immobilized receptor, mAcChR-enriched membrane isolation, in vivo

studies using cell cultures, etc.
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Future Research

It is not known at this time whether the remaining 40 % -50% of

the mAcChRs which are not recovered from the WGA-affinity resin are

inactivated or if they are not elutable with high sugar concentra-

tions. Specific activities, and therefore, fold-purifications may be

increased substantially by batchwise mixing of detergent extract with

WGA-affinity resin at very high ratios of protein to gel (>10 mg/ml

gel). Inclusion of phospholipids may also give higher fold purifica-

tions once conditions are worked out. Finally, protection of the

sugar-hapten binding site of WGA during coupling with chitin

oligosaccharides may drastically change the binding parameters

determined here using GlcNAc. TheSe and other experiments should be

tried using the immobilized WGA derivitives as an insoluble affinity

support for the mAcChR.


