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Preface
The aim of this book is to give a clear and straightforward account of the remarkable properties of the nicotinic receptor for acetylcholine, a membrane protein involved in chemical transduction in the nervous system that is also the target of a widely used drug, nicotine. This molecule also happens to be the first pharmacological receptor and ion channel ever to have been identified. The history of its discovery and the advances made over the last forty years in understanding its functional organization constitute a remarkable case study of the emergence of a new field of scientific research. The overwhelming amount of information that must be assimilated by neuroscientists today places a premium on timely and succinct summaries of the current state of research, but such progress reports do not critically examine the process by which the results they describe were acquired. Our purpose, by contrast, is not only to review the most recent experimental and theoretical breakthroughs in the study of the nicotinic receptor, but also to give the reader a sense of the intellectual excitement and adventure that accompanied the various stages of discovery, each one having its own evolutionary dynamic, its own challenges and trials, and its own successes and failures. We have therefore adopted a historical and multidisciplinary approach in order to trace the consequences of “variation and selection” in a key field of neurobiology.
Communication between neurons takes place primarily at the level of specialized contacts in the nervous system called synapses. Signal transmission at the synapse is mainly mediated by a chemical substance, the neurotransmitter, that is stored in the nerve ending and released upon arrival of a nerve impulse. After diffusion through the space that separates the cells, the neurotransmitter is recognized by a specific receptor molecule, and the resulting binding event is transduced into an electrical signal. Such receptors are now known to be the target of many drugs active on the nervous system, including nicotine, curare, neuroleptics, and tranquilizers. The story of the receptor for acetylcholine, the first membrane receptor for a neurotransmitter to be isolated and characterized at the molecular level, provides a unique perspective on the development of a branch of science at the crossroads of four major domains: biochemistry, neurophysiology, pharmacology, and the behavioral sciences. It is rare for the full trajectory of a scientific subject to be presented in a single book. This volume furnishes an exceptional opportunity for scientists and students to follow the course of a major advance in our understanding of the molecular basis of brain functions.
In the first chapter we examine the series of events by which research in several distinct fields in the first half of the twentieth century came to converge upon the study of the receptor. The influence of these approaches, which we regard as authentic scientific “cultures,” can still be discerned in contemporary research programs concerning four broad topics: receptor pharmacology and chemical transmission at synapses; enzyme biochemistry and stereochemical specificity of binding sites; electric potentials and ion channels; and allosteric transitions and elementary mechanisms of signal transduction. In the second chapter we consider the early history of receptor purification and characterization, and go on in the three following chapters to describe the course of research into the various aspects of the receptor structure and function: the chemical structure of the binding site; the identity and properties of the ion channel; and the mechanism of signal transmission, including activation of the ion channel and its regulation.
In the second half of the book, starting with Chapter 6, we survey the results of recent studies on the three-dimensional structure of the receptor molecule, particularly with regard to the valuable insights they offer into inherited pathologies such as congenital myasthenia and epilepsies. After considering the integration of the receptor into its synaptic membrane environment at the junction between motor nerve and skeletal muscle and at the surface of neurons in the brain, we conclude with a look at still ongoing work on the distribution, physiology, and regulation of the nicotinic receptors in brain functions and cognition.
Much of the material contained in this book has been the subject of prior reviews and articles. A number of previously published accounts deal with aspects of the analysis presented here, notably Changeux (1981, 1990), Cartaud and Changeux (1993), Duclert and Changeux (1995), Changeux et al. (1998), Changeux and Edelstein (1998), Schaeffer et al. (2001), and Champtiaux and Changeux (2003).
We would like to express our thanks to colleagues who read portions of the draft manuscript, especially Marc Ballivet, and to Pierre-Jean Corringer, Thomas Grutter, and Antoine Taly for generously supplying ﬁgures. We owe thanks as well to Malcolm DeBevoise for his skillful assistance in putting the text into finished form; to Alice Calaprice for her expert copyediting; to Lynn Edelstein for her attentive proofreading; and to Mike Burton for his elegant page design. Most of all we are grateful to Odile Jacob and Bernard Gotlieb for their role in producing this book and for their continued support and understanding.
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Chapter 1
Historical Background
The word “neuroscience” is relatively new, referring as it does to a field of scientific inquiry that developed only recently. Until the late 1960s, investigation of the nervous system, and the brain in particular, dealt mainly with its anatomy (observed by means of light or electron microscopy), its physiology (using electrical recordings), and its chemistry and pharmacology. Psychology and animal behavior were still seen as belonging to the humanities rather than the physical sciences, despite the attempts of physiologists to establish causal relationships between brain anatomy and behavior. In 1971, the first annual meeting of the newly created Society for Neuroscience attracted 1,100 scientists. Was this event evidence of a major paradigm shift resulting from the formulation of a new body of explanatory hypotheses? Or was it simply the consequence of a development and strengthening of local modes of interaction between disciplines, with novel techniques being introduced from different domains of research, extending and combining concepts from distinct, apparently unrelated schools of thought? It is still too early to decide which of these interpretations is correct.
At nearly the same moment, convergence among a number of different scientific disciplines had led to the identification of the first neurotransmitter receptor. Four distinct research traditions — or what we may refer to as “cultures” — contributed to this achievement, and to modern work on receptors generally, focusing respectively on receptor pharmacology and chemical transmission at synapses; enzyme activity and stereochemical specificity of binding sites; electric potentials and ion channels; and allosteric transitions and elementary mechanisms of signal transduction. We begin by examining these four scientific cultures in historical perspective. In subsequent chapters we will consider the current understanding of acetylcholine receptors with respect to genes and their regulation, quaternary structures, agonist-binding sites, ion channels, allosteric regulation, genetic diseases, synaptic membrane assembly, and higher cognitive functions.
Receptor Pharmacology and Chemical Transmission
Early Investigations of Drug Action
The action of drugs on the human organism was first observed in prehistoric times, in connection with shamanic practices based on primitive experiments involving natural substances derived mainly from plants. The word “pharmacology” itself comes from the Greek pharmakon, signifying the magical action of a substance either in curing disease or causing death. The emergence of rational medicine with the Hippocratic school soon eliminated the term’s magical content, and it gradually came to designate a substance that modifies the condition of the organism, whether healthy or sick, in a definite manner. With the introduction of the notions of “active principle” and “active dose,” due to Paracelsus in the sixteenth century, and the insight that these substances were chemical entities having distinct structures, due to Lavoisier in the late eighteenth century, the modern idea of pharmacological agents was established. Our concern here is with the specific effects and mode of action of such agents, particularly certain compounds extracted from plants such as nicotine and curare.
The systematic experimental investigation of the effects of medicines and poisons made considerable progress in the mid-nineteenth century with the pioneering work of the French physiologist Claude Bernard. Several of his 1857 lectures at the Collège de France on toxic and medicinal substances were devoted to the physiological effects of curare (a substance used by native South Americans to poison the tips of arrows) and the target of its paralytic action. Bernard sought to understand its physiological effect by “localizing” the site of this action. Curare, he said, acts as a “chemical lancet” that “dissects the motor system,” by which he meant that curare blocks motor (but not sensory) activity. In particular, he demonstrated that curare does not alter muscle contraction, but instead affects the action of the motor nerve on the muscle. Surprisingly, however, he concluded that curare acted on the motor nerve ending and from there traveled through the central nervous system. His disciple Alfred Vulpian correctly reported in 1886 that curare does not act on the motor nerves themselves — more precisely, the ventral roots of the spinal cord — but causes “communication between nerve fibers and muscle fibers to be interrupted” (see discussion in Changeux, 1979).

Early Conceptions of “Receptors”
The theoretical notion of a pharmacological receptor as it is used today in the neurosciences can be traced to the work of the English physiologist John Newport Langley during the period 1905 – 1908, though a closely related concept had already emerged independently from studies in immunology carried out by the German bacteriologist Paul Ehrlich (1897). Inspired by the work of Claude Bernard (to whom he gave ample credit), Langley sought to localize and further specify the actions of curare and nicotine on neuromuscular preparations from fowl. Like curare, nicotine is native to the New World. It was first isolated by the French chemist Nicholas-Louis Vauquelin in 1809 from tobacco plants that had been introduced in Europe in the sixteenth century, in part owing to the interest of the French ambassador to Lisbon, Jean Nicot de Villemain. Langley showed that nicotine blocks transmission in a manner different from that of curare. Applied to neuromuscular preparations, it first causes a contraction and then produces a blocking effect. In modern terms, nicotine (like acetylcholine) behaves as an agonist, and the response desensitizes. Curare, on the other hand, does not cause contraction, but instead blocks the effect of nicotine; that is, it behaves as an antagonist of nicotine action.
It remained unclear from the work of Bernard and Vulpian, reviewed by Langley (1906) in his Croonian Lecture of that year, as well as from studies by Wilhelm Kühne in Germany, whether curare (and nicotine) acted on the neural or muscular side of the motor endplate. To resolve this issue, Langley (1905, 1906) denervated the frog gastrocnemius muscle. Several weeks later, despite degeneration of the nerve terminal, the muscle tissue still responded to nicotine and curare, “the only difference apparently observed being an increased response to small doses of the poison.” Since neither of these compounds prevented the contraction of the muscle, he concluded that “the muscle substance which combines with nicotine and curare is not identical with the substance which contracts. It is convenient to have a term for the especially excitable constituent, and I have called it the receptive substance. It receives the stimulus and by transmitting it causes contraction” (1906).
In an important further observation, Langley (1907) noted that “a small drop of nicotine placed near, but not touching a nerve ending is without effect, whilst placed on the nerve ending produces local contraction.” The receptive substance therefore appeared to be concentrated under the nerve terminal. Comparing the effect of nicotine on striated muscle with that of adrenaline on “unstriated muscle and glands” (Elliott, 1904, 1905), Langley concluded that “the different systems of efferent nerves would chiefly, at any rate, owe their difference to the different characters of the receptive substances of the cells with which they have become connected.” This physiological concept of a receptor, whose normal function is to receive “special substances secreted by the end of the nerve” — what we now call neurotransmitters — complemented the structural views of stereochemical specificity developed by Ehrlich and Fischer (see below). Even though Langley’s “receptor theory” was dismissed as overly speculative, even “unnecessary,” by some of the most distinguished pharmacologists of the period (Dale, 1943), it nonetheless provided a useful and productive interpretation of experimental data on drug action in both peripheral and central synapses. The distinction by Dale (1914) between the “muscarine action” of “certain esters and ethers of choline” upon smooth muscles (blocked by atropine) and the “nicotine action” of these esters and ethers upon striated voluntary muscles (blocked by curare) appears in retrospect to have been in agreement with Langley’s receptor theory, and indeed may have been influenced by it.

Discovery of the Synapse
Anatomical studies of brain tissue in the nineteenth century wrestled with the question whether its component cells form a reticular continuum or a discontinuous network. A turning point was reached in 1889 with the publication by the Spanish anatomist Santiago Ramón y Cajal of a paper entitled “Conexión general des los elementos nerviosos,” in which he defended the idea — developed and extended in his authoritative Textura del sistema nervioso del hombre y de los vertebrados (1899) — that nerve cells form independent units, or “neurons” (the term introduced by Heinrich Waldeyer in 1891), which are juxtaposed in “contiguity” rather than in “continuity” with one another. The neuron was supposed to mediate the propagation of electric signals — for which Cajal used characteristic arrows to specify the “marche des courants,” or movement of currents — throughout the neural network. According to his concept of dynamic polarization, the nerve impulses collected by the dendrite and the cell body propagate in a polarized manner toward the axon. However, Cajal’s neuron doctrine did not clearly specify the function, if any, of the “articulation” between nerve cells (today called the synapse) in the polarity of neuronal transmission; indeed, Cajal favored assigning responsibility for this process to the neurofibrillary network within the nerve cell. It was the English physiologist Sir Charles Sherrington who explicitly argued on behalf of the synapse’s role in this regard in 1897. Trained by Langley, with whom he had published an article in 1884 on the consequences of excising portions of the brain in dogs and monkeys, Sherrington met Cajal on a visit to Spain in 1885 and his subsequent experimental work on spinal reflexes owed much to Cajal’s inﬂuence. On the basis of in vivo experiments, Sherrington conceived of the synapse as a kind of intracellular “valve” that creates the polarity and threshold for transmission underlying what he called the “discontinuous chain of neurons.” More than two centuries earlier, in his Traité de l’homme (1648), Descartes had proposed nearly the same word — “valvule” — for structures that orient the unidirectional flow of “animal spirits” from the nerve to the muscle.
Confirmation of the status of the synapse as a morphological entity had to await the development of the electron microscope (Palade and Palay, 1954; Robertson, 1956). The images demonstrate that the juxtaposed cell membranes do not fuse, but are separated by a gap about 50 100 nm wide, with vesicles 30 – 60 nm in diameter visible on the side of the nerve ending and characteristic densities and folds (Couteaux, 1958) on the postsynaptic side (see Figure 1.1). Although the function of the synapse as a valve in the propagation of nerve signals had already largely been established by physiological data at the beginning of the century, controversy persisted until the 1950s with regard to the actual mechanism of synaptic transmission. Was it electrical or chemical?
A chemical basis for the propagation of signals in the nervous system had initially been suggested by the German physiologist Emil Du Bois-Reymond, and later was explicitly formulated by one of Langley’s students, Thomas R. Elliott (1904, 1905). The neurotransmitter synthesized and stored in the nerve ending is released upon the arrival of an electrical impulse; after diffusion in the synaptic cleft, it serves as a chemical relay that creates a converse chemoelectrical transduction at the level of the postsynaptic membrane. As a result of subsequent studies on the chemistry and pharmacology of neurotransmitters by Otto Loewi, Henry Dale, Ulf von Euler, and their students (see review in von Euler, 1981), the role of chemical transmission in the peripheral nervous system came to be accepted. With regard to activity in the brain itself, however, the electrical hypothesis continued to receive support from a number of distinguished scientists (among them Erlanger and Gasser, Lorente de Nó, and Eccles), until finally it was recognized that chemical and electrical synapses coexist in the nervous system (see review in Eccles, 1964).
[image: images]FIGURE 1.1 Diagram of the motor endplate showing the junction between a motor nerve and a striated skeletal muscle fiber. The nerve ending is in light gray and the fringe under the nerve represents the folds of the muscle postsynaptic membrane. The gray nuclei with small nucleoli belong to the Schwann cells of the nerve; the larger paler ones with large nucleoli are specialized muscle nuclei known as “fundamental nuclei,” which play a critical role in the biosynthesis of the postsynaptic membrane. Mitochondria (black dots) also accumulate in the vicinity of these nuclei in the postsynaptic domain. (From Couteaux, 1978.)




Enzyme Αctivity and Stereochemical Specificity
The Forerunners of Modern Enzymology
A second research tradition, focusing on enzymes and related processes, played a crucial role in the history of receptors. Beginning in the nineteenth century, it developed alongside, and at times together with, the pharmacological tradition. In this context it should be recalled that Louis Pasteur’s early work as a chemist, establishing the relationship between the crystalline form of tartrate isomers and their action on polarized light, led him to the seminal observation that living organisms such as molds and bacteria selectively utilize — and therefore recognize — a particular isomer in an asymmetrical (or “stereospecific”) manner. The extension of this concept to the fermentation of organic substances subsequently gave rise to the concept of enzyme stereospecificity. Inquiring into the difference in taste between isomeric forms of asparagine, Pasteur had already postulated in 1886 that the “asymmetric active body which would play a role in the nervous impression, translated by a sugar taste in the one case, and a nearly insipid one in the other, would be nothing other, in my view, than the nervous matter itself, an asymmetric matter, as for all primordial substances of life” (see review by Debru, 1983).
The German chemist Emil Fischer (1894), in his extensive studies of the chemical synthesis of sugars, their isomeric forms and stereochemistry, and their selective transformations by yeast through respiration and fermentation, went further than this. He proposed that cells contain “chemically active agents” displaying a configuration complementary to that of the sugars on which they act, and concluded: “It is known that invertin and emulsin show some similarity to proteic substances and undoubtedly, like them, possess a molecule that is constructed in an asymmetric manner. Their limited action on glucoside may then be explained by the hypothesis that an association of molecules necessary to trigger the chemical process cannot take place without an analogous geometrical construction. To use a picture, I would like to say that enzyme and glucoside have to fit each other like a lock and key in order to exert a chemical effect on each other” (Fischer, 1894).
Several years later Ehrlich (1897) extended the stereochemical concepts applied by Fischer to fermentation to the immune reaction. Referring to the interaction of toxins with “antitoxic antibodies,” Ehrlich stated that the “capacity to bind the antibodies must be related to the existence of specific atomic groupings that belong to the toxic complex, display a maximal specific affinity for a given atomic grouping of the antitoxic complex, and easily insert themselves in it, like a key and a lock, to use Emil Fischer’s well-known analogy” (reprinted in Ehrlich, 1957).
In order to go beyond the qualitative notions of Fischer and Langley, quantitative analysis of experimental data was needed. Progress in this area could not be achieved without the development of a mathematical formalism. Interestingly, almost identical models were independently proposed for enzymes (Henri, 1903) and for drug action (Hill, 1910); later models utilized in pharmacology (Clark, 1926; Ariëns, 1954; Gaddum, 1957) were inspired by work on enzyme kinetics (Michaelis and Menten, 1913; Haldane, 1930). The equations devised to account for the observed dependence of enzyme rates (or pharmacological effect) on substrate (or agonist) concentration were based on the hypothesis, directly influenced by Fischer’s model, of a reversible, stereospecific complex between the substrate (S) and a limited population of sites on the enzyme (E):
[image: images]
The basic equations, adapted from the mathematical description of the adsorption isotherm (Langmuir, 1918), yielded results consistent with the experimental data, and the formalism was readily extended to treat compounds that act analogously as competitive inhibitors (I) of enzyme activity:
[image: images]
A similar formulation was applied to antagonists of receptor activity. These structural analogues of the substrate, or agonist, are assumed to bind to the same site but without being transformed or causing a response (Michaelis and Menten, 1913; Gaddum, 1957; Jenkinson, 1960).
The enzyme model for receptors in an electrophysiological context (see following section) was most clearly enunciated by Del Castillo and Katz (1957a). They explicitly based their analysis on similarities observed between the acetylcholine receptor and acetylcholinesterase, citing publications by Augustinsson (1948, 1950), and assumed that a complex forms between receptor and agonist (A), as in the case of the ES complex, with channel opening occurring only for the bound state (R*), analogously with product formation in an enzyme reaction:
[image: images]
This formalism is still widely used in the electrophysiological tradition (Colquhoun and Sakmann, 1998).
Enzymes subsequently were isolated as pure proteins and then crystallized, leading to the first description of an enzyme’s atomic structure by David Phillips and his colleagues (Blake et al., 1965). Early on, the substrate-binding sites of enzymes naturally provided models for the still hypothetical receptor sites of pharmacological agents. David Nachmansohn (1959) had already suggested that the macromolecule bearing the receptor site for the acetylcholine neurotransmitter was a protein. The catalytic site of acetylcholinesterase, an enzyme present in abundant quantities at the motor endplate, was thought to be identical with the site of the physiological action of acetylcholine (Roepke, 1937; Zupancic, 1952; Belleau, 1964), but pharmacological evidence (Nachmansohn, 1959; Podleski and Nachmansohn, 1966; Karlin, 1967b; Podleski, 1967) demonstrated that the two sites were distinct.
Nonetheless, the enzyme model appeared to be adequate to support an empirical analysis of the effect of the large number of acetylcholine analogues and curare derivatives that had so far been synthesized — in particular the widely used flaxedil (Bovet et al., 1949) and methonium compounds (Barlow and Ing, 1948; Paton and Zaimis, 1949; see also Khromov-Borisov and Michelson, 1966) — as well as a precise definition of the structural features of molecules that acted either as “depolarizing” nicotinic agonists or as “stabilizing” competitive antagonists.


Electric Potentials and Ion Channels
How the brain propagates and processes the signals it receives from the outside world remained an enigma for centuries. In the seventeenth century, “animal spirits” were thought to mobilize “pneumatic” forces; magnetic, or electrical, forces became popular in the eighteenth century. The investigations of Luigi Galvani and his wife Lucia at the turn of the nineteenth century led to general acceptance of the view that “nervous fluid” was identical to electricity and that there existed an “electrical principle in the contracting muscle” and in the nerve. This idea furnished the basis for a third research tradition that relies almost exclusively on electrical measurements. A crucial step forward in the development of this culture occurred with the demonstration that electric signals propagate at a measurable speed (Helmholtz, 1850) that is smaller than the speed of sound (see review by Corsi, 1986). The nature of the electromotive force nonetheless remained mysterious. But the German physiologist Julius Bernstein (1902; see also Bernstein and Tschermak, 1904) proposed that, in the resting cell, the membrane potential originates from a difference in ion concentrations (potassium) across the cell membrane, which was subsequently found to result from the active transport of Na+ and K+ ions catalyzed by a membrane-bound enzyme known as the Na+, K+-ATPase (Skou, 1965). In this view, the nerve signal would result from a transient change of passive ionic permeability across the cell membrane (Lillie, 1909), with selective ion transport leading to electrical phenomena that were subsequently incorporated into a mathematical description in the model of Hodgkin and Huxley (1952).
In the case of neuromuscular transmission, the initial electrical response of skeletal muscle to stimulation of the motor nerve (later referred to as the postsynaptic potential) was first recorded with extracellular electrodes by Göpfert and Schaefer in 1938. The following year, Feldberg, Fessard, and Nachmansohn carried out an experiment at the Arcachon marine biological station, in France, that was to be one of the first syntheses of the electrophysiological, pharmacological, and enzymological traditions (Feldberg et al., 1940). Using the electric organ of Torpedo marmorata (Figure 1.2), which David Nachmansohn earlier had shown (see review in Nachmansohn, 1959) to be an extremely rich source of acetylcholine and its degradative enzyme acetylcholinesterase, and hence of cholinergic synapses, they demonstrated that neural stimulation of the electric organ elicits the release of acetylcholine and that “close range arterial injections of acetylcholine in the perfused organ connected with an amplifier caused potential changes in the same directions as those of the discharge.” In other words, the electric organ mediates chemoelectrical transduction (Feldberg et al. 1940).
Valuable information was also obtained from recordings of the postsynaptic potential at the neuromuscular junction with intracellular electrodes (Eccles et al., 1941; Fatt and Katz, 1950, 1951, 1952) and from stimulation of the neuromuscular transmission junction by the iontophoretic application of acetylcholine to the subsynaptic membrane (Nastuk, 1953; Del Castillo and Katz, 1955a, 1955b, 1957a, 1957b; Kuffler and Yoshikami, 1953). Elicited by electrical stimulation of the nerve ending and recorded intracellularly, the postsynaptic potential (or current) has a simple wave shape, with a rapid rise time of less than 0.2 msec and a half-decay time of a few milliseconds. The delay between stimulus and response of about 0.75 msec (Katz and Miledi, 1965) is explained by the time required for the release of acetylcholine packets or quanta (about 300 in frog endplates) and for their diffusion across the cleft. The synaptic cleft is so narrow that, in spite of the relatively small number of acetylcholine molecules released by a single vesicle (∼5000), the local concentration of acetylcholine in the cleft rises transiently (in <1 msec) to approximately 3 3 10–4 M (Katz and Miledi, 1973b; Kuffler and Yoshikami, 1975; 1977) compared to a background release (when acetylcholinesterase is blocked) of approximately 10–8 M (Katz and Miledi, 1977). In other words, at the motor endplate, the intercellular communication signal is a transient chemical pulse involving a very high local concentration of neurotransmitter. A similar mode of chemical communication may take place at central synapses, for example in transmissions involving glutamate at large numbers of excitatory synapses (Trussell and Fischbach, 1989). Additionally, a mode of chemical communication characterized by more diffuse paracrine release — known as “volume transmission” (Fuxe and Agnati, 1991) — causing a spillover between synapses may be an important mechanism of neuromodulation in the brain, particularly in the case of acetylcholine (Descarries and Mechawar, 2000). In this respect, rapid electrochemical communication (“wiring transmission”) would differ from endocrine or paracrine communication.
[image: images]FIGURE 1.2 This romantic lithograph shows a dissection of the ventral face of Torpedo narce, Risso from Mediterranean waters. It depicts the electric organs as paired lobes, with a hexagonal pattern of elementary cells (or electroplaques) on both sides of the fish; on the left the skin has been removed to reveal the innervation of the organ by the electric nerves. The electric organs from fish such as Electrophorus and Torpedo contain large numbers (millions, even billions) of cholinergic synapses and thus constitute exceptionally rich sources of cholinergic receptors, which played a crucial role in the identification of the receptor protein. (From Savi, 1844.)


As we noted in the previous section, the early quantitative description of receptor action was based on an analogy with enzymes. The extension of the enzyme model to the quantification of concentration-effect curves, however, is not as unproblematic as it may appear at first sight. In the case of enzymes, the formalism directly applies to a molecular phenomenon: under steady-state conditions, a linear relation typically exists between the rate of product formation and the concentration of intermediate ES complexes. This is not, of course, what one finds in the majority of the standard pharmacological experiments conducted with isolated organs (Hill, 1910; Gaddum, 1957; Furchgott, 1966; Paton, 1970; see Neubig and Cohen, 1980), for at least two reasons: first, a complex sequence of reactions usually links the postulated drug-receptor (RA) complex to the measured effect; second, the effect of a neurotransmitter at the synapse under physiological conditions transiently occurs within milliseconds. To obtain a standard concentration-effect curve, a pharmacological agent is added to the bath. Generally speaking (see the “rate theory” described by Paton, 1961), a steady state is reached within seconds or minutes, and it is this state that is taken as a measure of the response, even when desensitization occurs. All the constants determined under these conditions are “phenomenological,” which is to say they cannot be identified with intrinsic molecular parameters of the receptor.
An important step forward in the biophysical study of the acetylcholine receptor occurred with the observation, first made by Langley (1905), of a gradual decrease in the permeability response to acetylcholine when contact between the neurotransmitter and the membrane is maintained for several minutes. To account for this experimental evidence of “desensitization,” Katz and Thesleff (1957) proposed a kinetic schema in which the receptor was postulated to exist in two forms, “effective” (A) and “refractory” (B):
[image: images]
The experimental data made it necessary to assume, the authors noted, that the “affinity of the drug to receptor B [is] much higher than to receptor A.” Moreover, their model was designed in such a way that “the free receptors are distributed, even in the absence of a drug, between states A and B; that is, a proportion of receptors is present in a refractory form, and on account of its very high affinity will preferentially absorb small quantities of applied acetylcholine.” In other words, the preferentially populated form of the receptor would be “selected” by acetylcholine.
Empirical determination of the intrinsic values of the various parameters governing activation and desensitization was refined by reducing the complexity of the system and the time scale of the measurements. Improved electrophysiological methods made it possible to record elementary voltage levels at the neuromuscular junction (Katz and Miledi, 1970, 1972, 1973a) and fluctuations in current (Anderson and Stevens, 1973) observed in the presence of acetylcholine. The discovery of individual, discrete, all-or-none “molecular events” occurring under patch-clamp conditions was interpreted as evidence of molecular transitions representing the opening and closing of single-ion channels associated with the acetylcholine receptor (Neher and Sakmann, 1976). Desensitization was supposed to consist in periods of inactivity between active phases of rapid, discrete channel opening and closing (Sakmann et al., 1980).
With the recording of electric phenomena at the molecular level, the electrophysiological tradition had finally reached the limits of what it could achieve on its own, unaided by other disciplines. In the meantime, biochemists and molecular biologists had succeeded in obtaining unexpected results that were to dramatically change the course of research.

Αllosteric Interactions
Hemoglobin and Regulatory Enzymes
A basic limitation of electrophysiological experimentation, and of the models to which it gave rise, is that the interaction of acetylcholine with its site can only be inferred indirectly from electrical recordings of the open state of the ion channel. Nor have attempts to infer molecular structure from function been successful. To do this, entirely different types of data (from biochemistry or X-ray crystallography, for example) are required (for discussion of this point, see Changeux and Connes, 1995; Edelstein et al., 1997b). From the start, the fundamental challenge was to explain how acetylcholine creates a transient “short circuit,” or “puncture,” allowing ions to pass through the membrane (Katz, 1966). In 1953, Nachmansohn (then working on the transformation of the enzyme-substrate complex of acetylcholinesterase) wrote: “The free ester (acetylcholine) acts upon a receptor, presumably a protein, and this action upon the receptor is responsible for the change of ionic permeability and thus the generation of the bioelectric potential. Some facts suggest the possibility that the effect of acetylcholine is to produce a change in configuration (conformation) of the protein. Rearrangements of acidic and basic groups by folding or unfolding of the protein chains would be one possibility to account for the increased sodium permeability affected by the system.”
The nature of the structural link between the acetylcholine-binding site and the ion channel was difficult to conceptualize, however. Early studies of hemoglobin and, later, of bacterial regulatory enzymes suggested one possibility, namely that the activity of enzymes such as threonine deaminase (Umbarger, 1956; Changeux, 1961) or aspartate transcarbamylase (Yates and Pardee, 1956; Gerhart and Pardee, 1962) is regulated in a reversible manner by specific metabolites: the end product of the biosynthetic pathway initiated by a particular enzyme would inhibit that enzyme (“feedback inhibition”). Moreover, the fact that this regulatory property is conserved under enzymatic action indicates that it is an intrinsic feature of the protein molecule. The analysis of the kinetic behavior of these enzymes shows, in particular, that certain physical transformations (such as heating) and chemical transformations (such as a modification of sulfhydryl groups) may uncouple regulatory interactions while leaving enzymatic activity unaffected (Changeux, 1961; Gerhart and Pardee, 1962). This phenomenon was referred to by Monod et al. (1963) as “densensitization” (the authors were unaware of the prior use of the word in pharmacology). As Changeux (1961) put it, the “classical model of competitive inhibition involving binding of substrate and (regulatory) inhibitor at the same site and the same groups could not possibly account for these results. It seemed inevitable to assume the existence of two distinct sites” (see Figure 1.3). The term “allosteric” was introduced to describe this state of affairs by Monod and Jacob during the general discussion that took place at the Cold Spring Harbor Symposium at which these data were presented (Monod and Jacob, 1961).
The two sites were subsequently described by Monod et al. (1963) as being the “active site… responsible for the biological activity of the protein [and the] allosteric site complementary to the structure of… the allosteric effector, which it binds specifically and reversibly. The formation of the enzyme-effector complex does not activate a reaction involving the effector itself: it is assumed only to bring about a discrete reversible alteration of the molecular structure of the protein, or allosteric transition, which modifies the properties of the active site, changing one or several of the kinetic parameters that characterize the biological activity of the protein.” Further biochemical and X-ray diffraction studies of aspartate transcarbamylase (Gerhart and Schachman, 1965; Lipscomb, 1994), glycogen phosphorylase (Weber et al., 1978; Fletterick and Madsen, 1980; Johnson and Barford, 1990), phosphofructokinase (Schirmer and Evans, 1990), bacterial L-lactate dehydrogenase (Iwata et al., 1994), and threonine deaminase (Gallagher et al., 1998) supported the theory’s basic claim that the allosteric and catalytic sites are topographically far apart (up to 30 Å in the case of phosphorylase) on the surface of the molecule. In the case of hemoglobin, a site that binds the regulatory ligand 2,3-diphosphoglycerate has also been discovered in the central cavity of the molecule between the beta chains, at a significant distance (∼20 Å) from the oxygen-binding sites (Arnone, 1972). It is interesting to note, however, that in most cases, including hemoglobin, the allosteric and substrate-binding sites are carried by the same polypeptide chain, although in the case of aspartate transcarbamylase they are carried by different chains.
[image: images]FIGURE 1.3 Schematic representation of models successively proposed to account for the allosteric properties of bacterial regulatory enzymes and of the acetylcholine receptor. (A) To explain the feedback inhibition of L-threonine deaminase (the first enzyme of isoleucine biosynthesis [Escherichia coli]) by L-isoleucine, the end product of the pathway, two models were considered: direct interaction between feedback inhibitor and substrate at the level of overlapping sites; and indirect interaction between topographically distinct, nonoverlapping sites. Experimental evidence supports the second “allosteric” model positing interaction between regulatory and catalytic sites. (From Changeux, 1961, courtesy of Cold Spring Harbor Laboratory Press.) (B) The model for regulatory enzymes was extended to the regulation of ion permeability by acetylcholine: the acetylcholine-binding site is the “regulatory” site; the site of ion translocation — the ion channel, or “ionophore” — is the “biological active” site. (From Changeux, 1969.) (C) A conformational transition between a small number of discrete states (the two-state Monod-Wyman-Changeux model) that preserves the symmetry of the protein molecule was postulated to mediate both heterotropic interactions, between regulatory effector and substrate, and homotropic interactions, between substrate (or effector) molecules. (From Changeux, 1965.) (D) The same idea was extended to the activation of the subsynaptic membrane receptor by acetylcholine. (From Changeux et al., 1976, courtesy of Cold Spring Harbor Laboratory Press.)


By analogy with these enzymes, it was proposed with respect to the acetylcholine receptor and other ligand-gated ion channels that the ion channel corresponds to the “active” site, with the agonist-binding site being the homologue of a regulatory “allosteric” site (see Changeux, 1965; Changeux et al., 1967b; Changeux, 1969).
Another important feature of allosteric proteins is the manner in which they cooperate to bind ligands. Studies of hemoglobin provided a unique opportunity for understanding this phenomenon. Like many regulatory proteins, including enzymes and gene repressors, hemoglobin exhibits ligand-binding curves that significantly deviate from the classical Langmuir isotherm. The sigmoidal curve for the binding of oxygen by hemoglobin had intrigued biochemists early in the twentieth century and led to models (for example, by Haldane, Hill, Adair, Pauling) based on interactions between individual oxygen-binding sites (see reviews by Edelstein, 1975; Edsall, 1980). It came as a surprise, however, to discover that once a crystal structure had been achieved (for a review of early structural studies, see Perutz, 1969) the sites are not in direct contact, but more than 20 Å apart from one another. The indirect nature of the cooperative interaction between O2 molecules prompted theorists to look in new directions. Work being done at about this time on regulatory enzymes revealed that they resembled hemoglobin in also displaying a sigmoidal curve for catalytic activity (and binding) as a function both of substrate and of regulatory ligand concentration (Umbarger, 1956; Changeux, 1961; Gerhart and Pardee, 1962).
Attempts to interpret this striking property in terms of protein structure had a critical impact on the understanding of the conformational changes that account for allosteric coupling (Monod et al., 1965). These homotropic interactions were attributed to a particular aspect of the protein molecule’s design, namely the cooperative and symmetrical assembly of several identical subunits into a finite “microcrystal” or oligomer (an idea already suggested for hemoglobin by Wyman in 1948). As a result, the protein molecule was assumed to possess two or more sets of identical binding sites, and it was proposed, as the simplest possible mechanism, that these sites interact via a concerted all-or-none transition of the subunits between discrete symmetrical states (R and T) with different ligand-binding properties (Monod et al., 1965; Edelstein, 1971):
[image: images]
The two states were postulated to exist prior to ligand binding, and a novel intrinsic parameter for the protein, L = T/R, was introduced to describe their equilibrium constant for isomerization.
The homotropic interactions between identical sites and the “heterotropic” interaction of an allosteric effector with substrate binding, for instance, thus result from the stabilization by the ligand in question of the state for which it displays the highest binding affinity. As a consequence the [image: images] equilibrium shifts in favor of this state. The conservation of molecular symmetry is thought to be a condition for cooperative transition. Because of the stringent limitations imposed by symmetry requirements, only a few different conformations are available in principle for purposes of ligand binding.
In a more general formulation of the theory (Rubin and Changeux, 1966), the claim that the ligands bind to only one of the two R and T states was abandoned and the hypothesis proposed instead that any given ligand can bind to the same site on the R and T conformations, only with different affinities. One of the consequences of this nonexclusive binding is that a saturating level of effector may produce an incomplete shift of the [image: images] equilibrium in favor of one of the two states. The partial activation and inhibition observed in several experimental systems could be accounted for in these terms (Rang and Dale, 1987). Furthermore, cooperativity is seriously diminished when either state is excessively favored, as has been observed in the case of several mutant hemoglobins (Edelstein, 1971).
A critical feature of the mathematical formalism developed in this context is the distinction between two functions, the binding function ([image: images]) and the state function ([image: images]), which express the proportion of sites occupied by the ligand and the proportion of molecules in the R conformation, respectively. This departure from the classical enzyme model could therefore be used to test the theory (see Figure 1.4A and Chapter 6).
An alternative schema, initially suggested in the case of hemoglobin (Adair, 1925; Pauling, 1935) and subsequently formalized by Koshland et al. (1966), is based on the view that proteins in general, and regulatory proteins in particular, are flexible, plastic objects that can exist in multiple conformations “induced” by the ligand (Koshland, 1963) and therefore are directly shaped to its structure. The relevant formalism unavoidably includes a significant number of parameters, some of which have no evident physical significance. General models have subsequently been proposed that incorporate features of both the two-state and induced-fit approaches (Eigen, 1967; Hammes and Wu, 1974; Jardetzky, 1996).
[image: images]FIGURE 1.4 Functional and structural evidence supporting the Monod-Wyman-Changeux model. (A) Functional evidence: distinct progressions of the state ([image: images]) and binding ([image: images]) functions measured with aspartate transcarbamylase as a function of succinate — a substrate analogue — concentration; in these experiments succinate binding was compared with the change in conformation as monitored by the sedimentation coeffcient (X) and by the rate of reaction of sulfhydryl groups with p-mercuribenzoate (PMB) (Δ). (From Changeux and Rubin, 1968.) (B) Structural evidence: X-ray structure of bacterial L-lactate dehydrogenase from Bifidobacterium longum showing the conservation of the molecular symmetry during the course of the R-T transition, together with the associated ligand-binding sites located at subunit interfaces. (From Iwata et al., 1994.)


Applied to real systems, the induced conformational change model is sometimes difficult to distinguish from elaborate versions of the two-state model. But one of its critical and experimentally testable predictions — a prediction not made by the two-state model — is that state and binding functions should coincide.
Experiments carried out under equilibrium conditions with aspartate transcarbamylase (Changeux and Rubin, 1968; Gerhart and Schachman, 1968; Hensley and Schachman, 1979) and phosphorylase b (Buc and Buc, 1968), and by rapid kinetic methods with glyceraldehyde-3-phosphate dehydrogenase (Kirschner et al., 1966) or hemoglobin (Henry et al., 1997), unambiguously showed that in these systems the binding function differs from the state function (see Figure 1.4A). In the case of hemoglobin, certain aspects of these conclusions have been challenged (Ackers et al., 1997), but the objections may be based on questionable data (Marden et al., 1998), at least in part (Ackers et al., 2000). The bulk of the evidence indicates, however, that the major conformational transitions of the protein molecule are neither “induced” by the ligand nor “tertiary-linked”; instead they are “quaternary-linked,” exist prior to ligand binding, and undergo modification as a function of the energy of ligand binding (Shulman, 2001). Results recently obtained concerning aspartate transcarbamylase provide new evidence in support of this conclusion (Macol et al., 2001). In a remarkable investigation by Iwata et al. (1994) involving bacterial L-lactate dehydrogenase, both R and T conformations were observed in the same crystal (see Figure 1.4B).
The two-state model surely does not account for all modes of interaction between sites in regulatory proteins. It was not designed to do so. It does not, for instance, provide a simple explanation for the so-called negative cooperativity encountered with rabbit muscle glyceraldehyde-3-phosphate dehydrogenase (see Henis et al., 1979). In a typical regulatory enzyme like aspartate transcarbamylase, interactions between heterotropic ligands have also been reported to exist without significantly affecting their homotropic (positive) cooperative effects (Kerbiriou and Hervé, 1977). Even the X-ray diffraction studies of hemoglobin by Perutz reveal that, in addition to major transitions affecting primarily the quaternary structure of the molecule, local conformational changes may also occur as a consequence of the actual bonding of the ligand (oxygen) to its site (the heme). Baldwin and Chothia (1979) nonetheless concluded in a general review of work on hemoglobin that “the change in geometry at one site is not produced by direct propagation of structural changes induced by the binding of ligand at another site. Only very small structural changes occur on ligand binding to a subunit unless the quaternary structure changes.” This is essentially the same conclusion recently reached by Henry et al. (2002) with a generalized two-state model.
The controversies surrounding this issue led to the unambiguous distinction, now validated by a great many experimental observations (see Jardetzky, 1996), between the main regulatory interactions of physiological relevance, which are primarily mediated by intrinsic, major ligand-independent transitions of the quaternary structure, and the actual binding of the ligand, which may cause local rearrangements specific to its particular structure. In other words, standard allosteric molecules may undergo conformational transitions on two distinct levels, one global and the other local. In the first case, the transitions involve the quaternary structure of the allosteric molecule and are associated with a regulatory function; in the second case, they involve the tertiary structure of individual subunits, a circumstance that is found in the classical monomeric enzymes, but that has also been confirmed by precise functional measurements of certain voltage-gated channels (Changeux and Edelstein, 1998), for example.
The first explicit applications of an early version of the two-state model to receptors (Changeux et al., 1967b; Karlin, 1967a; Changeux, 1969; Edelstein, 1972) opened the way to testing of more robust versions that successfully accounted for the full range of properties of the receptor, including single channels, desensitized states, and complex mutant phenotypes (see review by Changeux and Edelstein, 1998). The analysis of quaternary structures in soluble enzymes with mutually perpendicular axes of symmetry was able to be generalized to membrane receptors with only a single rotational axis of symmetry (or pseudosymmetry in the case of the muscle nicotinic receptor, for example) perpendicular to the plane of the membrane. The basic concept of a T     R concerted transition was shown to be sufficient to account for both homotropic and heterotropic interactions, and was readily extended to desensitized forms of the receptor by incorporating high-affinity states with a closed ion channel. Certain additional modifications are nevertheless required to account for the loss of symmetry accompanying the specialization of subunits in the heteropentameric forms of the receptor. Moreover, the evolutionary development of desensitized states requires that multiple transitions be incorporated into complete allosteric models for receptors, giving rise to a “network of transitions” (Galzi et al., 1996a). The various features of the model, and their experimental verification, are described in detail in Chapter 6 and in the Appendix.

Some Epistemological Remarks
With regard to models in general, the opinion is commonly found among experimental scientists, physiologists, and biochemists that preliminary theorizing is not necessary for experiments to be carried out. In the view famously associated with Francis Bacon, theory should follow, not precede, the collection of data. From its inception, however, receptor research has followed Descartes in constructing a priori theoretical hypotheses and formal models. Langley, as we noted earlier, was often criticized for his “unnecessary” proposal of a “receptive substance” (see Dale, 1943). Yet very often nature answers only in the language one uses to ask questions of it. In this respect the receptor concept turned out to be a fruitful one.
In the early stages of research on a new problem, a model furnishes, at the very least, the basic language and the nomenclature required to raise and give precise expression to critical issues. A model is an attempt to conceive and formulate a “representation,” in simplified form, of a real object or phenomenon (see Thom, 1979; Suppes, 2002; Changeux, 2004). It is not expected to exhaust all the properties or features of the object or phenomenon being investigated: reality will be always be different and, in any case, more complex. What is sought are “mathematical objects that are compatible with natural objects” (Changeux and Connes, 1995). Models, in other words, are mental representations produced in the brains of scientists that, in the best case, closely describe relevant features of real objects or phenomena. Furthermore, because models have been designed, through extensive “tinkering” and selection in the conscious workspace of scientists’ brains, to be parsimonious, noncontradictory, and internally consistent (see Changeux, 2004), they are frequently expected to reveal certain features of reality that had not been anticipated on the basis of straightforward empirical inspection alone. In any case, they yield predictions that may be compared quantitatively to experiments. This “interpretation” of the theory, and conversely of the data by the theory, requires that the theoretical variables of the model be placed in precise correspondence with the experimental observations (Changeux et al., 1973).
Sometimes this correspondence cannot be established in any simple way — for instance, when the model posits the existence of a mechanism that does not occupy the same level of description as the observations. Experimentalists then are apt to feel, and sometimes correctly, that what they judge to be an unanticipated but essential complexity has been missed by the oversimplified formalism of a model. Occasionally they claim that experimentation is more fruitful when it is conducted without reference to explicit models, unaware that they are nonetheless implicitly drawing upon previously established models, often very crude and rudimentary ones. What matters in the case of a given model at a particular moment, of course, is that it adequately fit the experimental data. Whether it is right or wrong, it may also serve a heuristic function by opening up new avenues of theoretical and experimental inquiry. In this respect, the foregoing discussion of receptor models illustrates what might be called the epistemic evolution of models throughout the past history of the research. One notes, for example, that the mechanisms underlying the biological evolution of antibody diversity suggested by early models are more closely related to immediate “empirical” perception by the senses than those suggested by later versions. Here, as in other chapters in the history of biology, instructive (Lamarckian) models have been abandoned in favor of selective (Darwinian) models (see Changeux, 2004).
This brief survey of the progress made in understanding neurotransmitter receptors also points to another aspect of the dynamics of scientific research, namely the presence of separate, often competing traditions or cultures, even in fields as specialized as the neurosciences. These cultures typically possess a distinctive set of founding doctrines, exploit highly specialized technologies, employ their own vocabularies and concepts, publish results in their own journals, and embrace their own value systems, which, though they are seldom acknowledged publicly, make themselves felt in scientific politics at the national as well as the international level. The historical confrontation of the four scientific cultures that have contributed to the development of the receptor field has been rich in consequences. Multicultural contacts (or “coalitions,” to use Claude Lévi-Strauss’s term) have yielded fresh experimental approaches, which in turn have led to the formation of evolving cognitive networks, with the result that various lines of research have converged to produce new “bridging concepts,” or “cognitive nodes,” linking work in adjacent disciplines (see Changeux, 2004).
An important cognitive node emerged in the 1970s with the introduction of a mode of thinking and a set of techniques peculiar to molecular biology in a field that until then had been dominated by electrophysiology, anatomy, and pharmacology. The harnessing of these disciplines enabled researchers to share a coherent perspective as they moved from the physiological level (characterization of the synapse) to the structural level (three-dimensional organization of receptors and channels and the regulation of their gene expression). Thanks to advances in the biochemistry and molecular biology of receptors, previously inaccessible questions of functional organization could now be posed in increasingly reductionist terms, making it possible to analyze events over shorter and shorter times on smaller and smaller scales — ultimately, on the scale of individual amino acid residues of single molecules.





Chapter 2
Puriﬁcation and Characterization
 of the Nicotinic Receptor
In the 1970s, the convergence of the various cultures we have just discussed within the newborn field of neuroscience resulted in the identification of a few discrete molecular objects as determinants of critical functions in the nervous system. The isolation of the nicotinic receptor marked one turning point, since prior to that time the chemical nature of the receptor was a mystery—so much so that no less distinguished a scientist than Sir Henry Dale (1943) expressed doubts that it would ever be identified, and considered efforts to do so a vain enterprise. Nevertheless, the description of a neurotransmitter receptor and its associated ion channel as well-defined biochemical entities provided a first concrete link between physiology and biochemistry. It opened up the way to detailed structure-function studies of novel molecules specialized in interneuronal communication and signal transduction, as well as of new aspects of gene expression in neurogenesis and synapse development. The story of how receptors came to be isolated is enlivened by the fact that research focused on what we regard as two of the greatest wonders of the animal world: the fish electric organ, an extremely rich source of receptors (Nachmansohn, 1959); and the venom of snakes of the genus Bungarus, which contains an α-toxin (Lee and Chang, 1966) having an exquisite sensitivity and a high affinity for the receptor (see Changeux, 1981; Grutter and Changeux, 2001).
Electric Organs
Electric organs in fish (see reviews in Nachmansohn, 1959; Changeux, 1981) played a critical role in the identification and purification of the acetylcholine receptor in a functional state for several reasons. First, the electric organs from Electrophorus and Torpedo (Figures 1.2 and 2.1A) are exceptionally rich in a single class of cholinergic (nicotinic) synapses (Marnay, 1937, cited in Nachmansohn, 1959). The total number of synapses in an electric organ of Electrophorus electricus, for example, is 1010 or more. The component elements of the cholinergic synapse and, in particular, the nicotinic receptor therefore make up a large share of the content of such organs (as we shall see, up to several hundred milligrams per kilogram of fresh tissue in Torpedo marmorata).
Second, the elementary unit of the electric organ, or electroplaque, is a highly polarized and giant multinucleated structure, one face of which is innervated and excitable, the other specialized in active transport and rich in Na+, K+-ATPase (see reviews in Fessard, 1958; Changeux, 1981). The dissection of a single electroplaque from the tissue of E. electricus permitted electrophysiological recordings and quantitative in vivo pharmacological assays (Schoffeniels and Nachmansohn, 1957; Higman et al., 1963; see Figure 2.1B). Isolation of the electroplaque heralded the development of ligands that were subsequently used to characterize the acetylcholine receptor in vitro (Figure 2.1C, D), and made it possible to distinguish agonists, competitive antagonists, and noncompetitive blockers, establish their relative potencies, and test for the reversibility of their effects (Higman et al., 1963; Podleski and Bartels, 1963; Karlin and Bartels, 1966; Changeux and Podleski, 1968; Lester et al., 1975; Langenbuch-Cachat et al., 1988). The effects of SH reagents on the in vivo response to cholinergic ligands was noted as well, and used as an additional argument for distinguishing between receptor and catalytic sites of acetylcholinesterase (Karlin and Bartels, 1966). In short, the pharmacology of the electroplaque response was found to be largely similar, though not identical, to that of the postsynaptic membrane of the vertebrate neuromuscular junction — which is to say, to the response typical of a nicotinic receptor (Dale, 1914). Desensitization was also shown to occur upon application of nicotinic agonists in vivo to the electroplaque of E. electricus (Larmie and Webb, 1973; Lester et al., 1975) and of Torpedo marmorata (Bennett et al., 1961; Moreau and Changeux, 1976).
Third and finally, fragmentation of the electroplaque into subcellular membrane preparations that could be purified (Changeux et al., 1969; Cartaud et al., 1971) brought physiology into fruitful contact with biochemistry.

Response of Microsacs to Αcetylcholine
A key step toward characterizing the receptor at the molecular level was the isolation and development of functionally competent membrane fragments in vitro from an electric organ. Suspensions of membrane fragments from the electric organ of E. electricus were selected for purification on the basis of their high acetylcholinesterase content. Observations made possible by electron microscopy subsequently revealed that a majority of the fragments reseal into closed vesicles, or “microsacs” (Changeux et al., 1969; Cartaud et al., 1971). Such microsacs may then retain permeant molecules. The permeability of these microsacs to radioactive cations such as 22Na+, 42K+ was able to be determined (Kasai and Changeux, 1970, 1971) using a simple filtration technique (Figure 2.2A, B) The suspension was first equilibrated overnight in a medium containing the radioactive ion, and the efflux was monitored as a function of time. In the presence of a nicotinic agonist, the “apparent volume” of the microsac suspension (0.7 – 2.0 μl/mg membrane protein) did not change, but the rate of Na+ efflux increased three- to fourfold by comparison with a significant “leak flux.” This increase was reversible, and susceptible to blocking by d-tubocurarine and other competitive antagonists, including snake venom α-toxins. Furthermore, channel blockers such as tetracaine inhibited the permeability response in a noncompetitive manner. The response of the microsacs to nicotinic agonists thus closely reproduced the in vivo process of “activation” by the neurotransmitter, as recorded by electrophysiological methods, yet with the significant advantages associated with a completely cell-free and chemically controlled situation marked by a defined environment on both sides of the membrane (Kasai and Changeux, 1970, 1971). The same tissue could thus be used for convergent physiological, pharmacological, and biochemical studies (Changeux et al., 1970a, 1970b).
[image: images]FIGURE 2.1 Electrical responses of a single electroplaque from Electrophorus electricus. (A) Anatomy of the electric organ displaying the rows of electroplaques from which individual electroplaques are selected for dissection. (From Massoulié et al., 1970.) (B) Electrical activity recording of a single electroplaque by means of an intracellular electrode. (Modified from Nachmansohn, 1959.) (C) Irreversible blocking of the electrical response of an individual electroplaque to carbamylcholine (Carb) following exposure to the affinity-labeling reagent p-(trimethyl-ammonium) benzene diazonium fluoroborate (TDF). ACh: acetylcholine; Deca: decamethonium. (From Changeux et al., 1967a.) (D) At low concentrations the snake venom toxin a-bungaro-toxin (α-Bgt) almost irreversibly blocks the electrical response of the isolated electroplaque in vivo. R: Ringer’s solution. (From Changeux et al., 1970b.)


The finding that microsacs retained virtually all of the proper- ties of intact receptors was confirmed by several groups working on E. electricus microsacs (Hess et al., 1979, 1982), and repeated with receptor-rich membrane preparations initially purified from the Torpedo marmorata electric organ (Cohen et al., 1972; Hazelbauer and Changeux, 1974; Popot et al., 1974; Miller et al., 1978; Deleglane and McNamee, 1980; Moore and Raftery, 1980; Neubig and Cohen, 1980). This novel method for measuring the activity of ligand-gated ion channels was subsequently improved from both the theoretical and practical point of view (Bernhardt and Neumann, 1978, 1981) to allow rapid flux measurements in the millisecond-to-minute time range (Hess et al., 1979; Aoshima et al., 1980; Moore and Raftery, 1980; Neubig and Cohen, 1980, 1982; Heidmann et al., 1983; see also the review in Coombs and Hess, 1984). Its utilization played a decisive role in the functional reconstitution of acetylcholine-regulated ion fluxes with the purified receptor protein (as we will see in the final section of this chapter).
[image: images]FIGURE 2.2 The use of a-bungarotoxin to identify the acetylcholine receptor. The blocking effect of α-bungarotoxin (α-Bgt) is preserved when the ion permeability response is measured in vitro with membrane fragments purified from E. electricus electric organ. (A) This method is based on the observation that the membrane fragments reseal into closed vesicles, or “microsacs,” which retain permeant molecules and make it possible to measure ion fluxes using a simple filtration technique. (B) Nonreversible blocking by α-bungarotoxin of the micro-sacs’ response to carbamylcholine (Carb), which is also reversibly inhibited by d-tubocurarine (d-TC). (C) Equilibrium dialysis method used to measure the binding of a radioactive ligand (Deca 3H) to sodium deoxycholate extracts of microsacs prepared from the E. electricus electric organ. (D) α-bungarotoxin displaces the radioactive agonist decamethonium (Deca) bound to proteins in a sodium deoxycholate extract. (All panels from Changeux et al., 1970b.)



Receptor-Specific Ligands
Early attempts (Chagas et al., 1957; Ehrenpreis, 1960) to characterize the nicotinic receptor by radioactive cholinergic ligand-binding assays, for instance as a proteolipid (De Robertis, 1971), did not appear to be reliable. An attractive method of covalent labeling by a high-affinity ligand with a reactive group, already used with success to label the immunoglobulin-binding site (Singer and Doolittle, 1966), was developed and applied initially to the pharmacology of the muscarinic acetylcholine receptor (Gill and Rang, 1966). The compound first used with the nicotinic receptor was p-(trimethylammonium) benzene diazonium fluoroborate (TDF) (Fenton and Singer, 1965), which was selected (Changeux et al., 1967) for its homology with the nicotinic agonist phenyltrimethylammonium (Changeux and Podleski, 1968) and for its highly reactive diazonium group (Figure 2.1C). Indeed, TDF irreversibly blocks the response to carbamylcholine, and this effect is abolished in the presence of the reversible competitive antagonist d-tubocurarine (Changeux et al., 1967). TDF was then used to radiolabel in vitro the acetylcholine-binding site (Weiland et al., 1979). Subsequently, its dimethyl photoactivatable homologue p-N, N-dimethylamino benzene diazonium fluoroborate (DDF) (Langenbuch-Cachat et al., 1988) led to the successful identification of several sets of labeled amino acids that participate in the acetylcholine-binding site (Dennis et al., 1988; see Chapter 4).
An improvement in affinity labeling of the acetylcholine receptor site occurred with the development of a compound directly inspired by TDF, but with a maleimide group instead of a diazonium group as the reactive group (Karlin and Winnik, 1968). This compound, 4-(N-maleimido)-phenyl-trimethylammonium iodide (MPTA), does not react covalently with the acetylcholine site unless the electroplaque has been exposed to the disulfide bond-breaking agent dithiothreitol. This treatment, which was previously shown to alter the response of the electroplaque to agonists (Karlin and Bartels, 1966), enhanced MPTA labeling. Ultimately, it led to the identification of cysteinyl residues belonging to the acetylcholine-binding area (Kao et al., 1984). In the late 1960s, however, when these affinity-labeling methods were first used with cellular or subcellular preparations from the electric organ, the specificity of the labeling data was insufficient to allow efficient characterization of the receptor protein from crude detergent extracts.
Small toxic polypeptides purified from the venom of poisonous snakes such as Bungarus multicinctus (Lee and Chang, 1966) made it possible to characterize the acetylcholine-binding site, and so to give a chemical description of the macromolecule carrying this site, thereby dramatically shifting the course of research on neurotransmitter receptors. These toxins — compact polypeptides of 61 to 74 amino acids having four to five disulfide bonds and a net positive charge — block neuromuscular transmission in vertebrate tetrapods at the postsynaptic level; d-tubocurarine was found to provide effective protection against this block (Chang and Lee, 1963; Lee and Chang, 1966; Lester, 1970). It was not clear, however, whether such molecules would affect the response of electroplaque from organisms as primitive as Electrophorus or Torpedo. A critical moment in the history of acetylcholine receptor research was therefore the demonstration that α-bungarotoxin blocks the response of E. electricus electroplaque to nicotinic agonists, as well as the ion-flux response of the excitable microsacs (Changeux et al., 1970b; Kasai and Changeux, 1970, 1971) to such agonists, at concentrations of less than 1 μg/ml and in an almost irreversible manner (Figure 2.1D). Moreover, the same result was rapidly extended to Torpedo marmorata (Miledi et al., 1971; Moreau and Changeux, 1976), thus making possible a reduction from in vivo physiology and pharmacology to in vitro biochemistry. In combination with the electric organ, these toxins became essential and widely used tools throughout the world for identifying, isolating, and purifying the acetylcholine receptor protein from this tissue in a physiologically relevant conformation, competent for agonist binding (Changeux et al., 1970a, 1970b).

Receptor Extraction without Denaturation
Initial attempts to identify the acetylcholine-binding site were hindered by the fact that several of the effectors that are active on electroplaque also bind to several classes of saturable sites on molecules distinct from the receptor and/or have high partition coefficients in lipidic compartments. In order to discriminate between the receptor and other classes of molecules, and to facilitate its purification, it was essential to be able to obtain samples of the receptor in solution without loss of its binding capacity. How to go about doing this was not obvious. Many of
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