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SUMMARY

Some of the parameters of the process of chemical neuro

transmission at the locust excitatory neuromuscular synapse have 

been investigated. This has involved the application of two distinct 

procedures for purifying membrane proteins which exhibit pharmacol

ogical properties consistent with a neuroreceptor function. The first 

technique used chloroform/methanol mixtures to extract protein/lipid 

complexes (proteolipids) from the muscle. The second procedure 

adapted conventional subcellular fractionation techniques to yield 

a membrane fraction in an aqueous environment. Distinct high and low 

affinity binding sites for L-glutamate were detected in preparations 

obtained using both tecimiques.

The chloroform/methanol extract was resolved by a chromato

graphic procedure and was shovm to contain proteolipids which bound 

L-glutamate with high affinity (K^ = 8 jrM) and low affinity (K^ = 50 pM) 

respectively. Competition studies with the high affinity site showed 

that binding of L-glutamate could be inhibited by L-aspartate and 

2-amino-4-phosphonobutyric acid, whilst D-glutamate was without effect. 

The proteolipids which bound L-glutamate were further characterised 

by analysis of their associated phospholipids and unesterified fatty 

acids.

The aqueous membrane preparation exhibited two L-glutamate- 

binding populations which could be defined by their sensitivities to 

sodium ions - a sodium-ion insensitive high affinity site (K^ = 0*53 pM) 

and a sodium-ion sensitive low affinity site (K^ = 21*6 pM). Binding 

of L-glutamate to the low affinity site was susceptible to freezing, 

sonicating and osmotically-shocking the membrane preparation. Binding



(viii)

of l-glutamate to the high affinity site was unaffected by such 

treatments. Competition studies indicated that only chlorpromazine, 

L-glutamyl-# -hydroxamate and ouabain inhibited binding of I-glutamate 

at the low affinity site. These ligands were without effect at the 

high affinity site, where a wide range of ligands inhibited binding 

of L-glutamate, Kainic acid, quiscualic acid, hermine hydrochloride 

and D,L-2-amino-4-phosphonobutyric acid were particularly potent 

inhibitors. L-aspartate was a potent inhibitor of binding of L- 

glutamate to both sites.

It is concluded that the high affinity sites of both 

preparations are representative of neuroreceptor proteins for L- 

glutamate and as such supplement the larger body of electrophysiological 

evidence that supports the suggestion that transmission at the 

locust excitatory synapse is mediated by the amino acid. It is 

suggested that the low affinity sites represent uptake sites. They may 

function to remove neurally-released transmitter (L-glutamate) from 

the region of the synapse.
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1. INTRODUCTION

"There the nerve impulse resulting directly from the 

external stimulus may be regarded as ending, for there through 

an intermediary process and mechanism it generates, not inevitably 

though commonly, a new impulse,"

These words, written by Sherrington (1926) and referring to 

the arrival of an impulse at a nerve terminal, elegantly define the 

function of the synapse, various parameters of which have interested 

electrophysiologists, pharmacologists and biochemists in the 

subsequent 50 years, Ramdn y Cajal (l909;I9H) had earlier 

proposed that each nerve cell was an independent unit, an inter

pretation that challenged the then widely held reticular theory 

that the nervous system was a complex net-like structure without 

individual nerve cells. The latter hypothesis embodied the concept 

of the synapse as the functional link between nerve cells, although 

its morphology was not defined until the advent of electron- 

microscopy (Palade and Palay, 1954). The synapse comprises the 

juxtaposed membranes of the nerve cells, termed the pre- and 

post- synaptic membranes, which are separated at chemical synapses 

by a gap, the synaptic cleft. The mechanism for transmitting an 

electrical impulse across the gap is defined by the Chemical 

Theory of Neurotransmission. The arrival of the impulse at the 

presynaptic nerve terminal promotes release of a chemical which 

diffuses across the gap and initiates a response in the post- 

synaptic cell. Fundamental to this mechanism is the existence in 

the postsynaptic cell membrane of molecules - neuroreceptors -
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which can combine with the diffusing agents - neurotransmitters - 

with a high degree of specificity. The transient formation of the 

neurothansmitter-neuroreceptor complex invokes changes in the 

permeability properties of the postsynaptic membrane by a process 

which remains to be elucidated. These permeability changes permit 

a transient redistribution of ions across the postsynaptic membrane. 

The corresponding peturbation of the electrical status of the 

membrane, whether hyperpolarizing or depolarizing, expresses the 

'message' relayed by the neurotransmitter.

Numerous types of neurotransmitters have been postulated.

The list ranges from well-established neurotransmitters to those 

more recently identified and thus requiring more work to establish 

a transmitter function. These extremes are exemplified by acetyl

choline and proctolin. The neurotransmitter function of acetyl

choline (with particular reference to the nicotinic cholinergic 

receptor) has been the subject of intensive electrophysiological, 

pharmacological and biochemical studies (Hall, 1972; Rang, 1973» 

Karlin, 1975) • Conversely, the pentapeptide, proctolin^ has only 

recently been isolated from viscera of the cockroach, Feriplanata 

americana (l ) (Brown, 1975) and although it has a potent excitatory 

effect on cockroach hindgut muscles (Brown, 1975) much more work 

is required to confirm a neurotransmitter function.

Included in the group of putative neurotransmitters are 

amino acids which, since the demonstration by Hayashi (1954) of a 

powerful pharmacological effect of L-glutamate on mammalian brain, 

have increasingly attracted attention. Putative neurotransmitter 

functions in various tissues have been assigned to numerous amino
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acids including L-aspartate in mammalian central nervous system 

(Johnston £t , 1974)» GABA in several invertebrates (Gerschenfeld, 

1973) s-nd in mammalian central nervous system (Krnjevic, 1974), 

L-glycine in mammalian central nervous system (Krnjevic, 1974) and 

L-glutamate which has been studied in great detail in the mammalian 

central nervous system (Davidson, 1976) and in invertebrates at the 

neuromuscular junction (Gerschenfeld, 1973» Usherwood and Cull- 

Candy, 1975).

Early studies of the mode of neurotransmission at the insect 

neuromuscular junction concerned the role of acetylcholine, long 

established as the neurotransmitter at the vertebrate motor end 

plate (Dale et aJ_,, I936). Results did not indicate a similar 

function for acetylcholine at the insect neuromuscular junction 

(Harlow, 1958; Hill and Usherwood, I96I), During the same period it 

was established that L-glutamate had an excitatory effect on the 

muscles of crayfish, Procambarus clarkii, (Robbins, 1959»’ Van 

Harreveld and Mendelson, 1959) and lobster, Homarus americanus, 

(Kravitz at , I963), Such findings led to a consideration of the 

action of L-glutamate at the insect neuromuscular junction and 

following studies on the cockroach (Kerkut et aJ,, 1965a) and locust, 

Schistocerca gregaria (Usherwood and Grundfest, I965), it was 

tentatively suggested to be the excitatory transmitter. The role of 

L-glutamate at the insect neuromuscular junction has subsequently 

been widely investigated and the accumulated data may be examined in 

the context of the criteria cited by Wermen (1966) for identifying 

neurotransmitters. These are:-
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1, That the transmitter candidate is synthesised and 

stored in the nerve terminals.

2, That it is released from the nerve terminals by neural 

stimulation.

3. That a specific mechanism for removing the transmitter 

candidate from the synaptic cleft exists.

4. That it mimics the action of natural transmitter at 

the synapse and interacts with agents at the post

synaptic membrane in the same way as those agents 

interact with the natural transmitter.

The quantal theory states that release of transmitter from 

the presynaptic membrane occurs in multimolecular units or quanta, 

rather than in continuously graded amounts (Katz, I966). When 

considering the numerous cellular functions fulfilled by L- 

glutamate, most notably protein synthesis, energy production and as 

a precursor for GABA, it would seem imperative to define a specific 

L-glutamate pool subserving a neurotransmitter function. Two L- 

glutamate pools have been described in the mammalian central 

nervous system (Johnston, 1972) and in crab (Carcinus maenas) 

neurones (Evans, 1973), but evidence for distinct L-glutamate pools 

at insect myoneural junctions is tenuous, Eaeder and Salpeter (197^) 

and Eaeder e_t (1974) have studied autoradiographically the 

uptake of labelled L-glutamate at cockroach myoneural junctions. In 

stimulated preparations they demonstrated an enhanced uptake of L- 

glutamate into tracheole cells, sheath cells, especially in the 

junctional region, and into the postsynaptic muscle region. It 

compared to a more uniform uptake of L-glutamate in unstimulated
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preparations. Moreover, the enhanced uptake following neural 

stimulation could be decreased by the presence of chlorpromazine, 

an inhibitor of numerous uptake systems including GABA (Gottesfeld 

and Elliot, 1971), noradrenalin (Dengler ejb , I961) and L- 

glutamate (Ernsting _et , I96O), The results were interpreted as 

indicating at least two cellular L-glutamate pools. However their 

data raise several questions. Eirst, the chemical identity of the 

radioactive label was not established subsequent to the uptake 

studies and it is possible that the label may reside in metabolites 

of L-glutamate, Also, there is the possibility that the amino acid 

could be non-specifically bound to the tissue by glutaraldehyde used 

in the electron microscopy fixation procedure. These points of 

criticism the authors themselves acknowledge. Secondly, differential 

uptake of L-glutamate does not alone indicate distinct pools of the 

amino acid, A time-based study of the subsequent fate of the label, 

in particular whether it is transferred to the presynaptic nerve 

terminal as non-metabolized L-glutamate, would be instructive. 

Isolation of synaptosomes and hence storage vesicles from neuro

muscular junctions might help to clarify the position. However, 

present techniques may prove too rigorous, for Donnellan £t al.

(1974) have encountered problems with the fragility of the synapto

somal fraction from fleshfly (Sarcophaga barbata) flight muscles.

Studies on the release of L-glutamate evoked by neural 

stimulation have also proved inconclusive. Kerkut e_t (1965b) 

demonstrated the release of L-glutamate by a preparation Jn vitro 

of cockroach metathoracic leg. Perfusates were analysed by thin layer 

chromatography after neural stimulation; L-glutamate was the only 

amino acid found in significant amounts. Similar studies have been
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performed on locust retractor unguis nerve-muscle preparations 

(Usherwood et al,, 1968), Glycine, aspartate and alanine were found 

in the perfusate, together with L-glutaniate whose release was 

proportional to neural stimulation up to 15-20 stimuli per second. 

Release of L-glutamate was maintained or even increased by 5- 

hydroxytryptamine (Usherwood e_t 1968) which is believed to

compete for postsynaptic receptor sites. However, both studies have 

been criticised with reference to the apparently high levels of L- 

glutamate released. In a recent investigation, Uaoud and Miller (l9?6) 

attempted to repeat the above studies with crab and locust muscle 

but were unable to correlate synaptic function with neurally-evoked 

release of L-glutamate. One aspect of the latter study is that L- 

glutamate levels were measured in perfusates of whole muscle 

preparations. Herein lies the problem of collecting secretions from 

specific areas of tissue and associating release of L-glutamate 

with a specific synaptic system. Leaching of L-glutamate from non

functional regions could mask any neurally promoted release of the 

amino acid. It has been shown that increased extracellular potassium, 

associated with efflux of potassium ions during nerve activity, can 

increase the efflux of L-glutamate from cells (Arnfred and Hertz,

1971). In addition, there is the possibility that uptake systems may 

be involved in the removal of neurally released L-glutamate and 

their action may have prevented increased levels of L-glutamate 

being observed, Daoud and Miller (1976) tried to block such systems 

by incorporating L-aspartate in the perfusing medium. However, L- 

aspartate does not block L-glutamate uptake systems irreversibly. It
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is possible that in a whole muscle preparation, the capacity of 

high affinity uptake systems, and any lower affinity uptake systems 

present (see Evans, 1975) could be sufficient to deal with L- 

aspartate and released L-glutam.ate. Moreover, within the micro

environment of the synapse, with which uptake systems would be 

intimately associated, the L-aspartate concentration may not 

reflect that in the perfusate, and may not interfere extensively 

with uptake systems.

No conclusive process has been delineated for elimination 

of L-glutamate from the synaptic cleft following neural activity.

The mechanism of enzymic inactivation of acetylcholine by acetyl

cholinesterase in cholinergic systems (Rang, 1975) appears atypical 

as a removal mechanism. McDonald (1972) and Dowson and Usherwood 

(1973) could find no evidence for enzymic inactivation of L- 

glutamate at insect neuromuscular junctions. Two other possibilities 

have attracted attention. Ecoles and Jaeger (1958) demonstrated 

mathmatically that the time course of diffusion of transmitter from 

the synaptic cleft was sufficiently rapid to account for transmitter 

inactivation. In frog sartorius muscle it was shown that in the 

presence of antiacetylcholinesterases, free diffusion of acetyl

choline could account for its removal from the synaptic cleft. 

However, it has also been demonstrated in frog sartorius muscle that 

antiacetylcholinesterases produce large increases in amplitude and 

duration of end plate potentials (del Castillo and Katz, 1957;

Katz and Thesleff, 1957a ). Similarly, in a study of acetylcholine 

noise on frog sartorius muscle, Katz and Miledi (1972) found that 

antiacetylcholinesterases prolonged miniature end plate potentials. 

Their interpretation was that the inhibitors allowed a greater



proportion of the acetylcholine molecules to remain effective and 

individual transmitter molecules could repeat their operation and 

open a series of ionic channels in succession. These results 

indicate that acetylcholinesterase has a role to play in removal of 

released transmitter from the synaptic cleft although free diffusion 

probably contributes to the clearance of acetylcholine. Alternatively, 

an active uptake mechanism, with a relatively high affinity for 

L-glutamate, may be involved. High affinity uptake systems for L- 

glutamate have been identified in mammalian (Balcar and Johnston,

1972) and cockroach (Evans, 1975) central nervous systems, although 

subcellular localization of the uptake sites was not defined.

However, Roberts (1974) sund Lahdesmaki e_t al, (1975) have localized

- high affinity uptake systems for L-glutamate to synaptosomal 

preparations of mammalian central nervous system. In addition, as 

mentioned previously, Eaeder et (1974) have demonstrated

chlorpromazine-sensitive uptake of L-glutamate into cockroach neuro- 

junctional regions, although the problems arising from the 

technique they used should also be borne in mind. The answer at 

present is unclear. Overwhelming evidence indicates the existence 

of specific inactivating mechanisms at synapses. These may involve 

enzyme modulation of transmitter or high affinity uptake systems 

such as those associated with catecholamines (iversen, 1971),

GABA (iversen and Neal, I968; Olsen eb , 1975&), glycine (Logan 

and Snyder, 1972; Henke £t 1976) and L-aspartate (Balcar and

Johnston, 1972), although diffusion may also contribute to the 

removal mechanism (iversen, I97I). 1f one considers the diffusion
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hypothesis alone, presumably there is absorption of L-glutamate 

from non-synaptic areas to which it diffuses to prevent extra

cellular accumulation of the amino acid within the muscle tissue, 

Usherwood £t ad. (1968) have shown in locust that the level of 

neurally released L-glutamate over a 30 min stimulation period was 0*4 

nmoles which would seem to indicate that any uptake system would 

require a relatively high affinity for the amino acid. The point in 

question is whether such uptake systems would be adjacent to, or 

remote from the synaptic regions. If found adjacent to the synaptic 

regions, an uptake function linked to the neurotransmission process 

would seem the most probable interpretation. The situation will be 

clarified only when high affinity uptake systems for L-glutamate 

can be unequivocally localized in their tissues of origin.

However, it is the criterion of identity of action of 

natural and putative transmitter (No. 4; p. 4) which provides strong 

evidence for L-glutamate being the transmitter at insect excitatory 

synapses. The evidence derives almost exclusively from electro

physiological studies where extensive use has been made of locust 

metathoracic leg muscles, the retractor unguis and extensor tibia, in 

nerve-muscle preparations. Thus low concentrations of L-glutanate 

potentiate the neurally evoked contractions of locust muscles

(Usherwood and Machili, 1968) whilst higher concentrations elicit 

contractions in the absence of neural stimulation (Usherwood and 

Machili, I966). Desensitization of excitatory receptors in locust 

muscle by repeated application of L-glutamate has also been demon

strated (Usherwood and Machili, I966). lontophoretic application of 

L-glutama,te onto cockroach and locust muscles established that
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depolarizing responses were limited to discrete spots on the muscle 

surface (Beranek and Miller, I968; Usherwood and Machili, I968).

The spots coincided with the distribution of synaptic areas and were 

identifiable even when release of natural transmitter was blocked 

with strychnine (Atwood and Jahromi, I967) or with magnesium 

(Usherwood, 1973), indicating that L-glutamate was not acting pre- 

synaptically to release native transmitter. Denervation of locust 

muscle causes increased sensitivity to L-glutamate over non- 

synaptic areas of the muscle (Rees and Usherwood, 1972) and thus 

lends further weight to the argument that L-glutamate is the native 

transmitter, for it parallels the spread of acetylcholine sensitivity 

in denervated vertebrate skeletal muscle (Axelsson and Thesleff,1959). 

More compelling evidence has derived from recent studies on 

equilibrium potentials and transmitter noise.

The equilibrium potential for an asymmetrically distributed 

ion is the potential difference which just balances the tendency of 

that ion to move across a permeable membrane towards a symmetrical 

distribution. By analogy, the equilibrium potentials for trans

mitters, which function by increasing ion conductances across the 

cell membrane, are the membrane potentials at which there is no net 

flow of ions when the transmitters are applied and hence no 

measurable current. Thus the equilibrium potential for a particular 

transmitter will depend on which ion fluxes predominate in the 

permeability changes induced by that transmitter. At the locust 

neuromuscular junction studies by Beranek and Miller (196B) and 

Anwyl and Usherwood (1974) suggest that the equilibrium potentials 

for native transmitter and L-glutamate are the same.
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Similar encouraging evidence for L-glutamate being the 

natural transmitter derives from studies of transmitter noise, a 

phenomenon identified by Katz and Miledi (1972). The primary event 

observed when an agonist is applied to a synapse is a change of 

potential across the membrane. Accompanying this change are minute 

fluctuations in conductance. These fluctuations form the basis of 

transmitter noise and arise from random variations in collision rate 

between agonist and receptor molecules. Measurements of transmitter 

noise may be used to quantify various aspects of drug-receptor 

interactions including the lifetime and conductance of a single open 

channel, the number of channels involved in the production of a 

miniature excitatory postsynaptic potential and whether single drug 

molecules act repetitively on receptors during transmission. The 

lifetime and conductance of a single open channel are specific for 

the applied drug. Thus, good correlation between the values observed 

for a putative transmitter and the natural transmitter provide strong 

evidence for the two being identical, Anderson ejb ab. (1976), 

working with the extensor tibia muscle of the locust, have reported 

similar results for the lifetime of channels opened by the natural 

transmitter and iontophoretically applied L-glutamate.

Biochemical studies of the insect neuromuscular junction 

have been a much neglected field and to date the only reported study 

of membrane proteins of the insect neuromuscular junction has been 

by Lunt (1973). It was essentially a preliminary study of the insect 

neurotransmission process and therefore the results, although 

suggestive of a role for L-glutamate at the neuromuscular junction, 

are open to other explanations, A detergent-solubilized extract of a
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locust cell membrane fraction was shown to bind L-glutamate with 

high affinity (K^ - 0*5 . However, the stereospecificity of binding

with respect to D-glutamate was not reported, although the extract 

bound considerably less L-aspartate and L-glutamine. In addition, 

the possible contribution to binding of L-glutamate by Tj-glutamate- 

metabolizing enzymes or uptake sites was not defined. The isolation 

of L-glutamate binding proteolipids from whole locust muscle was 

also reported. Again the stereospecificity of binding was not 

reported, whilst the lack of kinetic studies do not indicate whether 

the proteolipids have the affinity for L-glutamate expected of 

neuroreceptor proteins. Moreover, the subcellular source of the 

proteolipids was not defined.

Recent work on locust muscle preparations has given a clearer 

picture of the L-glutamate sensitivity of muscle fibres. There is a 

widespread distribution of L-glutamate-binding receptor populations 

differing in the ionic gating mechanisms they control. In this respect 

they resemble the different populations of acetylcholine receptor 

found in gastropods (Gerschenfeld,1973) and amino acid receptor popul

ations in molluscan (Szczepaniak and Cottrell, 1973) and mammalian 

systems (Bernardini et , 1972), Indications of distinct populations 

of L-glutamate receptors were first obtained by Lea and Usherwood 

(1970) and extended by Cull-Candy and Usherwood (1973) . In addition 

to the junctional receptors there are two populations of extra- 

junctional receptors termed the D and ÏÏ receptors. The excitatory 

junctional receptors and the extrajunctional D receptors are 

similar in that activation of both leads to membrane depolar

ization caused by the opening of ionophores permeable to Na! and



- 13 -

ions. Conversely, the extrajunctional H receptors cause membrane 

hyperpolarization when activated due to the opening of Cl” channels. 

The latter population of receptors may be differentiated from the 

former by its sensitivity to D,L-ibotenic acid, an isoxazole derived 

from the mushrooms. Amanita pantherina and Amanita muscaria. No 

functions have yet been attributed to the extrajunctional acceptors.

A comprehensive understanding of the process of synaptic 

transmission will be forthcoming only when events at the molecular 

level have been clarified. Here the predominant question is the 

mechanism by which the receptor molecules are activated, leading

subsequently to modulation of the permeability characteristics of the 

postsynaptic membrane. No proven mechanisms have yet emerged. Hypo

thetical models for the activating process have however been proposed 

and these have been influenced greatly by the field of enzyme 

chemistry. The first model of ligand-receptor interaction was 

formulated by Clarke (1926) who assumed that the receptors were 

identical and that they were non-interacting, '̂ 'rom the analogy 

between this model and the Michaelis and Menton (1913) equation for 

enzyme-substrate interactions, a hyperbolic saturation curve for 

ligand binding would be expected. When tested experimentally, for 

many cases no fit to the hyperbolic curve could be demonstrated 

(Stephenson, 1956). The usual deviation encountered was that the 

curve was sigmoid (Katz and Thesleff, 1957b) suggesting a co

operative effect between receptor molecules. More recently two 

similar models were proposed independantly by Changeux _et (1967 ) 

and Karlin (1967) which accomodate co-operative effects of ligand 

binding. Both were adapted from the mechanism proposed by Monod _et al. 

(1965) to explain allosteric regulation of enzyme activity involving
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conformational changes induced in the enzyme by binding of non- 

suDstrate molecules. The models envisage the receptor molecules in 

equilibrium between two states; R is the activated form of the 

receptor which induces changes in membrane permeability and D is the 

inactive form, which predominates in the resting state. An agonist 

will preferentially bind to the R form, shifting the equilibrium in 

favour of activated receptors. Conversely, antagonists bind prefer

entially to the D form. Total and partial agonist and antagonist 

activity is explained by the relative affinities of the ligands for 

the R and D forms of the receptor molecule. To accomodate co

operative effects, the subunits of the receptor protein are assumed 

to be identical oligomers, existing either in the R or D forms. 

Interaction between the subunits means that binding of an agonist to 

a subunit potentiates the conversion of the remaining subunits to 

the R conformation, leading to the observed co-operativity,

The biochemical approach to the identification of neuro

transmitter agents and elucidation of events at the molecular level 

has been to attempt to isolate the receptor protein in a relatively 

pure state. The techniques applied have been conditioned by the 

present concept of receptor integration into the postsynaptic 

membrane lattice for which two models have been proposed. Both are 

based on the acetylcholine receptor and contain the same essential 

features. These are a binding site at the membrane surface for the 

transmitter and an ionophore which provides the channel for passage 

of ions through the membrane. It remains to be determined whether 

both functions are contained within the same macromolecule (De 

Robertis, 1971) or are contained in separate but linked macro
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molecules (Hazelbauer and Changeux, I975), According to the model 

proposed by De Robertis (197I) the receptor molecule is viewed as an 

intrinsic membrane protein of four subunits, traversing the cell 

membrane to form a pore. Each subunit is asymmetrical, having a 

hydrophobic exterior which reacts with the lipid matrix of the membrane 

and a hydrophilic interior forming a wall of the pore. Transmitter 

binding sites are contained in hydrophilic regions at the exterior 

of the membrane. In the resting state, electrostatic interactions 

between the subunits keep the ionophore closed. Binding of transmitter 

elicits a change in these interactions, allowing ions to pass 

through the pore thus formed.

Recognition of receptors as hydrophobic macromolecules and 

their integration into the structure of the postsynaptic membrane 

poses many problems. Accordingly, the methodology for extracting 

receptors from their membrane environment has involved comparatively 

drastic procedures. Two basic techniques have evolved which differ 

in their approach to the problem. One method, pioneered by De 

Robertis, uses chloroform/methanol mixtures to extract the receptors 

as proteolipids. The other technique solubilizes the receptor into 

an aqueous environment, usually using detergents, and is associated 

with Changeux. Both techniques are open to criticism. The major 

objection to the technique of De Robertis jet (1967) is that it 

extracts the receptor into an alien environment (chloroform/methanol). 

However De Robertis (1975) suggests that it is not an alien 

environment, arguing that it provides the receptor with a lipophilic 

microenvironment which may be similar to that of the membrane matrix, 

■Moreover it allows the receptor to retain its tightly bound lipid 

coat , which may be involved in the functioning of the receptor.
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Nevertheless, the technique is limited because many of the procedures 

used to characterise isolated proteins were developed for aqueous 

preparations and it is difficult to apply them to proteolipids.

The approach of Changeux ejt ^1, (l97l) is more conventional 

in that it solubilizes the receptor into aqueous solution. Criticism 

can be levelled at the procedure, however. Detergents used to 

solubilize the membrane constituents may replace the lipid moiety 

associated with the proteins. V̂ Tiether the protein-detergent complex 

can adequately represent the original protein-lipid complex is a 

point of conjecture. As compared to the technique of De Robertis 

however, it allows application of a much wider range of methods for 

studying the molecule e,g, molecular weight determinations by gel 

filtration or ultracentrifugation and ligand binding studies by 

equilibrium dialysis, provided certain corrections are applied for 

adsorbed detergent (Meunier _et , 197^),

Proteolipids are defined as protein-lipid complexes which 

are insoluble in aqueous systems but soluble in chloroform/methanol 

mixtures. They were first isolated by Polch and Lees (I95I) from 

bovine brain tissue, Proteolipids can be delipidated to give the 

protein moiety, termed apoprotein, which is soluble in aqueous and 

organic solvents. There appears to be a conformational change when 

the apoprotein is transferred from organic to aqueous solution. These 

onservations have led to the suggestion that the adopted confor

mation of the apoprotein reveals hydrophilic or lipophilic regions, 

depending on whether it is in aqueous or organic solution. Within 

the membrane it is considered that lipophilic regions are exposed
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and these interact with associated lipids to stabilize the conform

ation of the apoprotein (Polch-Fi, 1972).
Despite the criticisms of the technique of De Robertis, 

proteolipids have been isolated from a variety of sources and specific 

functions have been attributed to them. A haem-containing 

proteolipid has been extracted from beef heart microsomes (Shichi 

et , 1965) and from chloroplasts of spinach leaves (Duffy _et al., 
1966). The haem-containing proteolipid from beef heart was prefer
entially labelled with ^^Fe when the isotope was added to a 

homogenate prior to proteolipid isolation. In the presence of protein 

inhibitors, marked inhibition of 59pe labelling of the proteolipid 

was observed. The results led to the suggestion that the haem- 

containing proteolipid was a precursor in the synthesis of haem 

proteins. A proteolipid specifically binding NN'-dicyclohexylcarbodi- 

imide has been extracted from mitochondrial membranes (Cattell 

_et , 1971), NN'-dicyclohexylcarbodi-imide is an inhibitor of 

oxidative phosphorylation. It has been postulated that the protein 

group with which it combines (i.e. the apoprotein of the proteo

lipid) may be involved in oxidative phosphorylation as a phosphate- 

activating group dr may be part of a system which maintains the 

mitochondrial membrane in a conformation necessary for oxidative 

phosphorylation to occur. The latter point suggests a structural 

function for proteolipids and similarities between the amino acid 

composition of proteolipids and 'structural proteins' of synaptic 

membranes derived from rat brain synaptosomes (Cotman et al., I968) 

have been observed.

Proteolipids have also been isolated from a variety of 

neural tissues and bind, with the degree of specificity expected of
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receptor molecules, some of the transmitters and their agonists 

thought to be operative in the tissues. In preliminary studies of 

locust thoracic muscle, hunt (1973) observed a proteolipid peak 
which bound 1-glutamate. Fiszer de Plazas and De Robertis (1974) 

isolated a proteolipid from shrimp (Artemisia longinaris) muscle 

which bound 1-glutamate with high affinity (K^ = 15 pM). D,I,-o(- 

methyl glutandc acid and L-glutamic acid diethylester were found 

to inhibit binding of 1—glutamate to the shrimp muscle proteolipid, 

which indicated that the proteolipid had some pharmacological 

properties expected of the receptor. Similarly, proteolipids have 

been extracted from the electric eel (Electrophorus electricus) by 

De Robertis _et (1971) and from the housefly (Musca domestica) 

central nervous system (Donnellan £t , 1975). As judged by ligand 

binding studies, both are considered to be cholinergic receptors.

For example, eel proteolipid binds acetylcholine with a Kg = 0*11 p.M 

whilst housefly proteolipid binds an acetylcholine agonist, hexaméth

onium, with a similar high affinity (Kg = 0*11 pJi).

The approach of Changeux et ah. (l97l) uses detergents 

to disrupt the membrane by forming lipid-detergent-protein complexes 

(Helenius and Simons, 1975). The process eventually causes substit

ution of lipids associated with the receptor by detergent to give a 

water-soluble protein-detergent complex. Of particular advantage in 

the above procedure is Triton X-100 (p-iso-octylphenoxypolyethoxy- 

ethanol) which solubilizes membrane proteins without greatly 

affecting intra-protein interactions. This may allow the protein to 

retain a conformation in solution which resembles its conformation 

in the membrane. The method has been successfully applied to
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solubilization of several putative neuroreceptor proteins, including 

cholinergic receptors from electric fish (Torpedo marmorata, eel and 

Torpedo californica) (Meunier and Changeux, 1973; Klett ejt al.,1973; 

Haftery et al., 1974; Heilbronn et al., 1975)» L-glutamate receptors 

from mammalian central nervous system (Michaelis, 1975) and adrenergic 

receptors from mammalian liver membranes (Cuatrecasas e_t , 1974).

The work reported in this thesis describes attempts to 

isolate L-glutamate receptor from the locust neuromuscular junction. 

The studies have been adversely affected by the lack of an agent 

exhibiting a high affinity for L-glutamate receptors such as oc- 

bungarotoxin exhibits for the acetylcholine receptor. The peptide 

oi. -bungarotoxin is a snake venom toxin obtained from Bungarus 

multicinctus. It binds irreversibly and specifically to the 

acetylcholine receptor. Lee _et (1967) showed autoradiographically 

that radiolabelled et -bungarotoxin was associated only with regions 

of muscle containing end plates when the toxin was put onto rat 

diaphragm. Denervation of the muscle, which causes a spread of 

acetylcholine sensitivity over the muscle, resulted in a similar 

spread of binding sites for labelled cx-bungarotoxin. The distribution 

of radioactivity corresponded to the distribution of acetylcholine 

sensitivity as determined electrophysiologically (Miledi and Potter, 

1971). These results, together with other studies (Hall, 1972) 

have confirmed the high affinity of cx-bungarotoxin for the acetyl

choline receptor. The isolation of the receptor as a receptor- 

labelled toxin complex can thus be closely followed. An extensive 

range of chemicals have been studied for pharmacological effects at 

the insect neuromuscular junction (Usherwood and Cull-Candy, 1975) 

but few approach the effect of the putative transmitter L-glutamate.
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The isolation procedures adopted have, therefore, relied primarily 

on the affinity of L-glutamate for the preparation and part of the 

project involved a search for drugs with activity at the glutamin- 

ergic synapse to supplement L-glutamate binding studies.

The source of tissue used in the study was the thoracic 

musculature of the locust Schistocerca gregaria.lt represents a 

compromise between the electrophysioiogical and biochemical approaches 

to the study of insect myoneural transmission. As mentioned previously, 

the extensive electrophysioiogical work on the locust has involved 

leg muscles which provide the most suitable nerve-muscle preparations. 

Conversely, the biochemist requires a relatively large amount of 

tissue for subsequent fractionation. Moreover, it must be obtained 

relatively quickly because of the problem of proteolytic destruction 

of cellular proteins, as typified by work on the acetylcholine 

receptor (Patrick ejt , 1975). When the receptor is purified from 

electric eel in the presence of protease inhibitor, it can be shown 

to contain four subunits, the smallest of molecular weight 48,000 

daltons. In the absence of protease inhibitor, subunits of 44,000 

daltons are observed in addition to the other four subunits. These 

smaller subunits can be generated in receptor purified originally in 

the presence of protease inhibitor by limited proteolytic digestion 

of the protein with the enzyme trypsin. Bearing this in mind, 

although precise eléctrophysiological data on all the thoracic 

muscles is lacking, they do provide a relatively large amount of 

muscle tissue (approximately 0*2g wet weight per locust) in an 

acceptable period of time.
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The diagram below represents a view of the right side of the 

locust mesothorax according to Campbell (I961). ^hscles are labelled 
according to Campbell (l96l), A report of studies carried out by 

Kutsch and Usherwood (l970)showed that excitatory innervation is 

apparent in muscles 60, 81, 87, 88, 90, 91, 92, 94, 95, 96, 99- 
Tnhibitory innervation is apparent in muscles 87, 91, 92, 
and possibly in 81, 88, 94, 95, and 96.

■90
8 4 -

59̂

■ICO

87-

The early part of the work concentrates on the extraction 

of the putative receptor as a proteolipid , As only approximately 59̂ 

of total proteins are extracted, it permits a large purification in 

a single step in addition to denaturing the L-glutamate metabolizing 

enzymes. The preparation was used to establish the presence of protein 

molecules showing an affinity for T-p’lutamate expected of a neuro

receptor. The : roclem of isolating the proteins in an aqueous envir

onment was then undertaken, to provide a preparation more amenable to
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chemical characterization.
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Thoracic Muscle

(Schistocerca gregaria; 2 week old mixed sex adults; 
muscle freshly dissected and kept on ice)

A  2% (\v/v) suspension of muscle In 0 ,2 5M  sucrose 
containing 5  m M  Tris C I”  and 1 m M  E G TA  {pH 7 .1 ) 
was homogenized in a Teflon/glass homogenizcr 
(12  passes; 120 rpm) and filtered througli nylon net 
(159  p m  aperture)

V
Filtrate

V
Fibre Pellet (P i ) 
suspended in homogenization  
medium  and re centrifuged

Centrifuged at 1,000g fo r 5 min

V
Supernatant (S i)

V
M itochondrial Pellet (Pz) 
suspended in homogenization 
medium and re centrifuged

Centrifuged at 7 ,500 ij fo r 10 m in

9
Supernatant (Sz)

[
Centrifuged at 30 ,000g  fo r 60  min

Membrane Pellet (Pa) 
suspended in homogenization 
m edium and re-centrifuged at 
3O,0G0g fo r 60  min.

Soluble supernatant (Sa)

Fig 1 SubceÜulcr fractionation of locust thoracic musclo 
(Ail operations at 4"C)
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2, METHODS

A. SOURCE OF MUSCLE

All experiments were carried out on thoracic muscle from 

the desert locust, Schistocerca gregaria Forskal, The culture was 

maintained as described by Hunter-Jones (1966), The locusts were 
kept in thermostatically controlled rooms at 30°C and fed fresh 
green food daily, supplemented by stabilized wheat germ. Healthy 

adults of both sexes were selected approximately two weeks after 

their final instar.

As a routine, the head, abdomen and legs of the locust were 

cut off; the thorax was then cut ventrally and gently pulled open 

to reveal the muscles. Most of the fat body was removed by blotting 

with tissue papers and the entire thoracic musculature was dissected 

out and stored on ice.

The muscle was fractionated as described below. The 

procedures were carried out either with freshly dissected muscle, as 

was always the case with the aqueous extracts, or with a lyophilizate, 

In the latter case the muscle, as a 10̂ 4 (w/v) suspension in distilled 

water, was homogenzied for 1 min in a MSE blender. The homogenate 

was then frozen in liquid nitrogen and lyophilized. When proteo

lipids were extracted from the membrane pellet prepared by the 

aqueous fractionation procedure (Eig. l), the pellet was resuspended 

in distilled water and lyophilized as a preliminary step.

B. ISOLATION PROCEDURES 

(  ̂} Proteolir ids

(i) Extraction of proteolipids

The freshly dissected muscle or muscle lyophilizate was
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suspended in 19 vol (w/v) of chloroform/methanol (2:1, v/v) with 
respect to the fresh weight of muscle. It was homogenized in a MSE 

blender for 1 min at maximum speed and left to stand with intermittent 

shaking for 50 min at room temperature with the homogenization 

vessel sealed with aluminium foil. Insoluble material was removed 

by filtering the homogenate through Whatman No.l filter paper. The 

filtrate, termed the total lipid extract, was diluted with 0*5 vol 

of chloroform (with respect to the original chloroform/methanol 

volume) and the volume of the extract reduced to 5-4 ml at 

under reduced pressure using a rotary evaporator.

(ii) Chromatography of proteolipids on Sephadex LH-2Q

Extracted proteolipids were chromatographed on Sephadex 

LH-20 columns according to the procedure of Soto _et (1969).
Sephadex LH-20 was washed five times with 5 vol of acetone and 

filtered on each occasion through a sintered glass funnel under 

vacuum. The gel was then spread on filter paper and left overnight 

at room temperature to allow the acetone to evaporate. Subsequently, 

it was suspended in chloroform/methanol (l:l, v/v), deaerated and 

left for at least 5 h to enable the gel to swell. Columns (20 x 1»8 cm) 

were prepared from the gel slurry by washing through with chloro

form/methanol (l:l, v/v) until it was completely packed. Dry sand, 

previously washed with acetone and chloroform/methanol (1:1, v/v), 

was added to the top of the column to a height of 2 cm. The packed 

column was washed with 100 ml of chloroform/methanol (4:1, v/v) 

and finally equilibrated with chloroform (200 ml). When small 

columns (5 x 1*2 cm) were prepared, one-fifth of the volumes 

referred to above were used.
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The sample to be chromatographed was added to the column 

after remval of excess chloroform to the top of the sand and eluted 

by the batchwise addition of chloroform and chloroform/methanol 

mixtures, as shown in Table 1.

Table 1, Elution procedures used with Senhadex LH-20 columns

Elution Sequence (ml)

Chromato
Sample 

Vol. (ml)
Column
Size(cm) Chloro

Chloroform/methanol 
(v/v)

graphic
System

form 15:1 ' 10:1 6:1 4:1

Basic 5-0 20 X 1*8 30 20 20 20 20

Modified
Basic 5-0 20 X 1:8 50 - 20 - 40

Mini 0-5 5-0 X 1'2 12 - - - -
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In preliminary work the system described by Soto et al. 

(1969), or its modified form, (Table 1, basic and modified basic) 
was used. Column eluant was monitored continuously for protein at 

280 nm using a Cecil CE 212 variable wavelength UV monitor. Fractions 

(2 ml) were collected and assayed for protein, phosphorus and, when 
appropriate, radioactivity. In some experiments the refractive 

index of the fractions was also measured using an Abbe 60 refract- 

ometer.

(iii) Binding studies

Binding of ligands to proteolipids was assayed by a 

chromatographic procedure. After a timed incubation period, the 

free ligand was separated from ligand-proteolipid complexes by 

chromatography on Sephadex LH-20, as described previously (Table l). 

Initial studies were performed with the basic or modified basic 

procedures, but the improved mini procedure was used predominantly 

in later assays.

Binding of radioactive ligands was assayed by incubating 

them for 20 min with the proteo'i ipid extract prior to chromato

graphy on Sephadex LH-20. Wliere non-radioactive ligands were used, 

they were assayed by their capacity to inhibit binding of radio

active L-glutamate. They were added to the extract $0 min before 

addition of radioactive L-glutamate; after a further 20 min 

incubation period the mixture was chromatographed. Control studies 

were performed in the absence of proteolipids by chromatographing 

the ligands in chloroform/methanol (2:1, v/v) solution under the 

same conditions. This allowed correction for free ligand co-eluted 

with ligand-proteolipid complexes. Binding constants were determined 

using computer programmes compiled to enable linear regression
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analysis of double reciprocal plots of the data. Data from binding 

assays with the aqueous membrane preparation were similarly processed,

(iv) Metabolism of L-glutamate

To determine if L-glutamate bound to peak II proteolipid was 

being metabolized, the proteolipid (2*5 mg) was incubated with 5 pM 

L-glutamate in 5 ml of solution. After incubating for 20 min, 

the solution was reduced to a small volume using a rotary evaporator 

at 40°C and spotted onto commercially prepared thin layer 

chromatography plates (20 x 20 x 0*01 cm Polygram Cel 300 plastic 

sheets precoated with cellulose MI 300 ), L-glutamate, K -amino- 

butyric acid, L-glutamine and 2-oxoglutarate as 100 ;iM solutions 

were also spotted onto the plates as markers. The chromatograms 

were developed with n-butanol; acetic acid; water (80: 20: 20 by 

volume). The amino acid spots were visualized with ninhydrin and the 

2-oxoglutarate spot with ammonium molybdate (Stahl, 1969). The plates 
were also scanned for radioactivity using a Packard radiogram scanner,

(v) Phospholipids associated with proteolipids 

Phospholipids associated with proteolipids in the total lipid

extract and in peaks 1 and 11 (see p. AOa, ) were analysed by thin 

layer chromatography. The proteolipid samples (2 mg protein) were 

evaporated to a small volume (l ml) under reduced pressure at 

using a rotary evaporator and 0«1 ml aliquots spotted onto the 

plates, Phosphatidylethanolamine, phosphatidylcholine, phosphatidyl- 

serine, phosphatidylinositoi, phosphatidylglycerol and phosphatidic 

acid in chloroform/methanol (2:1, v/v) solution, were used as 

markers. Plates (20 x 20 x 0*5 cm) were prepared manually by coating 

with silica gel G (60 g in 110 ml of 2̂o (w/v) sodium carbonate 

solution) and conditioned by drying at llO^C for 1 h, washed by
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running overnight in chloroform/methanol (4:1, v/v) and air-dried 

before use (Skipski e_t I964). Commercially prepared plates
(10 X 5 X 0*025 cm) precoated with Kieselgel were also used

without pre-conditioning. The solvent system of Skipski _et al,(l964) 

containing chloroform: methanol: acetic acid: water (25: 15: 4: 2 by 
volume) was used to develop the chromatograms, and phospholipid spots 

were visualized with iodine vapour (Sims and Larose, I962), ninhydrin 
(Ansell and Hawthorne, I964) or ammonium molybdate/copper reagent 
(Goswami and Frey, 1971). To quantitatively analyse the individual 

phospholipids separated by thin layer chromatography, they were first 

located using iodine vapour. The iodine-developed colour was allowed 

to fade and the area corresponding to the spots scraped from the 

plates. The phospholipids were re-extracted from the gel into 

chloroform/methanol solution (2:1, v/v) by washing with 5 x 3 ml of 

solvent and sedimenting the gel in a bench centrifuge after each wash. 

The supernatants were pooled, concentrated on a rotary evaporator at 

40°C and analysed for phosphorus by the method of Chen _et (1956),
A control study was performed to determine if phospholipids 

associated with peak II proteolipid could contribute to the binding 

of L-glutamate, The peak was isolated by chromatography on

Sephadex LH-20 columns and its volume reduced to 1 ml on a rotary 

evaporator at 40°C under reduced pressure. The concentrated solution 

(2'5 mg protein) was incubated with 5 pM ^̂ ĉ] L-glutamate for 

20 min , then 0*25 ml samples were spotted onto commercially prepared 
plates (10 X 5 X 0*025 cm) coated with Kieselgel The plates

were developed and the separated components identified as described 

above. The components were re-extracted from the plates as described 

above and analysed for radioactivity.
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(vi) Analysis of unesterified fatty acids

Samples of proteolipids were dried under a stream of 

nitrogen and treated with acetone to extract unesterified fatty acids 

as described by Lunt and James (1976). The dried extracts were 
redissolved in diethyl ether and treated with freshly prepared, triply 

distilled diazomethane to methylate the unesterified fatty acids. Ex

cess diazomethane was allowed to evaporate before the extract was 

again blown dry with nitrogen and dissolved in a small volume of 

light petroleum (40-60°C). The solution was analysed by gas liquid 

chromatography using a Pye series IO4 gas chromatograph fitted with 
a flame ionization detector. Samples were chromatographed at 200°C 

on a column (l*5 m x 3 mm) of 5% (w/v) Apiezon L grease on 100-120 

mesh Celite. Methyl esters of fatty acids were identified by 

comparison with retention times for authentic standaras. Methyl 

heptaddconate was used as an internal standard for all determin

ations (Rowe, 1964),
(vii) Sodium dodecyl sulphate gel electrophoresis

Peak II proteolipid was eluted from a large Sephadex LH-20 

column with chloroform/methanol (2:1, v/v) (see p, 46a ). It had 
previously been separated from the bulk of the components 01 the 
total lipid extract by the normal elution procedure ( p, 40a), The 

isolated proteolipids were cooled to -20^0 and treated with 4 vol of 

light petroleum (40-60°C) to precipitate the proteolipids (Nicot 

al,, 1973). The precipitate was sedimented in a bench centrifuge at 
4°C, the supernatant discarded and the pellet was blown dry under 

nitrogen.

The dry pellet and various fractions of locust thoracic 

muscle were denatured by heating overnight at 40°C in sealed vials
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containing 1% (w/v) sodium dodecyl sulphate, 40 mM dithiothreitol 
and 1 mM EGTA in electrophoresis buffer (see below) diluted 1:5.

Commercially prepared 7*59'o polyacrylamide gels were run 

overnight at 2 mA per tube to introduce the electrophoresis buffer 

(0*205 M Tris; 0*208 K acetic acid and 0*1% (w/v) sodium dodecyl 
sulphate, pH 6*4) into the gels. Aliquots of the denatured samples 
were subjected to electrophoresis on the gels by applying a current 

01 4*5 mA per tube for 4*5 h.
The gels were stained with 0*25% (w/v) Coomassie brilliant 

blue in 7% (w/v) acetic acid. The molecular weights of the protein 

bands visualized by this procedure were determined by reference to a 

calibration curve prepared using standard proteins. The standards were 

creatine phosphokinase (MJt 40,000); glutamic dehydrogenase (M.Vt 
53,000); Dovine plasma albumen (r-Wt 68,000) and -galactosidase 

(MWt 150,000).
(2.) Aqueous Extracts

(i) Homogenization procedures

Several techniques for fragmenting the muscle were studied,

(a) Teflon/glass homogenizer; 109o (w/v) suspension

Freshly dissected muscle as a 10̂ 6 (w/v) suspension in sucrose 

(0*25 M) containing 5 mM Tris (pH 7*1) was homogenized in a Teflon- 
glass homogenizer (clearance 0*15-0*22 mm) driven by a Wolfe electric 

drill. The muscle suspension was either homogenized ’gently’ with 

twelve passes at 120 rpm or ’vigorously’ with twelve passes at 800 rpm,
(b) Virtis homogenizer

Freshly dissected muscle suspended as described above, 

was homogenized in a Virtis 45 homogenizer driven at 4500 rpm for 

1 min.
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(c) Protease treatment

Freshly dissected muscle, suspended as described above, 

was treated with 5 mg (per 30 ml of suspension) of Nagarase (subtilo- 

peptidase A, E.G. 3.4.4.16) for 20 min at room temperature. The 

treated muscle was then homogenized in a Teflon/glass homogenizer with 

twelve passes at 120 rpm,

(d) Sonication

Freshly dissected muscle, suspended as described above, 

was sonicated at 4°C for 2 min using a 100 watt MSE ultrasonicator,

(e) Teflon/glass homogenizer; 2}ç. (w/v) suspension

The freshly dissected muscle was suspended in 2% (w/v) 

sucrose (0*25 M) containing 5 mM Tris and 1 mM EGTA (pH 7*1). The 

suspension was homogenized in a Teflon/glass homogenizer (clearance 

0*15-0*22 mm) driven by a Wolfe electric drill, with twelve passes at 120 

rpm.

The homogenates obtained using the above procedures were 

subjected to differential centrifugation as outlined in Fig, 1 (p, 23a), 

This figure represents the isolation procedure used in all subsequent 

fractionations of locust muscle, adopting the homogenization 

procedure described in (2e) above. The pellets obtained were re

suspended in buffer derived from the work of Changeux et ad, (l97l) 

or modified buffer with equimolar choline chloride substituted 

for sodium chloride to give a sodium-free medium,

(ii) Binding assay

Binding studies were carried out using the ultrafiltration 

technique described by Donnellan et (1975).

Amicon UM-10 filters were prepared by washing in lÔ o (v/v) 

ethanol and stored at 4°C in the same medium until used. The filters
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were washed three times with distilled water and soaked in the buffer 

of the incubation medium for 1 h before being used.

Radioactive ligands were incubated with extracts of locust 

muscle in 0*52 ml of solution for 5 min at room temperature.
Duplicate 0*2 ml aliquots were removed and filtered under 40 psi of 

nitrogen pressure through the Amicon filters. When filtration was 

complete, the underside of each filter was washed with 10 ml of 

e'thanediol to remove retained filtrate. The filters were removed to 

scintillation vials containing 1 ml of 0*1% (w/v) sodium dodecyl 

sulphate solution and sonicated for 5 min to release non-filtered 

residue and retained ligand. Scintillant (10 ml) was added to the 

vials which were then shaken vigorously to mix the contents prior to 

measurement of the radioactivity. To correct for unbound ligand 

retained by the filters, 0*2 ml of incubation medium containing 

ligand alone was filtered by the same technique. Retained radio

activity was calculated as a percentage of the total radioactivity 

bound in experimental studies.

The binding of L-glutamate to locust muscle fractions was 

studied using L- {̂ U- glutamate or L- [g -^h] glutamate and was

carried out in the presence and absence of unlabelled 1 mM D-glutamate, 

Specific binding of L-glutamate was defined by the equation below.

Specific Binding = Total Binding - Non-Specific Binding
(D-g^utaigate ) (D-glutamate present)

Binding of non-radioactive ligands was assayed by their capacity to

inhibit the binding of radioactive L-glutamate. The non-radioactive

ligand was added to the incubation mixture 2 min before addition of

radioactive glutamate. All ligands were dissolved in the buffer of

the assay medium. Binding of -jj -aminobutyric acid was
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studied by the same technique as above, in the presence of 1 mM 

non-radioactive GABA.

Binding studies were carried out in sodium-rich or modified 

sodium-free buffer (both pH 7*1, 1 - 0*18) with 200 to 300 pg protein 

per 0*52 ml. Phosphate buffer (pH 5 to 8) and Tris-Cl~ buffer (pH 7*5 
to 9) were used when binding was determined as a function of pH,

They were dissolved in the relevant buffer and the ionic strength 

kept above 0*18,

(iii) Metabolism of L-glutamate

To determine if L-glutamate was being metabolized by the 

membrane extract the latter was first incubated with 5 pM L- -

glutamate. The incubation mixtures were filtered through Amicon HM- 

10 filters as described in section 2B (2) (ii) and the filtrates 
collected, ^he filtrates were chromatographed on columns (5 x 1*2 cm) 
of AG 11A8 ionic retardation resin (50-100 mesh), to reduce their 

salt content, and eluted with water (Heathcote et ^,, I971), Eluants 
were lyophilized, and the residues were dissolved in 0*5 ml of water 
and spotted onto thin layer plates, (20 x 20 x 0*01 cm Polygram Cel 

300 plastic sheets precoated with Cellulose M  3OO). The technique 
described in section 2B (1) (iv) was used to develop the chromato
grams and visualise the spots. The plates were also scanned using a 

Packard radiogram scanner to locate radioactivity,

(iv) Incorporation of L-glutamate into proteinaceous material

The components isolated by subcellular fractionation of the

muscle homogenate were incubated for 5 min with 1*0 pM [^^C^ L- 

glutamate in 0*5 ml of sodium-rich buffer. Duplicate aliquots (0*02 

ml) were analysed for radioactivity. Protein was precipitated with 

25% (w/v) trichloroacetic acid and sedimented by centrifugation.
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Duplicate aliquots (0*02 ml) of the supernatant were analysed for 

radioactivity,

(v) Enzyme assays

The assay procedures used were those described by 

Donnellan e_t al, (1974) unless otherwise stated. Spectrophotometric 

assays were performed at 25°C using a Cecil CE 595 double beam 

digital UV spectrometer with Sarstedt disposable microcuvettes or 

silica cells (light path 1 cm). Reaction volumes were 1*5 ml, Triton 

X-100 was added to each reaction mixture to ensure that occluded 

enzyme activity in membrane fractions was measured,

Colorometric enzyme assays were performed using a Cecil CE 

292 digital UV spectrophotometer with Sarstedt cuvettes.
All enzyme activities were corrected for endogenous

activity,

(a) L-gl.ycerol-3-phosphate; WAD oxidoreductase (E,C, 1,1.1,

8; CPDH)

Activity was monitored at 340 nm by following the oxidation 

of KADH during formation of L-glycerol-3-phosphate from dihydroxyacetone 

phosphate. Extracts were added to reaction mixtures containing 50 mM 
potassium dihydrogen phosphate (pH 6*9), 0*25 mM NADH and 0*1% (w/v) 

Triton X-100, Dihydroxyacetone phosphate (0*36 mM) was added to 
start the reaction,

(b) L-glycerol-3-phosphate; flavoprotein oxidoreductase (E.

C,1,1,99.5; OPox)

Activity was monitored by coupling the oxidation of L- 

glycerol-3-phosphate to the reduction of ferricyanide to ferrocyanide 

and followed at 425nm. Extracts were added to reaction mixtures
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containing 130 mM potassium chloride, 10 mM potassium dihydrogen 

phosphate, 1 mM EGTA (pH 7*1), 1 mM potassium cyanide and 1 mM 

potassium ferricyanide. The reaction was started by adding 66*7 mM 

D,L-glycerol-3-phosphate,

(c) L-glutamate; NAD(p ) oxidoreductase (E,0,1,4,1,3 ; GDH)

Activity was assayed by the reductive amination of 2-

oxoglutarate and followed by monitoring NADH at 340 nm. Extracts were 

added to reaction mixtures containing 50 mM Tris-Cl" (pH 7*9), 100 mM 

ammonium acetate, 1 mM ADP, 0*25 mM NADH and 0*1% (w/v) Triton X-100, 

The reaction was started by addition of 5 mM 2-oxoglutarate,

(d) L-aspartate; 2-oxoglutarate aminotransferase (E,C,

2.6,1,1; GOT)

Activity was assayed with 2-oxoglutarate and L-aspartate as 

substrates by coupling oxaloacetate production to the oxidation of NADH 

by malate dehydrogenase. Extracts were added to reaction mixtures 

containing 50 mM Tris-Cl” (pH 7*4), 15 mM L-aspartate, malate 

dehydrogenase (lO i.u.), 0*25 mM NADH and 0*1% (w/v) Triton X-100,

NADH oxidation was monitored at 340 nm after the addition of 5 m>! 

2-oxoglutarate,

Activity was also measured in the reverse direction, with 

L-glutamate and oxaloacetate as substrates, by assaying the reductive 

amination of oxaloacetate. Extracts were added to reaction mixtures 

containing 40 mM Tris-Cl” (pH 8*3), 0*5 mM oxaloacetate and 0*1% (w/v) 

Triton X-100, The reaction was started by addition of 5 mM L-glutamate 

and followed at 257 nm by the disappearance of oxaloacetate.
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(e) L-alanine; 2-oxoglutarate aminotransferase (E.C. 2.6,

1.2; GPT)

Activity was assayed by coupling pyruvate production from 

L-alanine and 2-oxoglutarate to the oxidation of NADH by lactic 

dehydrogenase. Extracts were added to reaction mixtures containing 

50 mM potassium dihydrogen phosphate (pH 6*9), 40 mM L-alanine, lactic 

dehydrogenase (lO i. u,), 0*25 mM NADH and 0*1% (w/v) Triton X-100,

NADH oxidation was monitored at 340 nm after the addition of 5 mM 

2-oxoglutarate.

(f) L-glutamine: ammonia ligase (ADP) (E,C, 6.3.1.2; GS)

Activity was assayed by substituting hydroxylamine for

ammonia to allow production of L-glutamyl-'S’ -hydroxamate to be 

measured. Extracts were added to reaction mixtures containing 25 mM 

Tris (pH 7*2), 10 mM magnesium chloride, 50 rnM hydroxylamine, 50 mM 

potassium glutamate, 10 mM phosphoenol pyruvate and pyruvate kinase 

(2 i.u,) in a total volume of 0*2 ml. After incubating the reaction 

mixture for 15 min at 25°C in a shaking water bath, the reaction was 
terminated by adding 0*4 ml of a solution containing (w/v) tri

chloroacetic acid and lÔ u (w/v) ferric chloride in 0*5 M hydrochloric 

acid. Precipitated protein was sedimented by centrifugation after 

adding 1 ml of water and the extinction of the supernatant was 

measured at 500 nm. A calibration curve prepared using L-glutamyl- 

^ -hydroxamate was used to calculate the amount of product of the 

reaction,

(g) L-glutamate 1-carboxy-lyase (E.C, 4.1.1.15; GAD)

Activity was assayed by measuring the production of [^^c]

carbon dioxide from L- 1̂-̂ '̂ c] glutamate (Langcake and Clements, 1974). 

The reaction took place in a reaction vessel suspended within a
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scintillation vial. The vial was sealed with a rubber stopper.

To the reaction vessel was added extract (0*2 ml), reaction medium 

(0*25 ml) containing 20 mM potassium dihydrogen phosphate, 1 mM 

dithiothreitol, 0*1 mI4 pyridoxal-5’-phosphate, pH 6*8 and 0*6 M 

sodium glutamate (0*05 ml) containing 0*5 P-Oi of L- glutamic

acid. All solutions, and the vial, were flushed with nitrogen before 

starting the assay. The assay was commenced by injecting the glutamate 

solution through the stopper into the reaction vessel, Carbon

dioxide was trapped in 2-phenylethylamine (0*2 ml) in the bottom of the 

vial. The reaction was stopped after 50 min by injecting lÔ o (w/v) 

trichloroacetic acid (0*2 ml) into the reaction vessel. The vials were 

left overnight to ensure complete absorption of carbon dioxide, then 

scintillant was added and the radioactivity measured,

C, ROUTINE ANALYTICAL PROCEDURES

(i) Electron microscopy

The morphology of various fractions isolated during the 

subcellular fractionation of locust thoracic muscle was examined by 

electron microscopy. The technique used to prepare the tissues for 

electron microscopy is outlined in Rig,2 , The fractions were fixed 

either in suspension or as pellets in 5% (v/v) glutaraldehyde 

solution for 2 h before being passed to the electronmicroscopy unit.

The fixed material was washed overnight in 0*1 M phosphate buffer 

(pH 7*4-) and post-fixed in osmium tetroxide. After dehydration 

through various alcohols and embedding in Spurr resin, sections 

were cut and stained for electron microscopy with uranyl acetate and 

Reynold’s lead acetate.
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(ii) Protein analysis

Proteins were assayed by the technique described by Lowry 

bt al. (1951) using bovine serum albumen (Sigma) as the standard. 
Aqueous suspensions were diluted to give approximately 0*5 mg 

protein/ml and duplicate aliquots (0*1 ml) were analysed. Chloroform/ 

methanol extracts were dried either under a stream of air or in a 

boiling water-bath and'protein residues were then digested overnight 

at 40°C in 0*5 M sodium hydroxide (0*2 ml) before being assayed as 

above,

(iii) Phospholipid assay

Phospholipids were assayed by measuring the phosphorus 

content of dried chloroform/methanol extracts by the procedure 

described by Chen £t (1956),

(iv) Radioisotope measurements

The organic solvents in chloroform/methanol extracts were 

allowed to evaporate from the scintillation vial before addition of 

scintillant. The scintillant (lO ml) used was either NE 260 or a 

scintillant cocktail of butyl PhD (0 *46%, w/v) in a toluene:Triton 

X-100 mixture (2:1, v/v). Radioactivity was measured in a Packard 

5O85 or Intertechnique SL 5OO Spectrometer. Quenching was corrected
for by the channels ratio technique (Kobayashi and Maudsley, 1974), 

using ^^C-hexadecane or ^H-toluOne as standards. Counting efficiency 

for ^^C remained above 85% and between 28-55%.
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X MATERIALSy •

Chemicals were obtained from B.L.H.,Poole, Dorset or from 

Sigma, Kingston-upon-Thames, Surrey,

All organic solvents were redistilled before use.

Specific chemicals were obtained as indicated.

Chemicals Source

L- glutamic acid ; [u- ^^c] - 
aminobutyric acid; L- [c-^K^ 
glutamic acid; [acetyl ĥ ] -acetyl
choline

Radiochemical Centre, 
Amersham, Bucks.

Ouabain octohydrate; kainic acid; 
glutamic acid diethyl ester; 
concanavalin A; L-glutamyl-%- 
hydroxamate; D,L-allylglycine; 
phenylhydrazine hydrochloride

Sigma, Kingston-upon- 
Thames, Surrey,

D,T-2-amino-4-phosphonobutyric acid ; 
2,4-dinitrophenol; 3-methyl-D,L- 
aspartic acid; N-methyl-D,L- 
glutamic acid; N-methyI-D,L- 
aspartic acid

Calbiochem, San Diego, 
California,

Harmine hydrochloride hydrate Aldrich, •̂̂ iIwaukee, 
Wisconsin,

Chloipromazine May and Baker, 
Dagenham, Essex.

Ouisqualic acid; ibotenic acid Gifts, courtesy of 
Dr A,N. Clements,

260 (scintillant) Nuclear Enterprizes Ltd, 
Edinborough.
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4. RESTTLTS

A. STUDIES WITH CKLOROFORM/T^THANOL EXTRACTS

(1) EXTRACTION OE PROTEOLIPIDS

Fig.5 shows a typical elution profile obtained when the 

total lipid extract of locust thoracic muscle was incubated with 

5 pM L-glutamate and then chromatographed on a Sephadex LH-20

column (20 x 1*8 cm). Two large peaks of proteolipid (peaks I and II) 

were eluted with chloroform and numerous smaller peaks with chloro

form/ methanol mixtures.Radioactivity was associated with the first 

two proteolipid peaks eluted. Peak I proteolipid contained less than 

5% of the total radioactivity applied to the column, amounting to 

0*05 nmoles of L-glutamate/mg protein. Peak II proteolipid contained 

51% of the applied radioactivity with 2*25 nmoles of L-glutamate/mg 

protein. Protein recovery from the column was 65% of which proteolipid 
peaks I and II represented 41%. The radioactivity recovered from 

the column represented 58% of that applied. The remaining radioactivity 
was tightly bound to the gel and could not be removed even when 

the column was washed with chloroform/methanol (l:l, v/v). Table 2 

gives the relative weights of proteolipid protein compared to the 

total muscle protein and the fresh weight of muscle.

Control runs were performed by chromatographing the same 

concentration of ^^C^ L-glutamate in chloroform/methanol (2:1, 

v/v) under the same conditions in the absence of proteolipids.

Less than 1% of the total radioactivity applied to the column was 

eluted in chloroform; again the majority of the unrecovered ligand

appeared to be tightly bound to the gel.
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Table 2. Weight of proteolipids extracted from 

locust thoracic muscle relative to 

total muscle protein and ihe fresb. 

weight of muscle.

Extract
%g Proteolipid protein

Per mg total Per g fresh
muscle protein weight of muscle

Total lipid extract 41*8 432-0

Receptor (Peak II) 4-2 47-1



-  42 -

The proteolipids above were extracted from the excised 

muscle without prior fractionation of the muscle into subcellular 

components. Conversely, when extracts were studied in an aqueous 

environment, the muscle was subfractionated to give a membrane pellet 

which was studied for its capacity to bind L-glutamate. V/hen proteo

lipids were extracted from a lyophilizate prepared from this membrane 

pellet and incubated with 5 pH L-glutamate, subsequent

chromatography on a Sephadex LH-20 column gave an elution pattern 

very similar to that obtained with the total muscle extract (Fig. 4)» 

Two peaks were eluted in chloroform, both of which contained bound 

radioactivity. The first proteolipid peak contained 4*2% of the 

applied radioactivity, representing 0*045 nmoles of L-glutamate/mg 

protein whilst the second peak of proteolipid contained 56% of the 
applied radioactivity representing 2*08 nmoles of L-glutamate/mg 

protein.

(2) SPECIFICITY OF BINDING STUDIES

(i) Applicability of Sephadex LH-20 chromatographic assay procedure 

Detailed analysis of the polarity changes associated with 

the elution of an acetylcholine-binding proteolipid present in fly 

heads suggested that methanol in the concentrated extract does not 

equilibrate totally with the column and that the methanol contenu of 

the applied sample can affect the elution position of the proteo

lipids (Donnellan et , 1975)» As Fig. 5a shows, there was a drop 

in the refractive index of the column eluant when locust muscle 

proteolipids were chromatographed under standard conditions after 

incubating with 1 piM [ '̂c] L-glutamate. The increase in polarity was 

coincident with the elution of peak II proteolipid. The L-glutamate/ 

proteolipid complex of peak II was collected, concentrated and
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reapplied to a fresh Sephadex LH-20 column equilibrated in chloroform 

(?ig. 5^)» Elution with chloroform did not release significant 

amounts of protein or radioactivity at the previous elution volume 

of 50 ml. Increasing the solvent polarity by using chloroform/ 

methanol (2:1, v/v) resulted in the elution of a proteolipid/ligand 

complex. Although 979̂  of the added protein was recovered from the 

column in the peak eluted with chloroform/methanol (2:3., v/v), the 

associated radioactivity had fallen by 65% indicating that binding 
was to some extent reversible,

(ii) Non-specific binding of L-glutamate

The possibility that the observed binding could represent 

non-specific binding to proteolipids, binding to phospholipids 

associated with proteolipids or binding to the L-glutamate metabol

izing enzymes was investigated.

Mitochondrial fractions were prepared from the thoracic 

muscles of the locust and the fleshfly by the procedure shown on 

p. 2?a. Proteolipids were extracted from a lyophilizate prepared from 

the pooled fractions and incubated with 9*01 pM [ L-glutamate

prior to chromatography on a Sephadex LH-20 column (20 x 1*8 cm).

As Pig, 6 illustrates, throe peaks of proteolipid were eluted in 

chloroform, the first and third containing bound radioactivity. The 

amount of ligand bound to the third peak of proteolipid, 0*006 nmoles/ 

mg protein, represents less than 1% of that bound to peak II 

proteolipid of the whole muscle extract (p, /\0a,), In addition, when 

the L-glutamate-proteolipid complex of peak II was investigated by 

thin layer chromatography, only L-glutamate was found to be present, 

indicating that it had not been metabolized.

The individual phospholipids associated with peak II
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proteolipid were isolated by thin layer chromatography after 

incubation of the proteolipid with 5 L-glutamate. Table 3

lists the retention times of the spots visualized on the plates and 

the radioactivity associated with each spot. Co-chromatographed 

standards showed that L-glutamate migrated a short distance but was 

well separated from the individual phospholipids. None of the phospho

lipids separated from the proteolipids was associated with radioactive 

label; the latter was present in a spot identified as being L-glutamate.

(iii) Binding of L-glutamate as a function of protein 

concentration

When binding of L-glutamate to peak IT vras studied as a 

function of proteolipid concentration (up to I50 ̂ g protein), a 

linear relationship was established, as depicted in Fig. 7-.

(3) FKA.RtACOLOGICAL STUDIES BINDING SITES

(i) Binding as a function of L-glutamate concentration

The L-glutamate binding capacities of purified proteolipid 

peaks I and II were studied as a function of the L-glutamate 

concentration. As Fig. 8 illustrates, peak II proteolipid showed a 

far greater affinity for L-glutamate than peak I proteolipid. Binding 

to peak II proteolipid showed a typical saturation curve with maximal 

binding at 7*25 nmoles/mg protein and a = 8 plA (Fig. 9a). L- 

glutamate bound to peak I with a Kd - 50 pM (pig-, 9b).

(ii) Binding of other amino acids

The effect of D-glutamate, L-aspartate and L-leucine on the 

binding of L-glutamate to peak II proteolipid was investigated by 

challenging the binding of 5 L-glutamate with equimolar

concentrations of the other three unlabelled amino acids. L-leucine and 

B-glutamate were found to be without effect but L-aspartate was 

found to inhibit binding by 43% (Table 4 ).
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Fig 8 Binding to proteolipid as function of L—glutamate concentration

Peaks I and II were isolated in bulk by chromatography on large Sephadex columns (Fig 2 ), 
concentrated and divided into aliquots. These were incubated w ith  a concentration range of 
[^^C] L—glutamate for 20 min prior to chromatography on small Sephadex columns 
(5 .0  X 1.2 cm) equilibrated in chloroform . The samples were eluted w ith 10 m 2  of chloroform. 
Bound glutamate was corrected for free ligand eluted in the same region when the same 
concentrations of L—glutamate in chloroform /m ethanol (2:1 ,v /v) were chromatographed
under the same conditions. Results are the averages o f six determinations ±  standard error o f 
the mean.
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O) O) 0.4-

0.2-

0.3 0.40.2
Free L—glutamate

0.1
- 0.2 - 0.1

Fig 9a Double reciprocal plot of ligand bound to the proteolipid of Peak II 
as a function of L—glutamate concentration (see Fig 8)

0.6-
o>

0.4-

0.2-

20015050 100
Free L —glutamate

Fig 9b Double reciprocal plot of ligand bound to the proteolipid of Peak I 
as a function of L—glutamate concentration (see Fig 8)
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Table 3« Thin layer chromatographic analysis of

phospholipids associated with peak II proteolipid

Sample Rf Percentage of radio
activity chromatographed

Markers

Phosphatidylcho1ine 0"25

Phosphatidylserine 0-39

Phosphatidylinositol 0-44
Phosphatidylethanolamine 0 '65

Glutamate 0*075
Peak II proteolipid

Spot 1 0*072 98*7
Spot 2 0*25 0

Spot 3 0*57 0

Spot 4 0*62 0

Spot 5 0.80 0

Purified peak II proteolipid was incubated with 5 pi' L-

glutamate for 20 min then the phospholipid components were 

separated by thin layer chromatography. The phospholipids were 

visualized with iodine vapour, and glutamate with ninhydrin.

The spots were re-extracted from the plates and their radio

activity determined. Results are the averages of 2 experiments.
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Fig 10 Binding of [^H] L—giutsmate and [ ’'*C]—GABA to 
purified proteolipids of peak II

Lyophiiized muscle (0.5g) was extracted w ith 25 m £ o f chloroform /m ethanol (2 : 1, v/v) and 
concentrated to 3.5  . A  3 .0  m.Ç aliquot was chromatographed on a Sephadex L H —20 column
as described in Fig 2. Peak II proteolipid was collected and concentrated to 3 .4  m 2  . A  3 .0  m 2  
sample was then chromatographed on a second Sephadex column as described in Fig 6b. The  
protein eluted w ith  chloroform /m ethanol (2 : 1, v/v) was collected and concentrated to 3,5  m 2 .  
A  3-0 m 2  sample was incubated w ith 4.9 jUfv) [^H] L—glutamate and 5.0 JJ.M 1 ‘̂̂ C] G A B A  for 
20  rnln. prior to  chromatography on a Sephadex L H —20 column (5 .0  x 1.2 cm) equilibrated in 
chloroform. The sample was eluted w ith chloroform.
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(iii) Binding of putative insect neurotransmitters

When 4*9 piT C ^  acetylcholine was incubated with purified 

peak II proteolipid and chromatographed on mini Sephadex LH-20 columns, 

no binding of ligand to eluted proteolipid could be detected,

V/hen 5 pi' [[ 3 GAEA was incubated with the total lipid

extract prior to chromatography on a large Sephadex LH-20 co'̂ .umn, it was 

found that peak II proteolipid bound 1«08 nmoles/mg protein. The GAEA 

binding capacity v;as further investigated using peak II proteolipid 

which had been purified by eluting twice from large Sephadex LH-20 columns. 

The proteolipid peak was eluted on the first occasion using the 

modified elution procedure (Table l). It was concentrated and added to 

the second column from which it was eluted with chloroform/methanol 

(2:1, v/v). The proteolipid eluted from the second coliumn was incubated 

simultaneously wit/- ) pi' concentrations of ] GAE* end Q ''H ]  L-

glutamate before being chromatographed on mini Sephadex LH-20 columns.

As Fig. 10 shows, two partially separated peaks of protein were disting

uished, one of which bound L-glutamate (2*1 nmoles/mg protein) and the 

other GABA (0*93 nmoles/mg protein). No significant binding of C  3  

GAEA to the first peak or C^H 3 L-glutamate to the second peak could 

be detected,

(iv) Binding of glutamate analogues 

N-Methyl-T),I-aspartic acid, glutamic acid diethyl ester and

N-methyl-D,L-glutamic acid (10 pM concentrations) were without a statist

ically significant effect on binding of L-glutamate to peak II proteolipid,

(v) Binding of D,L-2-amino-4-phosphonobutyric acid

At present, no diagnostic inhibitor having a specific 

affinity for the insect excitatory neuroreceptor has been reported.

An analogue of I -glutamate studied for such pharmacological 

specificity was L,L-2- amino-4-phosphonobutyric acid, which has a
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Table /. The effects of li.rands on binding of L-glutamate 

to purified peak II proteolipid

Ligand
bound L-glutamate 
pmoles/m.g protein

% Control 
binding

Level of 
significance

L-aspartic
acid 1*5 ± O'lO 57*0 <0*005

L-leucine 2*6 ± 0-16 99*2 >0*05

D-glutamate 2*65 ± 0*14 100*1 > 0-05

Glutamic acid 
diethylester

2*3 t O'll 89-4 >0-05

N-methyl -D ,L- 
glutamic acid

2*4 ± 0*11 90*2 >0-05

N-methyl-D,L- 
aspartic acid

2*6 ±- 0*13 98*3 >0-05

Purified peak II proteolipid was incubated with ligands for 30 min, 

then with 3 pM L-glutamate for 20 min before being chromato

graphed on mini Sephadex LH-20 columns. The amino acids were at 5 pM 

concentrations and the esters were at 10 concentrations. Control 

binding (2*65 p.moles/mg protein) was performed in the absence of 

other ligands. Results are the averages of 4 determinationsirSEM. 

Levels of significance were determined by the t-test, values below 

p = 0*05 being considered significant.
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+APB ( 2 x  10-5JVJ)
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(G lutam ate] M

Fig 12 Binding of [ ’ "*C] L—glutamate to the proteolipid of peak U in the 
presence of 2 X 10“ ® M APB

Peak I I  proteolipid was prepared in bulk on Sephadex L H —20 columns (Fig 2) and concentrated 
under vacuum. Aliquots were incubated w ith  2 x IQ -^ M  APB for 30  min. prior to  the addition of 
various concentrations of [ ’ ‘'C j L—glutamate. A fter a further 20 min. the samples were chromatographed 
on Sephadex L H —20 columns (5 .0  x 1.2 cm) previously equilibrated in chloroform . The samples were 
eluted w ith  chloroform . Results for the inhibitor curve are the averages o f two experiments perform ed  
in duplicate.
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Fig 11 The structure of D,L—2—amino—4—phosphono butyric acid (APB)
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phosphonate group substituted for the ^ carboxyl group of glutamate 

(Fig, 11). As Fig, 12 shows, it was found to inhibit the binding of 

L-glutamate to peak II proteolipid. Analysis of the data shown in 

Fig. 12 by a double reciprocal plot of bound L-glutamate versus the 

freeL-glutamate concentration at various concentrations of D,L-2- 

amino- 4-phosphonobutyric acid showed the inhibition to be competitive 

(Fig, 13)• A Dixon plot (Dixon and Webb, I964) of the data from 
Fig, 15 gave an inhibitor constant of Kj = 65 for D,L-2-amino- 

4-phosphonobutyric acid (Fig, I4),

(4) LIPIDS ASSOCIATED WITH PROTEOLIPIDS

(i) Phospholipids

By definition proteolipids are protein/lipid complexes and 

the phosphorus-containing material associated with the proteolipids 

extracted from thoracic muscle is shown in Fig, I5, The total lipid 
extract contained 457 pg phosphorus/mg protein; peaks I and II 

contained 590 pg phosphorus/mg protein and 790 pg phosphorus/ mg 
protein respectively. Quantitative analysis of the individual 

phospholipids showed the main components to be phosphatidylethanol

amine and phosphatidylcholine together with other unidentified 

components. Phosphatidylserine was associated with peak II proteolipid 

where it accounted for 10% of the total phospholipids. It was not 

detected in association with peak I, Fig, 15 shows the percentage 

phospholipid content of the extracts, where phosphatidylethanolamine 

and phosphatidylcholine are present in an approximately 2:1 ratio in 

each of the extracts,

(ii) Unesterified fatty acids

Table 5 lists the fatty acids associated with the total 
lipid extract and proteolipid peaks I and II, The highest levels of
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Table Analysis of unesterified fatty acids associated with 

proteolipids

Fatty acid
pig/mg protein

Total lipid 
extract Peak I Peak II

C12:0 0*48 3-1 -

015:0 2'8 4*7 0'21

014:0 4-2 8«1 2.6

015:0 1*5 5-4 2-1

016:0 69-5 74-0 76*8

018:2 10.4 - -

018:1 109"6 18-8 199-4
018:0 10-4 18-1 6*8

The proteolipid samples were dried under a stream of nitrogen 

and unesterified fatty acids extracted with acetone. The dried 

acetone extract was dissolved in diethyl ether and the fatty 

acids esterified with diazomethane. After dissolving in a small 

volume (0*5 ml) of light petroleum (d0-60°C), the individual 

fatty acids were determined by gas-liquid chromatography as 

described in the Methods Section. Results are the averages of 

2 experiments performed in duplicate.
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Fig 17 Subcellular fractionation of locust muscle
Eiectronmlcrograph of typical P, fraction from 10% homogenate

(Mggx K1000)

1 liM
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#
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Whole
muscle

Residue from  
chloroform/methanol 

extracted muscle

30,000 g 
membrane pellet

Proteolipid of 
peak II

Fig 16 SDS gel electrophoresis of locust muscle fractions

The extracts were denatured as described in the Methods Section, and electrophoresied on 7.5% 
polyacrylamide gels using a buffer of 0.205 M Tris, 0.205 M acetic acid and 0.1% (w/v) SDS pH 6.4  
A current of 4.5 mA per tube was applied for 4.5 h. The gels were then stained with Coomassie Blue 
as described in the Methods Section.
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fatty acids present were those of palmitic and oleic (O^q .̂ )

acids. Similar levels of palmitic acid were present in the total 

lipid extract and in each peak, but oleic acid was asymmetrically 

distributed with an approximate ratio of 6:1:11 (total lipid extract: 

peak T: peak II).

(5) S.D.S. GEL ELECTROPHORESIS

The proteolipid of peak II was analysed by S.D.S. gel 

electrophoresis and showed two protein bands with molecular weights 

of 95f000 and 77,000 daltons respectively (pig. 16). Protein bands 

of this molecular weight were also detected in the whole muscle 

homogenate and in the $0,000 g membrane pellet prior to extraction of 

these samples with chloroform/methanol, and in the whole muscle residue 

after chloroform/methanol extraction,

■R. STUDIES WITH AQUEOUS EXTRACTS

(6) ISOLATION OF MEMBRANE FRACTION

(i) Subcellular fractionation of muscle

Initial attempts to fragment the dissected muscle as a 10^ 

(w/v) suspension were unsuccessful, despite the application of several 

different techniques. The electronmicrograph of Fig. 1? was typical 

of the 1,000 g (P^) pellet obtained with these procedures. It is 

notable for the presence of clumps of muscle tissue indicating 

ineffective homogenization and dispersion of the muscle. The homogen

ization technique was modified by using a 2̂o (w/v) muscle :medium 

ratio and adding EGTA to the medium to chelate divalent metal ions.

The scheme, as outlined on p. 2$a , was used for all subsequent 

subcellular fractionations of the muscle.

The technique yielded four subcellular fractions; fibre (P^), 

mitochondrial (P^) and membrane (P^) pellets as well as soluble cell
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Fig 20 Subcellular fractionation of locust muscle
Electronmicrograph of the microsomal pellet (P3 )

(Mag. X 14000)
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Fig 19 Subcellular fractionation of locust muscle:
Electronmicrograph of Pg fraction

(Mag. X 14000)
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Fig 18 Subcellular fractionation of locust muscle:
Electronmicrograph of P, fraction
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components (Sy). Electronnicroscopic and enzymic analyses were used 

to confirm this identification of the fractions.

'The fraction (Pig. 18) showed the presence of muscle 

fibres with apparently adsorbed mitochondria , The Pg fraction (Pig.

19) was composed of swollen mitochondria whilst the P^ fraction 

(Pig. 20) contained abundant membrane vesicles together with some 

small mitochondria,

'Tables 6 and 7 give the activities and distributions of 

various enzymes within the subcellular fractions.

Glycerophosphate dehydrogenase was localized in the 

fraction. Glycerophosphate oxidase showed greatest specific activity 

in the P2 fraction, but with a relatively high activity also in the P^ 

fraction. Glutamate dehydrogenase and glutamate decarboxylase 

appeared predominantly in the P^ and P^ fractions. The transaminases 

were detected in the three fractions P^, P^, and S5, but whereas the 

specific activity of glutamate-pyruvate transaminase was greater in 

the particulate fractions (P^ and P^), glutamate-oxaloacetate 

transaminase activity was greatest in the soluble (sy) fraction.

Glutamine synthetase also showed highest specific activity in the 

soluble fraction, but was detectable in the particulate fractions. All 

the L-glutam.ate metabolizing enzymes could be detected in the P^ fraction, 

but at comparatively low levels.

(ii) Binding of L-.dutamate to subcellular fractions

The binding capacity of each of the subcellular fractions 

was assayed using L-glutamate, Binding of the amino acid was

assayed in the presence and absence of 1 mM non-raaioactive D-glutamate 

as described in the Methods Section (p.?2 ).

The results of the binding assays are given in Table 8. The 

membrane (py) fraction exhibited the highest capacity for binding L-
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Table 6, Specific activities of enzymes in subcellular fractions 

prepared from a locust muscle homogenate

Enzyme activity, nmoles min”  ̂mg protein'•1

Enzyme Subcellular fraction
Homogenate h P,

GPox 504'8 72-16 487-2 + 56-2 673-0 4 69-1 54-1 4 5-2 -

GPDH 674-2 82-5 8-8 0-9 9-3 4 1-1 4-8 t 0-5 1109-96 -5

GDH 27-5 ± 5-1 72-9 ± 7-3 100-5 4 6-5 1-1 4 0-05 -

GOT 275-5 ± 48'5 106-8 ± 19-1 92-5 4 10-2 43-0 4 5-6 453 -1-65-1

GPT 202"2 ± 10-7 449-7 31-3 622-0 4 62-5 32-9 4 4-2 110.5- 8-5

GS 28'9 2-0 7-7 0-3 5-1 4 0-1 4-7 4 0-1 64-4- 3-1
GAD 2'2 ± 0 -07 4-3 ± 0-18 6-6 4 0-24 0-9 4 0-01 -

Freshly dissected muscles from two-week old adult locusts were 

homogenized in 2% (w/v) 0*25 M sucrose; 5 Tris Cl”; 1 mM EGTA 

(pH 7'l) and fractionated as described in Pig. 1. Any pellets were 

resuspended in buffer. The isolated fractions were stored at 4°C 

until assayed for the various enzyme activities as described in 

the Methods section. Each result is the average of 6 experiments 
t SEM,
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Table 7. Relative specific activities of subcellular fractions

Fraction
Relative specific activity

GFox GPDH GOT GPT GDH GS GAD

h 2-12 0-22 0-67 1-34 1-69 ] -05 2-61

h 2-60 - 0-87 2-55 2-43 0-26 2-31

"3 0-47 0-025 0-25 0-25 0-4 0-53 0-1

^3
- 1-90 1-15 0-52 - 1-44 -

The data are derived from Table 6 , The relative specific activity 

= (Percentage total enzyme activity recovered)/(Percentage total 

protein recovered). ' otal protein recovered from the isolation 

procedure was 94-6 - 5-5 SEM (n - 12).
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Table 8. Binding of C^^C~| L-glutamate to 

subcellular fractions of locust 

thoracic muscle

Subcellular fraction Bound glutamate 
(dpm/mg protein)

Homogenate 515
Fibre (p̂ ) 6,100

Mitochondrial (P^) 5,600
Soluble (sy) 0

Membrane (py) 16,000

Freshly dissected locust thoracic muscle was 

fractionated as described in Fig, 1, The pellets 

were suspended in buffer pH 7*1. The fractions 

were assayed for L-glutamate binding activity 

by incubating aliquots (0*52 ml) for 5 min 

with 5 pM ] L-glutamate - 1*0 mM D-

glutamate. Samples (0*2 ml) were then filtered 

through Amicon UM-10 membrane discs which were 

subsequently counted to determine the bound 

radioactivity. The results are corrected for 

non-specific binding and are the averages of 

2 experiments performed in duplicate.



55d

4 0  f -

30
Ç
'5
2

•!? 20« «11
l à

4 62
[L —Glutam ate] fiM

Fig 24 Binding of [^"*0] L—glutamate to membrane fraction 
before and after freezing in liquid nitrogen

The membrane fraction was suspended in Ringer (pH 7 .1 ; 1 = 0 .18 ). Aliquots 
(280  f i g protein) were incubated in 0 .5 2  m £ o f medium containing a concentration 
range o f (^'*C] L—glutamate ± 1 . 0  m M  D—glutamate. Samples (0 .2  m2 ) were 
assayed for bound L —glutamate as described in the Methods Section. □  , non
frozen membrane fraction; O , membrane fraction frozen in liquid nitrogen for 
48  h. Points are the averages o f three determinations.
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Fig 23 Effect of protein concentration on the binding of 
[14C] L—glutamate to the locust membrane fraction (P3 )

A  range of protein concentrations was prepared by suspendinig the 
membrane fraction (P3) in 0 .52  m £ o f  Ringer (pH 7 . 1 , 1 = 0.18) 
containing 1.0 L—glutamate ±  1.0 m M  D —glutamate. The
bound glutamate was assayed as described in the Methods Section.
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Fig 21 Effect of ionic strength on the binding of [^^C] L—glutamate 
by the locust membrane fraction

The membrane pellet (P3) was suspended in Ringer (pH 7 .1 ) o f d ifferent ionic 
strengths and incubated w ith 5 [ iM  L—glutamate ± 1 . 0  mM D —glutamate. 
Binding was measured as described in the Methods Section. Results are the 
averages o f tw o experiments performed in duplicate.
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glutamate and was chosen for subsequent studies of the L-glutamate 

binding sites,

(7) PRELIMINARY STIJT)IE3 OF L-^GLUTAMATE BINDING CAPACITY OF THE 

MEIlBRANE FRACTION

(i) Binding as a function of the ionic strength

When binding of L-glutamate to the membrane fraction was 

studied as a function of the ionic strength of the assay medium, non

specific binding was apparent below I = 0*17 even in the presence of 

D-glutamate (^ig. 21). Accordingly, the ionic strength was maintained 

at 0*18 or above for subsequent binding assays.

(ii) Binding as a function of pH

Lindin^ of L-glutamate to the membrane fraction was studied 

as a function of pH both in the presence and absence of sodium ions.

As Pig. 22 demonstrates, maximal binding was observed at pH 7*1 under 

both conditions. This pH was adopted for subsequent assays. Binding 

in the presence of sodium ions tended to show a broader profile, 

peaking at pH 7*1, with a smaller binding peak at pH 5.

(iii) Binding as a function of protein concentration

Binding of L-glutamate to the membrane fraction was directly 

proportional to the protein concentration up to I70 pg protein (Pig. 

23). Binding was not studied at higher protein concentrations because 

interference with filtration leads to distorted binding curves.

(iv) Effect on binding of freezing the membrane fraction

Pig. 24 depicts binding of L-glutamate to a membrane extract 

suspended in buffer, before and after the extract had been frozen in 

liquid nitrogen for 48 h. Prior to freezing no saturation of binding 

could be observed at 5 pY L-glutamate concentrations. Conversely, after

being frozen, binding to the membrane appeared to be saturated at this

concentration of L-glutamate.
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Fig 25 The effect of the sodium ion concentration on binding of 
[1 ^C] L—glutamate to the membrane fraction

The membrane fraction was resuspended in Ringer (pH 7 .1 ; 1 =  0 .1 8 ) in which
choline chloride had been substituted for sodium chloride. Aliquots (280 f i g 
protein) were incubated in 0 .5 2  m£ o f medium containing a concentration range 
o f [^^C] L —glutamate +  1.0 m M  D—glutamate. Samples (0.2 m £) were assayed 
fo r bound L—glutamate as described in the Methods Section. □  , binding assayed 
in non-m odified Ringer; P  ̂ binding assayed in modified Ringer. Points are the  
averages o f three determinations.
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(v) Sensitivity of bindin/: to the absence of sodiurr ions

The effect of sodium ion concentration on the binding of 

L-glutamate was studied using buffer in which choline chloride had 

been substituted for sodium chloride. As with the freeze/thaw cycle, 

saturation of binding was clearly observable in the sodium-free medium, 

at an L-glutamate concentration of 5 liM, but was not apparent when 

binding was assayed in normal sodium-rich buffer (Pig. 25).

(vi) Metabolism of L-glutamate by subcellular fractions

When analysed by thin layer chromatography as described in the 

Methods Section, only L-glutamate could be detected in the filtrate 

of the membrane fraction derived from the binding assay of L-

glutamate.

(vii) Incorporation of L-glutamate into proteinaceous material

As Table 9 shows, there was no significant incorporation of 

L-glutamate into proteinaceous material in any of the subcellular 

fractions.

(8) PMRMACOLOGICAL STUDIES OP BINDING SITES ON THE MEMBRANE 

FRACTION

(i) Binding as a function of the L-glutamate concentration

The preliminary studies described above indicated that at 

least two sites were contributing to the observed binding of L- 

glutamate to the membrane fraction. In addition, they provided a means 

of differentiating between the two types of binding by varying the 

sodium ion content of the assay medium. Accordingly, assays for binding 

of L-glutamate to the sodium-insensitive sites were carried out at low 

L-glutamate concentrations (0*05 to 9*7 fiM) in buffer modified by the 

equimolar substitution of choline chloride for sodium chloride. Binding 

of L-glutamate to sodium-sensitive sites was assayed at high L-glutamate
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Table 9. Incorporation of ] L-glutamate into protein material

by locust muscle subcellular fractions

Fraction
Percentage of radioactivity 

in supernatant
Level of 

significance

Fibre (Pj) 98*5 - 6*4 >0-05

Mitochondrial (P^) 101*3 - 3'7 >0-05

Membrane (pp 101-6 t 4-5 >0-05
Soluble (sp 91-7 t 4.3 >0-05
Blank 102-7 t 6-6 >0-05

The fractions were suspended in buffer (0«5 ml) containing IpM 

L-glutamate and incubated for 5 min. Duplicate aliquots (0*2 ml) 

of the mixture were analysed for radioactivity. Protein was then 

precipitated with 25% (w/v) trichloroacetic acid and sedimented 

by centrifugation. Duplicate aliquots (0»02 ml) of the supernatant 

were analysed for radioactivity. Results are the averages of 4 

determinations in duplicate - SEM. The level of significance was 
determined by the t-test, resul+s below p = 0*05 being taken as 

statistically significant.
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Fig 28 Binding of L—glutamate to the membrane fraction 
in the presence of sodium ions

The membrane pellet was resuspended in Ringer and aliquots (0 .52  m6 containing 
280 p g  protein) incubated w ith  various concentrations o f [ ‘•^C] L —glutamate 
± 1 . 0  m M  D —glutamate for 5  min. Samples (0 .2  m£) were assayed for bound L— 
glutamate as described in the Methods Section. Bound L—glutarhate vvas corrected 
fo r L -g ju tam ate bound In  the .absence j>f .sodium tons. Re&ults are the. averages 
o f 8 experiments ±  standard error o f the mean.
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concentrations (5 to 100 ;,iK) in normal buffer.

Under both assay conditions, variations in the absolute 

levels of bound L-glutamate were observed. Occasionally these varied 

as much as±50̂ 6 compared to the results presented below which were 

derived from experiments snowing less than 5̂ 0 variation between 

levels of bound ligand.

Fig, 26 depicts the binding curve obtained when the concen

tration of L-glutamate was varied in a sodium-free medium containing 

the membrane fraction. Saturation of the binding occurred at approxim

ately 25 pmoles/mg protein. Analysis of the binding data in Fig, 26 

by the technique described in the Methods section (p.31 ) showed the 

presence of a single class of binding sites with a dissociation 

constant (K^) of 0*53 piM (Fig, 2?),

Binding assayed in sodium-rich buffer also showed saturation, 

at 178 pmoles/mg protein, as the L-glutamate concentration was 

increased (Fig. 26), '"'hese results were corrected for the binding 

observed in the absence of sodium ions. Analysis of the data of Fig,

28 showed a single class of binding sites with a dissociation constant 

(Kg) of 21-6 )xK (Pig. 29).

By manipulating the sodium ion content of the binding assay 

medium, two distinct L-glutamate binding sites with, respectively,

high and low affinities, for. the. ligand, were distinguished. The........

characterization of these sites was extended by studying the effects 

of various factors on the binding of L-glutamate,

(ii) Effects of mechanical factors on binding of L-glutamate

Electronmicrographs of the membrane pellet (p. ) showed

the presence of vesicles, thought to be formed from membrane fragments. 

Tables 10 and 11 show the effects of several factors, designed to rupture
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Table 10. The effects of physical disruptive techniques on

binding of L-glutamate to the membrane fraction

in sodium-rich buffer

Condition
Bound L-glutamate 
pmoles/mg protein

% Control 
binding

Level of 
significance

Osmotic shock^ 22*1 i 5.7 26*0 <0'001

Sonication^ 1 9 . 5  t  5 . 5 23.0 <0'001

■'freezing ^

Fresh^ 52'8 i 6*4 62-1 <0'005

48 h 22*1 t 4.9 26-1 <0'001

2 weeks 7*0 - 4'0 8'2 <0-001

a. Membrane fraction was resuspended in water, then buffer 

added to give an ionic strength of 0*18.

b. Ice-cooled membrane fraction, resuspended in buffer was 

sonicated for 1 min in a MSE ultrasonicator,

c. Membrane fraction, rosuspended in buffer, was frozen in 

liquid nitrogen.

d. The membrane fraction was frozen then immediately thawed 

at room temperature.

After the treatments shown,above, the membrane fraction (0*52 ml;

280 pg protein) was assayed for the binding of L-glutamate in the 

presence of 19*1 1 L-glutamate - 1.0 mM D-glutamate, as

described in the Methods section. Control binding (85 pmoles/mg protein) 

was performed on untreated extracts. All results are corrected for 

binding in the absence of sodium ions. Results are the averages of 8 

determinations i SEM, The level of significance was determined by the 

t-test, values below p r 0*05 being taken as significantly different.
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Table 11. The effects of physical disruptive techniques on

binding of L-, Tutamate to the membrane fraction

in sodium-free buffer

Condition
Bound L-glutamate 
pmoles/mg protein

^Control
binding

Level of 
significance

Osmotic shock 13*7 - I'l 98- 9 >0'05

Sonication 13*9 - 1*0 1 00 >0'05
Freezing

Fresh 13'9 - 0*8 9 9' 8 > 0 ' 0 5
48 h 13'8 - 0-9 9 9- 0 > 0 ' 0 5
2 weeks 13*6 - 1*1 9 7 - 9 >0'03

Conditions referred to in Table 10 were duplicated except that the 

fraction was resuspended in sodium-free buffer with choline chloride 

substituted for sodium chloride. Binding of L-glutamate was assayed in 

the presence of 0»52 pM ] L-glutamate - 1*0 mM D-glutamate. Control

binding was 13*9 pmoles/mg protein.
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the vesicles, on the binding of L-glutamate to the membrane fraction. 

None had an effect on binding of L-glutamate to the sodium-insensitive 

sites. Conversely, all caused a statistically significant decrease in 

binding of L-glutamate to the sodium-sensitive sites. With frozen 

tissue there was a progressive decrease in the level of bound L- 

glutamate with increased time of storage of the frozen tissue.

(iii) Effects of enzyme inhibitors on binding of L-glutamate

The effects of enzyme inhibitors, D,L-allylglycine and 

phenylhydrazine hydrochloride, on binding of L-glutamate to the 

membrane fraction was studied. As Tables 12 and 15 illustrate, the 

inhibitors (lOO pM concentrations) had no significant effect on 

binding of L-glutamate to the fraction in the presence or absence of 

sodium ions,

(iv) Effects of amino acids on binding of L-glutamate

The specificity of ligand-binding of the sodium-sensitive 

and sodium-insensitive sites was examined with respect to their 

ability to bind other amino acids.

Tables 14 and 15 show the effects that 100 piT concentrations 

of the amino acids GABA, L-aspartate, L-leucine and D-glutamate had 

on binding of L-glutamate to the sites. L-leucine, D-glutamate and 

GABA were without effect at either site, whereas L-aspartate markedly 

inhibited binding at both sites. The effect of L-aspartate at the 

sodium-insensitive site was studied in greater detail and is reported 

later in this thesis (p.7%).

When proteolipids extracted from the locust intra-thoracic 

muscles were incubated with 5 pM GABA, they were found to bind GABA 

at approximately 1 nmole/mg protein. Binding of GABA to the membrane 

pellet was also studied using 5 pM ] GABA. By analogy to the



- 62 -

Table 12. "̂ he effects of enẑ rme inhibitors on binding of L-glutamate

to the membrane fraction in sodium-rich buffer

Enzyme
inhibitor

Bound L-glutamate 
pmoles/mg protein

% Control 
binding

Level of 
significance

D ,L-allylglyc ine 86«6 t 7-3 101*2 >0*05

Phenylhydrazine 
hydrochloride 84 • 2 - 6*1 99-1 >0*05

The membrane pellet was resuspended in buffer. Aliquots (0*52 ml;

280 pg protein) were incubated with enzyme inhibitor (lO mPi) and 

19*1 pM [^^0 ] L-glutamate ±1*0 ml( D-glutamate, and bound L- 

glutamate was assayed as described in the Methods section. Control 

binding (85 pmoles/mg protein) was performed in the absence of 

inhibitors. All results were corrected for binding of L-glutamate 

in a sodium-free medium and are the averages of 8 determinations 

- SEM. Statistical significance was determined by the t-test, values 

below p = 0*05 being considered significant.
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Table 13. The effects of enzyme inhibitors on binding of L-glutamate

to the membrane fraction in sodium-free buffer

Enzyme
inhibitor

Bound L-glutamate 
pmoles/mg protein

% Control 
binding

Level of 
significance

D ,L-allylglycine 13*9 - I'l 100*0 >0*05

Phenylhydraz ine 
hydrochloride 13*9 - I'l 99*8 >0*05

The conditions referred to in Table 12 were applied except that 

modified sodium-free buffer was used. Binding was assayed in the 

presence of 0*52 pM ] L-glutamate 1*0 mM D-glutamate. Control

binding was 13*9 pmoles/mg protein.
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Table 14. The effects of amino acids on the binding of L-glutamate

to the membrane fraction in sodium-rich buffer

Amino acid Bound L-glutamate 
pmoles/mg protein

% Control 
binding

Level of 
significance

D-glutamate 86*0 ±6*7 101*2 >0*05

L-leucine 85*0 ±6*8 100*0 >0*05

GABA 86-5 ±7*7 101*8 >0*05

L-aspartate 18*0 ±3*5 21*2 <0*001

The membrane pellet, resuspended in buffer (0*52 ml; 280 pg protein), 

was assayed for the binding of L-glutamate in the presence of the 

amino acids (lOO pM) given above and 19*1 pM ^^^0 J L-glutamate 

- I'O mM D-glutamate. Control binding (85 pmoles L-glutamate/ mg 

protein) was performed in the absence of other amino acids. Results, 

corrected for binding in sodium-free buffer, are the averages of 8 

determinations - SEM. The level of significance was determined by 

the t-test, values below p = 0*05 being considered statistically 

significant.
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Table 15. The effects of amino acids on binding of L-glutamate

to the membrane fraction in sodium-free buffer

Amino acid Bound L-glutamate 
pmoles/mg protein

% Control
binding

Level of 
significance

D-glutamate 13-8 ± 0*9 99'2 >0*05

L-leucine 13*9 - I'O 99-8 >0'05
GABA 13'9 - I'O 99-8 >0*05

L-aspartate 1*1 t 0*3 8*1 <0'001

The conditions were as described in Table I5 with the following 

changes.

The membrane pellet was resuspended in modified,sodium- 

free buffer, and binding was assayed in the presence of 0*52 pM 

C "̂2 2 L-glutamate 1*0 mM D-glutamate. Control binding was 13*9 

pmoles/mg protein.
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I,-glutamate studies binding was performed in a sodium-free medium 

- 1 mM unlabelled GABA. Under these conditions, 7*6i 1*2 (SSM, n = 4) 

pmoles GABA/mg protein were bound to the membrane fraction. Binding 

was not affected by the presence of 100 pM L-glutamate,

(v) Effects of metabolic poisons on binding of L-glutamate

Ouabain and 2,4-dinitrophenol are metabolic inhibitors 

(see p.loo). The effects of these agents (lOO pM) on the binding of 
L-glutamate to the sodium sensitive and insensitive sites are shown 

in Tables 16 and 17. Neither had any effect at the sodium-insensitive 

sites. 2,4-dinitrophenol was also without effect at the sodium- 

sensitive sites, whereas ouabain inhibited at these sites by some

59%.

(vi) Effects of miscellaneous ligands on binding of L-glutam.ate

A wide spectrum of chemicals have been tested for activity 

on electrophysiological preparations of the locust excitatory neuro

muscular synapse (iJsherwood and Cull-Candy, 1975) and biochemical 

preparations of the L-glutamate receptor from mammalian central 

nervous systems (Roberts, 1974» Michaelis, 1975» Roberts and Watkins, 

1975). A variety of these agents were chosen to study their effects on 

binding of L-glutamate to the sodium-sensitive and insensitive sites 

of the locust cell membrane fraction. The results are tabulated in 

Tables 18 and I9 .

Acetylcholine, N-methyl-B,L-aspartic acid, N-methyl-D,L- 

glutamic acid and 3-methyl-D,L-aspartic acid had no statistically 

significant effect on binding of L-gluxamate to the membrane fraction 

in the presence or absence of sodium ions. The only ligands to 

significantly decrease binding of L-glutamate to the sodium-sensitive 

sites were chlorpromazine and L-glutamyl -%-hydroxamate, by 75% and
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Table l6. The effects of metabolic inhibitors on binding of L-gTutamate

to the membrane fraction in sodium-rich buffer

Inhibitor Bound L-glutamate 
pmoles/mg protein

% Control 
binding

Level of 
significance

Ouabain 35-4 - 5-1 41 "1 <0*001

2,4-Binitrophenol 82-8 - 3-3 96*0 >0*05

The membrane pellet, resuspended in buffer (0*52 ml; 280 pg protein), 

was assayed for binding of L-glutamate in the presence of

inhibitors (lOO pM) and 19*1 pM L-glutamate ^ 1*0 mM L-glutamate 

as described in the Methods section. Control binding (86*2 pmoles/ 

mg protein) was measured in the absence of inhibitors. All results 

are corrected for binding of L-glutamate in sodium-free buffer. 

Results are the averages of 8 determinations - SEM. The level of 

significance was determined by the t-test; results below p = 0*05 

were considered statistically significant.
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Table 17. The effects of metabolic inhibitors on binding of L-

glutamate to the membrane fraction in sodium-free buffer

Inhibitor ■Round L-glutamate 
pmoles/mg protein

% Control 
binding

Level of 
significance

Ouabain 13*5 - I'O 98*7 >0*05

2fû-Dini tropheno1 13'7 - I'O 100*2 >0*05

The conditions were as described in Table l6 with the following 

changes.

The pellet was resuspended in modified, sodium-free buffer 

and binding was assayed at 0*52 pM L-glutamate - 1*0 ml{

D-glutamate. Control binding was 13*7 pmoles/mg protein.
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Table 18. The effects of various ligands on binding of L-glutamate 

to the membrane fraction in sodium-rich buffer

Ligand Bound L-glutamate 
pmoles/mg protein

% Control 
binding

Level of 
significance

Acetylcholine 85'5- 8*1 102*1 >0*05

N—methyl—D,L— 
aspartic acid 82*6± 7"0 98*6 >0*05

Chlorpromazine 22*9± 4*0 27-5 <0*001

L-glutamyl-% - 
hydroxamate 50*1± 5*2 59-8 <0*001

Concanavalin A 81*7± 6*6 97-5 >0*05

Ibotenic acid 83'9± 6*9 100*1 >0*05

N-methyl -D,L- 
glutamic acid 80*6± 6*7 96*2 >0*05

3-mettyl -D,L- 
gppartic acid 82*2± 6*3 98*1 >0*05

Glutamic acid 
diethyl ester 81*4- 6*1 97-1 >0*05

Kainic acid 80*5± 6*9 96*1 >0*05

D ,L-2-amino-4-phosphono 
butyric acid 83-oi 7*1 99-1 >0*05

Harmine hydrochloride 82*4± 5*9 98-3 >0*05

Qpisqualic acid 81*4- 6*1 97-2 >0*05

The membrane fraction, suspended in buffer (0*52 ml; 280 pg protein) was 

assayed for tne binding of L-glutamate in the presence of ligands plus 

19*1 pM C^^O 3 L-glutamate - 1*0 mM D-glutamate. Ligand concentrations 

were 100 pM, with the exception of concanavalin A (lO pM). Control binding 

(83*8 pmoles/mg protein) was performed in the absence of ligands. All 

results are corrected for L-glutamate bound in sodium-free buffer. The 

results are averages of 8 determinations - SEM. The level of significance 

was determined by the t-test, values below p = 0*05 being considered 
significant.
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Table 19, The effects of various ligands on the binding of L-glutamate 

to the membrane fraction in sodium-free buffer

Ligand Bound L-glutamate 
pmoles/mg protein

% Control 
binding

Level of 
significance

Acetylcholine 14-4 1*2 100*0 > 0*05

N-methyl-D,L- 
aspartic acid 14-5 ± 1-3 101*1 >0*05

Chlorpromazine 14*2 ± 1*0 98*8 >0*05

L-glutamyl_ü-
hydroxamate

14-4 ± 1*2 100*2 >0*05

Concanavalin A 9*6 t 1*0 66*4 (0*005

Ibotenic acid 11-7 + 1*0 81*1 <0*05

N-methyl-D,L- 
glutamic acid

12*7 + 0*9 88*1 >0*05

3-methyl-D,L- 
aspartic acid 12*8 f 1*0 89'2 >0*05

Glutamic acid 
diethyl ester ll'O •+ 0*9 76*3 <0*01

Kainic acid 2*2 + 0*6 15'5 <0*001

2-aminc-4-phosphono 
butyric acid 2*0 0*4 13-7 <0*001

Harmine hydrochloride 1*9 + 0*5 13-2 <0*001

Qpisqualic acid 0*9 + 0-3 6*1 <0*001

The conditions were as described in Table 18 with the following changes.

The membrane pellet was resuspended in modified, sodium-free 

buffer and assayed in the presence of 0*52 pM ] L-glutamate 1*0 mM

D-glutamate, Control binding was 14*4 pmoles/mg protein.
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40Cu respectively. The remaining ligands had statistically significant 

effects of varying potency on binding of L-glutamate to the sodium- 

insensitive sites. Glutamic acid diethyl ester and ibotenic acid were 

weak inhibitors, but the most potent inhibitors were kainic acid, 

D,L-2-amino-4-phosphonobutyric acid, harmine hydrochloride and 

quisqualic acid. The latter was the most potent inhibitor of all the 

ligands tested,

(vii) Competitive inhibition of the binding of L-glutamate

Inhibition of L-glutamate binding to the sodium-insensitive

sites was studied in greater detail using kainic acid, L-aspartic acid

and D,L-2-amino-4-phosphonobutyric acid. Binding at various concentra

tions of L-glutamate was studied in the presence of a concentration

range of the inhibitors. Double reciprocal plots of the data (Fig, 50)

showed that each agent was competitively inhibiting the binding of 

L-glutamate. Inhibition constants were determined by Dixon plots 

(Fig, 51) and showed L-aspartate to be the most effective inhibitor 

with a K% = 2*6 pll. The values for kainic acid and D,L-2-amino-4- 

phosphonobutyric acid (9*25 pM and 7 pM respectively) indicate that 

they have comparable effects at the high affinity site. However, it 

is not known if both D and L isomers of 2-amino-4-phosphonobutyric 

acid are active,

(9 ) STHDIES OF L-GLUT'AMATF XRTÀBOLIZING ENZYMES 

(i) Determination of apparent Michaelis constants

Various L-glutamate metabolizing enzymes could be detected 

in the membrane fraction. The binding constants of the substrates for 

these enzymes were determined using the fractions which showed the 

hi hest specific activities for the particular enzymes (Table 7)*
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Apparent values were determined from a computerised direct linear 

plot (Cornish-Bowden and Sisenthal, 1974) by measuring initial rates 

of enzyme activity at varying substrate concentrations. The results 

are shown in Table 20 together with absolute values reported for 

other sources of the enzymes.
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Table 20. Binding constants for substrates of L-glutamate 

metabolizing enzymes

Enzyme Substrate

Apparent 
for locust 
muscle 
(mM)

Literature values for 
(mli)

Oxoglutarate 0-59 0-4 (Pig heart)®' 
0'12(Beef heart)^

Mitochondrial
OPT

Glutamate -
8-1 (Beef heart)^ 
15-0 (Pat liver)^

Cytoplasmic
Oxoglutarate O'll

0*45(Pig heart)^
0•11(Pleshfly^flight 

muscle)
GOT Glutamate 3-17 8-9 (Pig heart)^

GDH
Oxoglutarare

GlutaiiiP.te

0-78
l-5l(Corn)^
0-7 (Beef liver)̂ '

1-8 (Beef heart)^ 
10-0 (Yeast)^
1-8 (prog liver)^

GS Glutamaxe 1'8
5-9 (sheep brain)^ 

2-4 (E. coli)^

GAD Glutamate 10-55
7*9 (Mouse brain)̂

28-0 (^Geshflg flight
, muscle) . , ,

Source of references

(Barman, 19^9)
(Donnellan ef al., 1974) 
(Langcake and Clements, 1974)
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5* DISCUSSION

The Scientific disciplines of electrophysiology and pharm

acology have proved essential to studies of the processes mediated by 

neurotransmitters. In recent years, biochemical studies have provided 

a third dimension for characterizing these processes. Initial attempts 

to study neurotransmission at the biochemical level suffered from 

lack of methodology to permit detailed studies of receptor-1igand 

interactions. The fact that neuroreceptor molecules form a small 

percentage of either the total nervous tissue protein or even of the 

post-synaptic cell membrane protein and that they are integral 

componen+s of the cell membrane necessitated the development of novel 

methodology to facilitate their isolation and purification. However, 

the advances in neuroreceptor characterization at the molecular 

level together with data derived from electrophysiological and 

pharmacological studies are now generating the type of information 

necessary to elucidate the mechanistics of synaptic neurotransmission.

At the locust excitatory neuromuscular synapse, abundant 

evidence has accumulated from electrophysiological and pharmacol

ogical studies to favour L-glutamate as the natural excitatory 

neurotransmitter (Usherwood and Cull-Candy, 1975). Biochemical 

studies of the role of L-glutamate have been the subject of the work 

included in this thesis. At the outset it was intended to isolate a 

preparation that showed the pharmacology expected of the neuroreceptor 

for the excitatory neurotransmitter. Such a preparation could form 

the basis for studying vitro the parameters involved in the 

interaction of the ligand, L-glutamate,with the receptor.

Two major constraints were placed on the biochemical
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approach to the isolation of such a preparation. One was the lack of 

an irreversibly binding ligand with a high specific affinity for the 

receptor. If available, the radiolabelled ligand would have simplified 

the fractionation procedure by allowing the isolation of the receptor 

from a tissue homogenate to be closely monitored. The second constraint 

was that the post-synaptic membrane could not be isolated as a 

discrete entity due to the fragility of the nerve terminal of insect 

muscle (Donnellan et al,, 1974). Thus receptor-enriched membrane could 

not be separated from other non-synaptic nerve and muscle membranes.

Two distinct approaches to the isolation of the neuro

receptor for the excitatory neurotransmitter of locust muscle have 

been explored. The first of these involved the use of chloroform/ 

methanol mixtures to extract proteolipids which were shown to contain 

components that bound L-glutamate with the affinity and specificity 

expected of the neuroreceptor. An alternative and more conventional 

approach involved the isolation of a membrane fraction enriched in 

components that also specifically bound L-glutamate with high 

affinity. It is suggested that both preparations contain proteins 

that are representative of the physiological L-glutamate neuroreceptor 

and as such provide a means of studying receptor function at the 

biochemical level.

Proteolipid Extracts

Implicit in the identification of neuroreceptors as intrinsic 

membrane proteins is the recognition that they reside within the 

hydrophobic microenvironment of the post-synaptic membrane. De Robertis 

(1975) based his use of a chloroform/methanol mixture (2:1, v/v) 

to extract neuroreceptors on the rationale that it would provide the 

necessary lipophilic environment to solubilize the receptors. The
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technique, first applied to rat brain cerebral cortex, resulted in 

the isolation of putative cholinergic neuroreceptors (De Robertis 

at 1967). The severe lipophilic environment in which the

isolated proteins are maintained has also proved a source of 

criticism of the technique, and has been discussed in the Introduction 

(p. 15 ). Nevertheless, the procedure has been adopted by other 

workers to study numerous putative receptors, Donnellan and Cattell 

(1975) have studied a cholinergic receptor from housefly heads,

Godwin and Sneddon (1974) have identified a 5-bydroxytryptamine binding 

proteolipid from rat brain and Downey et (1974) have purified an 

opiate receptor from mouse brain.

The use of the technique of De Robertis for preliminary 

studies of the locust glutaminergic neuroreceptor was particularly 

attractive for two reasons,

1, The procedure specifically solubilizes proteolipids, which 

constitute less than lÔ o of total membrane proteins. If the 

glutaminergic receptor is proteolipid, this would permit a

significant degree of purification in a single step,

2, In the tissue under investigation, the putative transmitter 

L-glutamate is also an important cell metabolite. It means 

that enzymes which metabolize L-glutamate could contribute 

to binding and therefore complicate direct examination of 

the binding properties of the neuroreceptor protein. These 

enzymes should be denatured by, and insoluble in the organic

solvent, removing one major source of possible artifacts in 

the interpretation of binding data.

In preliminary studies, Lunt (1973) identified L-glutamate 

binding proteolipids in extracts of locust muscle. Although the source
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and function of the proteolipids was not defined by further examin

ation, it was considered that they may have been neuroreceptor in 

origin. As shown on p. /10a[ ] L-glutamate was found to be

associated with two proteolipid peaks; peak I had an elution volume of 

approximately 28 ml and peak II an elution volume of approximately 

54 ml. These elution volumes differ from those reported by Lunt, where 

two partially separated L-glutamate binding proteolipids were observed, 

with elution volumes of approximately 50 ml and 58 ml. Elution of 

proteolipids from Sephadex LH-20 columns is extremely sensitive to the 

presence of polar solvents. Procedures for preparation of both column 

and sample must be rigidly followed if results are to be reproducible. 

It is possible therefore that the L-glutamate proteolipids reported by 

Lunt correspond to those of Fig. 3 and the different elution volumes 

reflect differences in the content of polar solvents of the columns 

and of the samples. An indication of the L-glutamate bound/mg protein 

by the partially separated proteolipids identified by lunt would have 

proved useful, because peak II proteolipid was found to have a far 

greater affinity for L-glutamate than peak I proteolipid (p. 44b).

The lack of definitive data on the proteolipids identified by Lunt, 

however, makes comparisons between those proteolipids and the proteo

lipids of Fig. 3 difficult.

An important pre-requisite for identifying neuroreceptors 

is to localize their cellular source of origin. Proteolipids extracted 

from the membrane preparation of locust muscle were also shown to 

contain two L-glutamate binding peaks (p. 42a). Moreover, the total 

L-glutamate bound by peak II proteolipid of the membrane preparation 

(0*085 nmoles/g fresh weight of muscle) represents 83% of total L- 

glutamate bound by peak II proteolipid of the whole muscle extract.

This would appear to localize the source of the proteolipids to the
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membrane preparation although isolation and characterization of the 

L-glutamate binding properties of proteolipids from the other 

subcellular components, depicted in Fig, 3 , would have substantiated 

this point. The origin of the membrane tissue will be discussed 

later (p. 9 5 ).

Having identified proteolipids which co-chromatographed with 

L-glutamate, it was necessary to ascertain two points,

1, That a true binding phenomenon was being observed, and not 

chance co-elution of L-glutamate and proteolipid.

2. That it was not non-specific binding to proteolipids, 

phospholipids or to the active sites of L-glutamate metabol

izing enzymes.

Levinson and Keynes (l972) have suggested that the binding of 

ligands observed in the Sephadex LH-20 chromatographic procedure may 

be artifactual. They claim that the batch elution procedure used, with 

its abrupt polarity changes ( p . 25 ), causes solvent front effects

leading to coincidental elution of protein and ligand. In solvents of 

low polarity such as chloroform, ionic groups on the ligand may have 

a high affinity for the carboxyl groups of the gel and thus tend to 

remain adsorbed on the gel. Solvents of higher polarity, such as 

methanol, may compete for these carboxyl groups on the gel and release 

the free ligand in association with proteolipids desorbed by a similar 

mechanism. They demonstrated that acetylcholine could be co-eluted with 

proteolipids extracted from non-neural tissue. Studies by Donnellan 

et a_l. (1975) have, however, supported the use of Sephadex LH-20 

columns as a means of studying ligand binding activity of putative 

receptors. Working with the cholinergic receptor extracted as a 

proteolipid from the housefly central nervous system, they showed that
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the elution volume of the putative neuroreceptor proteolipid could 

indeed he altered by varying either the volume of the sample chromato

graphed or the elution procedure adopted. However, co-association of 

ligand and one particular proteolipid was always observed, suggesting 

that a true binding phenomenon was being measured.

The anomalies exposed by the work of Levinson and Keynes 

made it necessary to ensure that true binding of L-glutamate was being 

observed,

1. There was a linear relationship between the elution of ligand 

and the protein concentration (p. 44a), Strict adherence to 

the procedures for preparing the columns and samples means 

that one would expect similar concentrations of methanol in 

each sample. Consequently, the level of ligand eluted should 

be similar according to the theory of Levinson and Keynes. 

There was variation, however, in the level of ligand eluted 

which can be attributed to the only apparent initial variable 

which was the protein concentration. It is possible that the 

protein itself could be competing with L-glutamate for 

binding sites on the gel and thus desorbing the ligand in a 

manner similar to that proposed for methanol. Presumably the 

protein would become tightly bound to the gel. However, 

consistently high recovery of peak II proteolipid (>95%) 

was observed with the mini Sephadex LH-20 columns suggesting 

little loss due to adsorption on the column.

2. In control studies, no L-glutamate peak was detected at the 

elution volume corresponding to those observed in the presence 

of proteolipids. This appears to rule out methanol as the

agent responsible for the elution of L-glutamate.
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3. Varying the elution conditions modified the elution pattern 

but did not prevent co-elution of ligand and protein (Fig,

5b; p. 43 ). When chromatographed under the usual conditions 

(Fig, 5si) there was a drop in the refractive index of the 

eluant coincident with the elution of peak II proteolipid. 

This is due presumably to the methanol present in the sample, 

and is a phenomenon observed by other workers (Donnellan

_et , 1975). When the peak was collected and rechromato

graphed, no peak was observed at the previous elution 

volume of 50 ml (where no refractive index change was 

observed), and could only be eluted with chloroform/methanol 

(2:1, v/v). Presumably the altered elution volume is due to 

complete equilibration of the sample with the second column, 

and thus methanol is not effecting premature elution of the 

proteolipid. That the level of bound L-glutamate had fallen

by 65% indicated that binding was reversible, a character

istic one would expect of the true neuroreceptor.

4. When -acetylcholine was incubated with the muscle

extract, no radioactivity was found in proteolipid peaks 

fractionated by the chromatographic procedure (p. 46 ). 

Moreover, the ability of different ligands to inhibit binding 

of L-glutamate to peak II proteolipid varied. It is difficult 

to correlate these results with polarity effects caused by 

the methanol content of the sample. If it were so, one might 

expect to observe peaks of [ ] ]  -acetylcholine eluted in

the same region of the elution profile as observed with L- 

glutamate. Also, if the binding of L-glutamate was non-
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specific one would expect the presence of L-glutamate 

antagonists to have no effect, or at least a similar effect 

on elution of the amino acid. The differential effect 

observed suggests a degree of specificity involved in 

association of L-glutamate with peak II proteolipid.

As binding to peak I proteolipid occurred under conditions 

where no change in the refractive index of the eluant could be detected, 

the proposals of Levinson and Keynes were considered not to apply.

Non-specific binding of ligand to proteolipid was unlikely 

since it was associated with only two of the numerous proteolipid 

peaks eluted from the whole muscle extract (p. AOa). Moreover, 

quantitatively little L-glutamate was found to be associated with the 

several proteolipid peaks fractionated from the total lipid extract 

of mitochondrial preparations (p. 43b). The latter point also 
provides the argument against the possibility that L-glutamate 

metabolizing enzymes, even if they were solubilized by chloroform/ 

methanol mixtures, could be responsible for the observed binding, as 

the insect mitochondria are particularly rich in such enzymes (Donnellan 

et ad ., 1974).

When phospholipids were separated by thin layer chromato

graphy from a mixture containing ] L-glutamate, no association

of ligand with any phospholipid was observed (p. 44 ). As binding of 

L-glutamate to peak II proteolipid is to some extent reversible, it 

is possible that co-chromatography of ligand and phospholipid might 

not be observed due to their differential rates of migration.

However, if one considers that L-glutamate is bound to phospholipid, 

as the complex migrates the amino acid would dissociate, giving a 

smear of radioactivity in the wake of the migrating phospholipid.
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This was not observed. Moreover, despite the known association of 

phospholipids with proteolipids, only two of the proteolipid peaks 

fractionated from locust muscle extracts contained ] L-glutamate.

Mitochondrial proteolipids, for example, are rich in phospholipids, 

(Novakova et , I976), yet failed to bind L-glutamate (Fig.6 )(p, 43b).

It was concluded from the results discussed above that a 

true binding phenomenon was being observed and that binding did not 

result from non-specific association or binding to L-glutamate 

metabolizing enzymes. To further characterize the L-glutamate binding 

capacity of the proteolipids, especially peak II proteolipid, binding 

was studied as a function of the L-glutamate concentration, and in the 

presence of ligands reported to have an effect on glutaminergic 

neuroreceptors.

The work reported in this thesis represents the first 

intensive attempt to study biochemically the locust neuroreceptor for 

the excitatory transmitter. Apart from the preliminary studies of Lunt

(1973) on locust muscle, and studies of L-glutamate binding proteolipids 

extracted from shrimp muscle (Fiszer de Plazas and De Robertis, 1974) 

there have been no reported attempts to subfractionate invertebrate 

muscles where L-glutamate is considered to have a neurotransmitter 

role. Thus this study lacks appropriate data with which to compare and 

evaluate its results. The.electrophysiology of the locust excitatory 

s 2/nap se has been extensively investigated (IJsherwood and Cull-Candy,

1973) and the effects of a wide spectrum of chemicals have been 

studied. Similarly, the L-glutamate neuroreceptor of the mammalian 

central nervous system has been widely studied, but at the biochemical 

level (Michaelis et al., 1974; Roberts, 1974; Michaelis, 1975)* The 

results presented in this thesis have been compared and evaluated
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with results from those studies. There are, however, two major 

reservations to he borne in mind,

1, Great care must be taken when comparing results from one 

biological system with those from another. For example, the 

mammalian acetylcholine receptor can be differentiated into 

two classes, nicotinic and muscarinic, on the basis of its 

ligand binding characteristics. Donnellan at al, (1975) 

have shown that the putative acetylcholine receptor isolated 

from housefly central nervous system is of a mixed nicotinic- 

muscarinic type in respect of its ligand binding pronerties.

2, Electrophysiological studies tend to retain the muscle 

intact, whereas the biochemical approach is to subtract- 

ionate the muscle to isolate the neuroreceptor, It is quite 

conceivable that the receptor would exhibit different 

pharmacological properties under these different conditions. 

For example, the morphology of the intact muscle may present 

permeability problems to ligands aimed at the receptor 

molecule. The problem would be less apparent with subcell- 

ular preparations. Conversely, the topography of the receptor 

molecule within the membrane may be important to its 

functioning. Isolation may modify its capacity to bind ligands 

with which it appears to interact in vivo.This phenomenon

has been demonstrated with the acetylcholine receptor.(see 

p.110),

Binding studies with the fractions resolved from the total 

lipid extract reveal that peak II proteolipid had a greater affinity 

for 1-glutamate than had peak I proteolipid. The dissociation constants 

were calculated as 8 pM and 50 pM respectively. The value for the high
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affinity site (8 pM) is comparable to the dissociation constant of 

15 P'" reported by Fiszer de Plazas and ])e Robertis (1974) for binding 

of L-glutamate to proteolipids extracted from shrimp muscle. They suggest 

the proteolipid is neuroreceptor in origin, and report that binding 

of L-glutamate was inhibited by L-glutamic acid diethyl ester and 

D,I-oc-methyl glutamic acid. The proteolipid did not bind aspartate, 

leucine nor glutamine. However, the subcellular source of the 

proteolipid was not defined, and neither was the effect of D-glutamate 

reported, oreover, aspartate did not bind to the proteolipid which 

is at variance with its effect on locust muscle proteolipids (p. 44) 

and those reported below for mammalian central nervous system. Two 

dissociation constants have been reported for binding of L-glutamate 

to neuroreceptor preparations from the mammalian central nervous 

system. Roberts (1974) calculated a = 8*5 )d'- and Michaelis at al. 

a = 0*2 pH. The reasons for the differences are not apparent. Both 

studies were performed on synaptic membrane extracts of rat brain and 

showed similar pharmacological properties including strong stereo- 

specificity for the L-isomer, and inhibition of binding of L-glutamate 

by L-aspartate, glutamic acid diethylester and L,L-homocysteic acid. 

Nevertheless, despite the marked difference between the Michaelis 

value for the and the calculated for peak II proteolipid, the

high affinity of peak II proteolipid for L-glutamate- and its............

comparable to those of Fiszer de Plazas and Re Robertis (1974) 

and Roberts (1974) led to its tentative identification as neuro

receptor in origin.

The dissociation constant determined for binding of L- 

glutamate to peak I proteolipid is in the range measured for the low 

affinity sites for L-glutamate observed in aqueous extracts of locust



- 85 -
muscle (p, 58c ). These are discussed more critically later (p.109).

It is conceivable that peak I proteolipid corresponds to these low 

affinity sites of the aqueous preparation. However, no further 

studies were made of the ligand binding capacity of the peak to clarify 

its possible function.

A limited study of the pharmacology of the high affinity 

(peak 11) site was performed with respect to the ability of different 

ligands to inhibit binding of L-glutamate. L-leucine did not inhibit 

binding of L-glutamate suggesting that peak II did not represent a 

non-specific amino acid binding site. However, high affinity binding 

sites for amino acids have been observed in vertebrate and invertebrate 

tissues (p. 9 6 ). Although the dissociation constants are in the 

20 to 60 pM range (as compared to 8 pH for the peak II proteolipid/ 

L-glutamate complex), in a lipophilic solvent such as chloroform/ 

methanol, these uptake sites may show greater affinities for their 

1jgands by providing an energetically more favourable environment for 

the ligands. The effect of chlorpromazine on binding of L-glutamate 

might have clarified the point, for it is an inhibitor of uptake sites 

(see p. 5 ). However, evidence furnished by I),L-2-amino-4-phosphono- 

butyric acid suggests that peak II proteolipid does not represent 

an uptake site. In the aqueous extract of locust muscle, this ligand 

specifically inhibited binding of L-glutamate to the sodium- 

insensitive sites (_ p.70- ) in a competitive manner ( p. 71a), but

did not inhibit binding to the sodium-sensitive sites ( p.69- •)• 

Evidence suggests that the sodium-insensitive sites are neuro

receptor in origin, whilst the sodium-sensitive sites may be uptake 

sites for L-glutamate (p.109). The ligand inhibited binding of L- 

glutamate to peak II proteolipid ( p. 48b).
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The binding site of peak II proteolipid was strongly 

stereospecific for L-glutamate, but L-aspartate was sho\m to be a 

potent inhibitor of binding of L-glutamate, D-glutamate has been shown 

in electrophysiological studies to have little effect at the locust 

excitatory synapse (Usherwood and Cull-Candy, 1975). L-aspartate can 

block neurally evoked responses at this synapse (Clements and May, 

1974) and also acts at the excitatory neuromuscular junction in hermit 

crab (Eupagarus bernhardus) where L-glutamate is the putativo 

transmitter (Wheal and Kerkut, 1976). Binding of L-glutamate to the 

rat brain synaptosomal preparations reported by Roberts (1974) and 

Michaelis ^  (1974) was also sensitive to L-aspartate, but

unaffected by D-glutamate, However, Eiszer de Plazas and De Robertis 

(1974) reported that L-aspartate did not bind to L-glutamate binding 

proteolipids from shrimp muscle.

Binding studies with L ̂H H -acetylcholine showed that the 
ligand did not bind to peak II proteolipid. Although acetylcholine 

acts as a transmitter in the insect central nervous system, it is not 

considered to act as a transmitter in the peripheral nervous system 

(Pitman, 1971; Gerschenfeld, 1975). GABA, however, did bind to peak 

II proteolipid (p. 46). Locust thoracic muscle is considered to 

receive excitatory and inhibitory innervation (p. 21), the latter 

mediated by G ABA (Anŵ jT, I976). Hence the presence of GABA binding 

proteolipids in the total lipid extract was not unexpected. The GABA 

binding activity was studied in more detail and it was found that 

purified peak II proteolipid could be partially separated into two 

fractions, one binding L-glutamate and the other GABA, after the 

proteolipid had been purified by elution with chloroform/methanol 

(2:1, v/v) (p. 46a ). The resolution could not be achieved when the
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basic elution system (Table l) was used with the total lipid extract.

One reason why separation was achieved may be that simultaneous 

binding of l-glutamate and GABA to their respective receptors could 

promote conformational changes leading to structural differences not 

apparent in the absence of the ligands. The relatively polar conditions 

of the elution procedure (chloroform/methanol (2:1, v/v) ) may have 

exploited these differences allowing partial separation of the 

individual receptors. GABA, itself, did not inhibit the binding of 

L-glutamate to the glutaminergic fraction of the proteolipid and 

parallels the lack of effect of GABA on the excitatory synapse in 

electrophysiological studies (Usherwood and Gull-Candy, 1975).

Similarly, GABA does not affect the binding of L-glutamate to receptor 

preparations from mammalian central nem/ous system (Michaelis, 1975).

Studies of the inhibitory effects of several glutamate 

analogues on the binding of L-glutamate to peak II proteolipid proved 

inconclusive. Glutamic acid diethyl ester has been reported to inhibit 

binding of L-glutamate to glutaminergic receptor preparations from 

shrimp muscle (Fiszer de Plazas and De Robertis, 1974). Clements and 

May (1974) could observe no effect of the ligand on the locust excitat

ory synapse but recently Anwyl (1976) has reported that it blocks 

neurally evoked contractions of locust muscle. It also acts as an 

antagonist of L-glutamate in hermit chab (Wheal and Kerkut, 1976).

The analogue, N-methyl-D,L-glutamic acid also blocks neurally evoked 

contractions of locust muscle (Usherwood and Cull-Candy, 1975).

Neither of these ligands significantly reduced binding of L-glutamate to 

peak II proteolipid ( p.47 ). However, only a small number of 

determinations (4) was carried out for each analogue. A larger number



of determinations might have given a firmer basis for determining the 

level of significance of the decrease in bound L-glutamate (approx

imately 10%), especially as glutamic acid diethyl ester in particular 

was shown to be only a weak inhibitor of binding of L-glutamate to 

the sodium-insensitive site of the aqueous preparations ( p.7 0 . ),

One analogue of L-glutamate studied in some detail was 

D,L-2-amino--4-phosphonobutyric acid ( p. 48a), t̂ was found to inhibit 

competitively binding of L-glutamate to the proteolipid (p. 48c ), 

although the inhibition constant (65 pM)-indicates a relatively low 

affinity for the receptor. However, it has provided further evidence 

of the neuroreceptor origin of the proteolipid because the analogue has 

been demonstrated to be a glutamate antagonist at locust neuromuscular 

synapses. When D,I.-2-amino-4-phosphonobutyric acid was applied 

iontophoretically to the L-glutamate neuroreceptors of locust muscle, 

it produced no detectable response. However, if its application was 

followed by iontophoretic application of L-glutamate the normal depol

arising response to L-glutamate was absent or greatly diminished 

(Gull-Candy al., I976). Dose-response curves for L-glutamate in the 

presence and absence of a constant pulse of D,L-2-amino-4-phosphono- 

butyric acid showed a parallel shift to the right, consistent with 

competitive antagonism between the two ligands for the L-glutamate 

receptor. The ability of D,L-2-amino-4-phosphonobutyric acid to 

competitively inhibit the binding of L-glutamate to peak II proteolipid 

(pp.48b and 48c) provides further evidence of the neuroreceptor origin 

of the proteolipid.

Although studies on the pharmacology of peak II proteolipid 

binding sites were limited, the results were consistent with a neuro
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receptor origin. The proteolipid showed a relatively high specific 

affinity for glutamate (K^ r 8 yiM)and was strongly stereospecific for 

the L-isomer, Binding was inhibited by ligands which also appear to 

have an electrophysiological effect on the locust muscle excitatory 

neuroreceptor.

Although peak I proteolipid showed a for L-glutamate 

(50 pM) in the range reported for uptake systems for the amino acid, 

much more work is required before a similar role fôr peak I proteolipid 

can be considered.

To further characterize the locust muscle proteolipid of 

peaks I and II associated phospholipids ( p. 48c ) and the unesterified 

fatty acids (. p.49 0 were analysed. Both groups have been implicated 

in the mechanism of neurotransmission, where increased turnover has 

been noted during synaptic activity (Price and Rowe, 1972; Lunt and 

Rowe, I97I; Lapetina and Michell, 1973), although precise roles have not 

been defined.

The only marked difference in fatty acid content between 

the two peaks of proteolipid was the higher levels of oleic acid 

(C18.1) in peak II. This is one of the four unesterified fatty acids 

whose levels in guinea pig cerebral cortex were greatly increased by 

synaptic transmitters such as noradrenalin and 5-hydroxytryptamine 

(Price and Rowe, 1972). The- other major-component was palmitic acid ■ ■ ■

(Ci^^q ) which is present in both peaks.

The results of the phospholipid analyses of the proteolipid 

fr ctions show the presence of phosphatidylserine only in peak II 

proteolipid. Stimulation of phosphatidylinositol turnover during 

activation of the cholinergic receptor has been reported by numerous 

workers (Punphrey, 1969; Lunt et al., 1971; Michell, 1975) but the
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exact relationship of the phenomenon to synaptic transmission is 

uncertain, Phosphatidylserine could possibly have a similar involvement 

with the functioning of the l-glutamate receptor, but these preliminary 

studies would have to be extended to confirm such an involvement of 

the phospholipid with the L-glutamate receptor. The major phospho

lipid components of the peaks were phosphatidylethanolamine and 

phosphatidylcholine. Novakova £t (l9?6) have also reported that 

these phospholipids predominate in extracts of locust flight and 

femoral muscles, whilst Crone and Bridges (I963) found they were the 

major components of whole housefly extracts.

Peak II proteolipid was also studied by gel electrophoresis 

in sodium dodecyl sulphate under denaturing conditions. Attempts were 

made to collect only the L-glutamate binding fraction of peak II 

proteolipid, although it is possible that contamination with the 

GABA binding fraction occurred (p, 46a ). Two protein bands of 

molecular weights 95,000 and 77,000 daltons (p. 50a ) were identified.

These correspond well to the molecular weights of the subunits of 

the insect acetylcholine receptor (82,000 and 90,000 daltons) reported 

by Jewess e_t (1975). Experience with acetylcholine receptors of 

electric fish indicate, however, that the smallest subunits of 

neuroreceptor molecules are in the 58,000 to 65,000 dalton region, 

each receptor molecule consisting of 5 or 4 subunits.(Karlin and 

Cowburn, 1975; Meunier at al., 1974; Patrick ^  , 1975), Tt is

interesting to note that the subunits of peak II proteolipid, if 

divided, would give 4 subunits with molecular weights precisely in 

this range if further subdivision were possible. Great difficulty was 

encountered trying to solubilize the proteolipid in the denaturing 

buffer. Similar problems have been encountered by other workers
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attempting to solubilize proteolipids for gel electrophoresis (Cattell 

et 1971). It is possible that a more rigorous procedure may

resolve the 95,000 and 77,000 dalton bands into smaller subunits.

Attempts were also made by gel electrophoresis to correlate 

extraction of proteolipids with the disappearance of their molecular 

weight bands from chloroform/methanol extracted muscle. Such 

correlation was not achieved. As Fig. 16 shows, bands of 95,000 and 

77,000 daltons were present in locust thoracic muscle before and 

after chloroform/methanol extraction. However, it is possible that 

other cellular proteins could contain subunits of the same molecular 

weight and thus would mask the disappearance of the proteolipid 

subunits. Protein bands of 95,000 and 77,000 daltons were also 

observed in the membrane preparation prior to chloroform/methanol 

extraction. As the sample contains far fewer proteins than the whole 

muscle, it might have proved interesting to note if the bands were 

present after chloroform/methanol extraction.

Aqueous Extracts

The ubiquitous distribution of L-glutamate and its multitude 

of roles in cell metabolism presents major problems when attempts are 

made to isolate one particular population of L-glutamate binding 

molecules, such as neuroreceptors, in an aqueous environment. The 

problem is compounded by the lack of a diagnostic ligand for the L- 

glutamate neuroreceptor and the inability to obtain a preparation 

containing specifically synaptic membranes.

\\Tien considering the isolation of glutaminergic neuro

receptors from locust muscle, the foremost problem is the presence 

in extracts of various enzymes that metabolize L-glutamate. Fortunately,
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the ordered arrangement of cellular components offers the possibility 

of removing the majority of these enzymes by discrete subcellular 

fractionation of the muscle, % e  enzymes appear to be located either 

in the mitochondria or the cytoplasm of the cell (Donnellan _et al,,

1974), in contrast to the membraneous location of receptor molecules 

(De Robertis, 1975). Rased on the premise that the neuroreceptor would 

be localized in a membrane fraction, a subcellular fractionation 

technique was devised to yield separate fibre (nuclear), mitochondrial 

and membrane fractions, as well as soluble cell components (p, 25a).

Initial attempts to subfractionate the muscle encountered 

great difficulties despite the use of several homogenization techniques 

(p. 5 0 ). In all cases the bulk of the muscle homogenate was either 

filtered out at the initial filtration step or sedimented at the low 

centrifugation speed (l,000 g). It appeared that the conventional 1CP4 

(w/v) suspension of muscles was too concentrated for the efficient 

separation of the intracellular components during the homogenization 

procedure. The problem was largely overcome by using a 2% (w/v) 

muscle: homogenization medium ratio, EGTA was also added to the 

homogenization buffer to chelate calcium ions which it was thought 

might contribute to the clumping of the muscle fragments. The 

modifications, together with the use of relatively mild conditions of

homogenization to prevent rupture of.mitochondria,.proved more ........

successful for fractionating the locust muscle into discrete subcell

ular components.

The technique yielded four subcellular fractions (p. 25a); 

fibre pellet (l\), mitochondrial pellet (P^), membrane pellet (P^), 

and soluble components (S^). The arbitrary identification of the 

fractions was confirmed by assays for enzyme markers ( pp. 52 and 55 )
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and by electronmicroscopy (pp. HOb and Glycerophosphate

dehydrogenase is a soluble cell constituent of insect muscle (Zebe and 

KcShan, 1957) and its activity was localized almost entirely in the S5 

fraction. Glycerophosphate oxidase, an enzyme found on the inner 

membrane of insect flight muscle mitochondria (Donnellan _et ad,, I970), 

was present predominantly in the fraction, with significant levels 

also in the P% fraction. The electronmicrographs showed the P2 

fraction to contain only mitochondria (p. 51^)» whilst the P^ fraction 

(p. 5Pa), in addition to numerous mitochondria, contained muscle 

fragments. Classically, the P^ fraction would be expected to contain 

primarily nuclear elements. It appears, however, that there were still 

minor problems with obtaining complete dispersion of the homogenized 

muscle. Undissociated muscle fragments with mitochondria probably 

adsorbed onto these fragments, sedimented in the P^ pellet, masking any 

nuclear components which were present.

The bulk of the L-glutamate metabolizing enzymes were located 

in the mitochondrial (P^) and soluble (S?) fractions, paralleling the 

distribution of the enzymes in subcellular fractions isolated from 

fleshfly flight muscle (Donnellan et al., 1974). Significant levels of 

mitochondrial L-glutamate metabolizing enzymes were also found in the 

P^ fraction, confirming the presence of mitochondria in the fraction 

observed in electronmicrographs. Glutamic-dehydrogenase appeared ■ - -

predominantly in the P^ and P^ fractions, paralleling the mitochondrial 

location of the enzyme as reported in the flight muscle of both the 

housefly (Van den Burgh and Slater, I962) and the locust (Delbruck 

et al., 1959). Similarly, the distribution of glutamic acid decarb

oxylase activity in the P^ and P^ fractions correlates with the 

mitochondrial location “"or the enzyme established in fleshfly
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muscle (Langcake and Clements, 1974).

Donnellan et aJ. (1974) reported a purely mitochondrial 

location for glutamate-pyruvate transaminase in fleshfly. The enzyme 

in locust muscle appears to he located predominantly in the and P2 

fractions. A relatively high level of activity was, however, also 

present in the soluble fraction (S^). The apparent bimodal distribution 

in mitochondrial and soluble fractions is in agreement with the 

subcellular localization of the activity of the enzyme in leg and 

flight muscles of the locust (Pette and Luh, I962). Donnellan et al.

(1974) found the fleshfly glutamate-pyruvate transaminase to be 

somewhat labile under the conditions they employed and this may have 

prevented them from detecting the lower levels of extra-mitochondrial 

activity.

The presence of glutamate-oxaloacetate transaminase activity 

in both mitochondrial and soluble fractions parallels the bimodal 

distribution reported for the enzyme in fleshfly flight muscle 

(Donnellan et al., 1974).

Glutamine synthetase activity occurred in all four subcellular 

fractions, with the majority of activity localized to the soluble 

fraction. It has been suggested that the enzyme is loosely bound to 

cell membranes and as such can be solubilized by the initial homog

enization procedure (Waelsch, 1959). Its predominance in the soluble ■ 

fraction together with its activity in the pelleted fractions, which 

tend to contain some membrane fragments, are consistent with this 

suggestion.

All the L-glutamate metabolising enzymes could be detected 

in the membrane fraction, although at comparatively low levels (.see p. 

5 5 ). Their presence is probably due to contamination by the few small
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mitochondria present in the fraction (p. 51c ) and the possible 

presence of cell cytoplasm within the membrane vesicles formed during 

the homogenization procedure (p. 51c ). The electronmicrograph of the 

membrane pellet shows vesicles with a wide range of diameters and 

probably reflects the heterogenous source of the membranes. Numerous 

membrane sources may well have contributed to this fraction including 

synaptic and non-synaptic nerve and muscle cell membranes, glial cell 

membranes and intracellular membranes such as endoplasmic reticulum 

and mitochondrial membranes (some small scale disruption of mitochon

dria is inevitable).

Throughout these studies, the absence of a diagnostic ligand 

for the glutaminergic receptor has been a serious problem. Indeed, the 

absence of any reported ligand, apart from L-glutamate, with a high 

affinity for the receptor meant that L-glutamate had to be used as 

the primary binding ligand. As well as the problems posed by the 

numerous specific intracellular L-glutamate binding sites, there was 

the possibility of non-specific binding of L—glutamate. This has 

been documented by Roberts (l974) and Michaelis at ad. (1974) and 

was found to occur at high ionic strength. To circumvent this 

particular problem, a 1*0 mM concentration of unlabelled D-glutamate 

was used. Specific binding was then defined as the difference between
I .1 /i . I • • . . . .  . . . . . . .

the level of bound L C J L-glutamate in the presence and absence 

of D-glutamate (p.55). D-glutamate was chosen because it has no 

physiological activity and is structurally very closely related to 

L-glutamate. There still exists the possibility that non-specific 

binding sites could interact with three points on the glutamate 

molecule (e.g. the two carboxyl and the amino groups) in which case
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differentiation between the T) and L isomers would occur. Under such 

conditions, whether binding of L-glutamate could be considered non

specific is debatable. The rationale for choosing D-glutamate was 

that any site capable of differentiating between the D and L isomers 

would be considered a specific binding site for L-glutamate. Such 

sites would become apparent in the kinetic analysis of binding data.

Despite the higher concentrations of L-glutamate metabol

izing enzymes in the other fractions, the membrane fraction displayed 

the greatest affinity for L-glutamate ( p.54 )• Binding of L-glutamate 

was proportional to the protein concentration of the membrane fraction 

( p. 55c ) ^^4 no significant incorporation of the ligand into 

proteinaceouG material could be detected ( p,57 ). The contribution

of enzymes to the L-glutamate binding capacity of the membrane 

fraction will be considered later in more detail (p.102).

In mammalian central nervous system, high affinity uptake 

systems for L-glutamate have been identified in tissues where L- 

glutamate is the putative transmitter (Ualcar and Johnston, 1972).

They have been localized to synaptic membranes of such tissues (Roberts, 

1974; Lahdesmaki e_t al., 1975). Specific uptake systems for GABA have 

also been observed in mammalian central nervous system (Olsen et al., 

I975&) and in crayfish muscle (Olsen ^  aJ., 1975%) where GABA is 

considered to act as a neurotransmitter. The existence of uptake sites 

associated with the neurotransmitter activity of L-glutamate in 

insect muscle is less well defined (see p.-,4 ). However, enhanced

uptake of L-glutamate in cockroach muscle ŵ as observed by Faeder e_t 

al. (1974). If is therefore probable that the locust membrane 

fraction contains uptake sites for L-glutamate, even if not specifically 

associated with neurotransmission. Two parameters were chosen to
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indicate whether uptake sites for L-glutamate were contributing to 

the binding capacity of the membrane fraction. These were the suscept

ibility of binding to the absence of sodium ions and to the physical 

disruption of the fraction by a freeze/thaw cycle. Olsen e_t (1975a) 

have demonstrated that GABA uptake sites in mouse brain particles 

are susceptible to freezing and thawing. It was used as a parameter 

for differentiating between uptake and neuroreceptor sites for GABA 

in crayfish muscle. The basis, however, for the susceptibility of 

uptake sites to such treatments has not been clarified. One reason 

may be that the affinity of the uptake system for the ligand is 

dependent on the topography of the carrier molecule within the

membrane. For example, binding and translocation of ligand may be

inter-related and inter-dependent activities. Disruption of the 

membrane by a freeze/thaw cycle may thus reduce the affinity of the 

carrier protein for its ligand due to modification of the spatial 

arrangement of the carrier in the membrane lattice. The sodium-ion 

dependency of high affinity uptake systems is well-defined and

includes uptake of L-aspartate (Balcar and Johnston, 1972; Davidson,

1976), GABA (Olsen al., 1975a; lahdesmaki et , 1975) and 

glutamate (Balcar and Johnston, 1972; Roberts, 1974; Henke et al.,

1976) by mammalian central nervous system. It appears that binding 

of•the sodium ion and the L-glutamate molecule is necessary for ■ ■

activation of the carrier molecule (Schultz and Curran, 1970).

Both factors were found to reduce, but not abolish, the L- 

glutamate binding capacity of the membrane fraction (pp. 55d and 56a), 

■̂t appeared therefore that there were at least two populations of L- 

glutamate binding sites, a sodium-insensitive population and a sodium-
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sensitive population, the latter also sensitive to physical disruption 

of the membrane vesicles. These observations were substantiated when 

binding was studied as a function of the I—glutamate concentration 

of the assay medium at two extremes of sodium ion concentration: 

sodium-rich (l90 mM) and sodium-free(O). Assays at low concentrations 

of L- glutamate in the absence of sodium ions revealed a high 

affinity binding site with a = 0*53 (Figs. 26 and 27). Conversely, 

assays at higher concentrations of L-glutamate in the presence of 

sodium ions identified a binding site with a lower affinity for L- 

glutamate (K^ = 21-6 juM) (pp.58a and 58b ). The of the high 

affinity site is in good agreement with the value (0«2 juM) reported 

by Michaelis ^  _al. (1975) for binding of L-glutamate to rat brain 

preparations. Their L-glutamate binding protein was localized in 

synaptic membranes and showed the pharmacology expected of a glutamin

ergic neuroreceptor. Lunt (1973) reported the presence of a L-glutamate 

binding population (K^ =0*5 piM) in locust muscle extracts, although 

its subcellular source and pharmacology were not defined. The value 

is, however, lower than that reported by Roberts (1974) for rat brain 

preparations, although his of 8*3 pT-l is also at variance with the 

value (0*2 piM) calculated by Michaelis ejt aJ. (l97d) for the same 

source of tissue. It is also lower than the value of 13 reported by 

Fiszer de Plazas and De Robertis (1974) for binding of L-glutamate 

to shrimp muscle extracts and 8 pM for L-glutamate binding proteolipids 

of locust muscle ( P* 44o ). In the latter two cases, the possibly 

greater purity of the proteolipids may be a factor to consider and is 

discussed later (p.lio). The dissociation constant of the low affinity 
site is of the order reported by numerous investigators for specific 

amino acid uptake systems. These include a z 25 for GABA uptake
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by crayfish muscle (Olsen et, , 1975%), and values of 12 jM (Logan 

and Snyder, 1972), 15 (Balcar and Johnston, 1972), 20 pVi (Roberts 

and Keen, 1974) and 68 jJiM (LMhdesmaki eb , 1975) for uptake of 

L-glutamate by mammalian central nervous system preparations, Lunt

(1975) reported only one population of binding sites for L-glutamate 

in an aqueous extract of locust muscle, despite assaying at L- 

glutamate concentrations of 1 x ICT^M, The population showed a high 

affinity for the amino acid (K^ = 0*5 pM). However, binding was 

assayed in the presence of detergent (deoxycholate), Detergents are 

known to inhibit binding to uptake sites (Roberts and Keen, 1975;

Olsen e_t , 1975%) presumably because it ruptures membrane vesicles. 

Under these conditions, binding to a lower affinity site in the 

preparation of Lunt might not be detected.

Studies of the two binding populations were extended to 

their pharmacological properties. Particular advantage was made of 

the sodium sensitivity of the low affinity site. A sodium-free assay 

medium was used to abolish binding to this site so that the effects of 

ligands at each site could be accurately defined. Thus binding to the 

high affinity site was studied in a sodium-free medium (0*52 ̂  L- 

glutamate) and to the low affinity site in a sodium-rich medium (l9"l 

pM L-glutamate).

These studies utilized two extremes of sodium ion concentration 

(190 and 0 mM). Had the sodium ion sensitivity of the low affinity 

site been studied as a function of the sodium ion concentration, 

several parameters could have been evaluated. Kinetic analyses 

showing an effect of sodium ion concentration on the maximal uptake 

of L-glutamate would imply an effect on the transfer of amino acid 

across the membrane. Alternatively, an effect on the apparent
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dissociation constant would suggest modulation of the binding 

affinity for the amino acid. Moreover, the number of sodium ions 

(n) bound to the carrier protein per molecule of L-glutamate would 

be defined, A plot of initial velocity against l/ Na^ would give a 

straight line if ’n‘ were chosen correctly (Schultz and Curran, 1970). 

In addition, and perhaps of greatest interest, a further plot of the 

apparent dissociation constant against l/ Na^ would have defined the 

extent of sodium dependency of the carrier protein. A straight line 

passing through zero implies total dependency on sodium ions. Otherwise 

there is a sodium independent binding factor contributing to the 

dissociation constant.

Osmotic shock and sonication (together with freezing and 

thawing) decreased binding of L-glutamate at the low affinity site but 

had no effect on the high affinity sites ( pp. 59 and 60.). These 

procedures were designed to disrupt the membrane vesicles. Although 

the basis of their effect on the low affinity sites is not clear, 

presumably it Could be similar to that described previously (p. 9 7 ). 

Olsen £t al,(l975 s, and b) have-shown that GABA uptake sites in mouse 

brain particles and in crayfish muscle are susceptible to such 

procedures. Neuroreceptor sites for GABA were unaffected.

Binding of L-glutamate to the high affinity sites was found 

to.be insensitive to .the metabolic poisons 2,4-dinitrophenol and . . .

ouabain (p. 6 6). 2,4-Binitrophenol also had little effect on binding 

of L-glutamate to the low affinity sites whereas ouabain inhibited 

binding at these sites by 59%. The differential effect of these 

metabolic poisons may be linked to their different sites of action.

2,4-Binitrophenol acts as an uncoupler of oxidative phosphorylation 

(slater, 1975) and its lack of effect implies that binding to both
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sites is not energy dependent. The possibility that the fraction 

already contained a sufficient store of energy, in the form of ATP, 

to enable the reactions to proceed in the presence of 2,4-%initro- 

phenol was considered unlikely. Ouabain inhibits the sodium/potassium 

ATPase of the plasma membrane and hence sodium ion transport (Bonting 

and Caravaggio , I965). Thus, the effect of ouabain at the low 

affinity site may be due in some way to the sodium ion sensitivity 

of the binding of L-glutamate to this site. Olsen _et (1975&) have 

reported that 2,4-dinitrophenol had little effect on binding of GABA 

to its uptake site in mouse brain particles; its effect on binding to 

the GABA receptor was not reported. Ouabain was found to inhibit the 

uptake of L-glutamate by rat brain synaptosomes and glial cell 

préparât ions(Roberts and Watkins, 1975) but again no effect at the 

neuroreceptor site has been reported.

The stereospecificity of both sites for the L-isomer of 

glutamate was shown by the lack of effect of D-glutamate at either site 

( pp. 64 and 6 5 ). The D-isomer has been shown to have no effect on 

electrophysiological preparations of locust muscle (Usherwood and 

Cull-Candy, 1975). Neither does it effect binding of L-glutamate to 

preparations of the mammalian central nervous system (Michaelis 

2% pd., 1974; Roberts, 1974) which show pharmacological properties 

consistent with a neuroreceptor function. Similarly, neither site 

was sensitive to L-leucine or GABA indicating that they were not 

non-specific amino acid binding sites. L-aspartate, however, was a 

potent inhibitor of binding of L-glutamate to both sites. L-aspartate 

appears to have an effect at the locust excitatory neuromuscular 

synapse; it evokes transient contractions of locust muscles and blocks 

neurally evoked contractions (Clements and May, 1974; Usherwood and
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Cull-Candy, 1975). It has also been shov/n to be a potent inhibitor 

of binding of L-glutamate to glutaminergic neuroreceptor proteins of 

rat brain preparations (Michaelis ^  1974; Roberts, 1974). L-

aspartate was also shown to bind to the locust muscle extract prepared 

by Lunt (1975).

Inhibition by L-aspartate of uptake of I-glutamate has also 

been demonstrated in rat brain preparations (Roberts, 1974; Roberts 

and Watkins, 1975) and in extracts of pigeon brain (Henke et aH., 1976).

Although the majority of the L-glutamate metabolizing

enzymes were removed by subcellular fractionation, low levels were 

still detected in the membrane fraction ( pp. 52 and 53)• The results 

listed below suggest they were not responsible for the L-glutamate 

binding capacity of the fraction.

1. The conditions of the L-glutamate binding assays (p. 52)
are quite different from the optimum conditions for 

assaying the activity of the enzymes (p. 55 to p. 58). Most

require addition of co-factors which are not likely to be

in the incubation medium of the binding assay. This might 

tend to inhibit binding of L-glutamate to the enzymes, 

although not eliminate it.

2. No metabolism of L-glutamate was detected during the 

incubation period of the binding assay (p. 56). It is 

possible, however, that L-glutamate would bind to the 

enzymes without being metabolized.

5. Two enzyme inhibitors were found to have no effect on

binding of L-gluta-ate (. pp. 62 and65 ). These were D,L- 

allylglycine, which inhibits glutamic decarboxylase (Alberici 

et al., 1969) and phenylhydrazine hydrochloride which
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particularly inhibits the glutamate transaminases 

(Braunshtein et al., 1955). These enzymes constitute over 

909-6 of the activity of glutamate metabolizing enzymes in the 

membrane fraction. It is possible that there was binding to 

glutamate decarboxylase and glutamine synthetase, although 

preferential binding to these enzymes and not the others 

would be difficult to understand,

4. The apparent Michaelis constants (K^) for binding of

substrates to the L-glutamate metabolizing enzymes present in 

the membrane fraction were measured as shown on p.75.

Those measured with L-glutamate as substrate gave apparent 

values in the millimolar range (cytoplasmic GOT, =

5*17 mM; GS, = 1*8 mM; GAT), = 10*55 mM) in good 
agreement with given literature values for other sources 

of the enzymes. Those which were difficult to assay with 

L-glutamate as substrate were measured in the reverse 

direction. Again the apparent values for their substrates 

compared well with literature values. Consequently, the 

values for binding of L-glutamate to these enzymes 

should also compare well with the literature values; these 

are in the millimolar range. Comparison of these values

with the dissociation constants of 0*55 }iM and 21*6 ^M

obtained for the high and low affinity sites strongly 

suggests that neither binding site represents the active 

site of an enzyme.

The latter point does not eliminate the possibility that a low 

level of binding to enzymes was contributing to the overall binding

capacity of the membrane fraction. However, kinetic analyses of the
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binding data showed only two populations of binding sites ( pp. 58b and 

50 d ), suggesting that there was no contribution by enzymes to the 

overall binding capacity.

The results shown on pp. 69 and 70 represent studies of 

a wide range of ligands at the high and low affinity binding sites.

Chlorpromazine and L-glutamyl-8 -hydroxamate were effective 

inhibitors of binding of L-glutamate only at the low affinity sites. 

Chlorpromazine is a well-known, though non-specific inhibitor of 

uptake systems including GALA (Olsen e_t , 1975&, Gottesfeld and 

Elliot, 1971), noradrenalin (Pengler et al., I96I) and L-glutamate 

(Ernsting _et ^ . , 196o). However, L-leucine and GABA were shown to 

have no effect on the low affinity sites ( p.64 ) indicating that 

they were not non-specific amino acid uptake sites. L-glutamyl-- 

hydroxamate has also been shown to inhibit the uptake of L-glutamate 

into synaptosomal and glial cells of preparations of rat brain 

(Roberts and Watkins, 1975). Whether it is specifically an inhibitor 

of uptake systems is not known. Electrophysiologically, chlorpromazine 

was found to partially block neurally evoked contractions in the 

grasshopper (Romalea microptera) (McDonald et , 1972). No effect 

of the ligand at the high affinity sites was detected.

Glutamic acid diethyl ester was a weak inhibitor of binding 

of L-glutamate to the high affinity sites. Anwyl (197&) stated that ■ 

the ligand blocked neurally evoked contractions in locust muscle, 

although Clements and May (1974) could show no effect of the ligand in 

the same insect. Wheal and Kerkut (1976) found that it was active at 

the excitatory myoneural synapse of the hermit crab. It is also a 

potent inhibitor of the glutaminergic neuroreceptor in synaptic 

membrane preparations of rat brain (Michaelis et, aJ., 1974; Roberts,

1974). The ligand had no effect on binding of L-glutamate to the low
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affinity sites. Roberts and Watkins (1975) found it to be without 

effect on the uptake of L-glutamate by rat brain synaptosomal and 

glial cell preparations.

Ibotenic acid displayed a weak inhibitory effect, confined 

to the high affinity sites, on binding of L-glutamate. Ibotenic acid 

has little effect on junctional receptors, but has been used to 

identify extrajunctional receptors (Lea and Usherwood, 1970). The 

inhibition of binding at the high affinity site may indicate that 

a mixture of L-glutamate receptors was contributing to binding at the 

high affinity sites. However, only one type of binding site was 

distinguished by L-glutamate concentration studies (p. 58a). Although 

the extrajunctional receptors are less sensitive to L-glutamate in 

electrophysiological studies of intact muscles, an increased sensitivity 

to L-glutamate has been noted all over the muscle surface following 

denervation (Cull-Candy, 1975), A similar effect may have been 

achieved following homogenization of the muscle. Possibly both 

junctional and extrajunctional receptor molecules have inherently a 

similar affinity for L-glutamate, but structural restraints on the 

extrajunctional receptors j_n vivo may effectively lower their affinity 

for the ligand.

Ibotenic acid was without effect at the low affinity sites. 

Uptake of L-glutamate in mammalian central nervous system-preparations ■ 

was similarly unaffected by the ligand (Roberts and Keen, 1975).

wuisQualic acid, kainic acid, harmine hydrochloride and 

D,L-2-amino-4-phosphonobutyric acid were found to be potent inhibitors 

of L-glutamate binding to the high affinity sites. These results would 

appear to confirm electrophysiological studies of the effects of these
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agents on excitatory junctional responses. Quisqualic acid is a highly 

potent L-glutamate agonist at the crayfish neuromuscular junction 

(Shinozaki and Shibuya, 1974) and has powerful agonist and antagonist 

effects at the locust myoneural synapse (May, personal communication), 

Kainic acid is reported to have an extremely potent inhibitory effect 

on the L-glutamate receptor of the mammalian central nervous system 

(Johnston et , 1974; Olney et al^,1974). It is also very active at 

the crab myoneural junction (Wheal and Kerkut, 1976) and appears to 

act postsynaptically at the locust excitatory neuromuscular junction 

(Clements and May, 1974). Harmine hydrochloride is one of several 

harmala alkaloids which are very active as inhibitors of neurally 

evoked contractions at the locust excitatory neuromuscular junction 

(Dowson £t al., 1975).

Unfortunately, no studies of the effects of these ligands 

on putative neuroreceptor preparations have been reported. A similar 
problem exists with L-glutamate uptake systems where only kainic acid 

has been investigated. It was found to have no effect on uptake of 

L-glutamate by rat brain preparations (Roberts and Keen, 1975).

Concanavalin A has been found to inhibit binding of L- 

glutamate to rat brain receptor preparations (Michaelis, 1975) but 

did not affect uptake of L-glutamate into synaptosomes (Roberts and 

Keen, 1975). Mather and Usherwood (1976) showed that the lectin was 

active on locust muscle, where it prevented desensitization of 

junctional and extrajunctional L receptors. Concanavalin A is known 

to bind to specific carbohydrate residues (Goldstein jet , I965) 

which accounts for its effect on rat brain L-glutamate receptors 

which are glycoproteins (Michaelis, 1975). It is probable therefore, 

that the high affinity binding protein of the membrane fraction is
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a glycoprotein. Inhibition of L-glutamate binding to this protein 

is presumably due to a steric effect where concanavalin A, bound to 

the sugar residues, prevents access of L-glutamate to the binding 

region. Mather and Usherwood (I976) have suggested that its prevention 

of receptor desensitization may be due to its binding to membrane 

glycoproteins juxtaposed to the receptor molecule and hence restricting 

conformational changes which normally lead to desensitization.

This might equally apply if it were bound to the receptor molecule.

''̂hc remaining ligands had no effect at either high or low 

affinity binding sites. Of these, electrophysiological studies have 

shown that N-methyl-D,L-glutamic acid and 5-methyl-D,L-aspartic acid 

block neurally evoked contractions in locust muscle (Usherwood and 

Cull-Candy, 1975)» although Wheal and Kerkut (1976) reported that they 

were relatively ineffective on hermit crab preparations. Their lack 

of effect on the high affinity sites may be a consequence of these 

studies being carried out iii vitro, on subcellular membrane fragments, 

compared to the in vivo electrophysiological studies. This point is 

specifically mentioned earlier (p. 8 5 ).

Although the studies showed that numerous ligands inhibit 

binding to both sites, they do not define the type of inhibition.

It is possible that the competing ligands bind to a site distinct 

from the L-glutamate binding site. Conformational changes subsequent 

to the binding of the ligands may then lower the affinity of the 

macromolecule for L-glutamate i.e. non-competitive inhibition. In 

respect of the high affinity sites, L-aspartate, kainic acid and

2-amino-4-phosphonobutyric acid were shown to bind to the same site 

of the receptor molecule as L-glutamate, for they were shown to be 

competitive inhibitors of binding ( p, 71a ). The results of the
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studies with 2-amino-4-phosphonobutyric acid are especially 

interesting. As mentioned previously (p.88), Cull-Candy et al.(l976) 

showed the ligand to have an effect at the locust excitatory synapse 

during iontophoretic application which was consistent with competitive 

antagonism. This parallels the competitive inhibition of 1-glutamate 

binding by the ligand,depicted in Fig. $0.

As has been stressed previously (p. 83 ), there are inherent 

dangers in comparing results based on different biological systems, 

and different scientific techniques. This is of particular importance 

where the procedures involve fractionation of tissue to obtain 

specific macromolecules. One cannot be certain if the macromolecules 

retain iui vitro the properties they display vivo, especially if 

released from a highly ordered framework. It is possible that their 

release from such a system, such as the cell membrane where the 

spatial arrangemement may be essential to the function, would induce 

conformational changes which reveal binding sites normally hidden 

in vivo. Such sites may bind a putative transmitter, and competing 

agents which do not actually bind to the true neurotransmitter site. 

Such problems are explicitly applicable to the putative locust 

neuroreceptor for L-glutamate. No ligand which specifically interferes 

with natural transmitter ju vivo has been reported and thus no 

comparison- with .its effect, on binding of-L-glutamate■in vitro can • ■ 

be made. Consequently, in a field as unexplored as the biochemistry 

of insect excitatory synapses, comparis.ons have had to be made to 

electrophysiological studies on the synapse, or studies on subcellular 

preparations of the L-glutamate binding fractions from the mammalian 

central nervous system.
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Primarily, the results taken in toto show a marked pharma

cological difference between the binding characteristics of the high 

and low affinity sites on the locust cell membrane fraction. The 

fraction probably, however, contains a heterogeneous collection of 

cellular membranes and the source of the binding sites cannot be 

unequivocally located to a particular subgroup of vesicles. Nevertheless, 

as far as can be determined by comparison to other studies, the' high 

and low affinity sites exhibit properties which are consistent with 

neuroreceptor and uptake functions respectively.

With reference to the low affinity binding site, it seems 

fairly well established that it is an uptake site. Perhaps a more 

thorough investigation of the sodium dependency (p. 99 ) would have 

confirmed this by comparison to other studies (Shultz and Curran, 1970), 

In mammalian central nervous system, which is the only extensively 

studied system where L-glutamate is the proposed transmitter, specific 

high affinity uptake systems for the amino acid have been delineated.

In at least two of these studies (Roberts, 1974; L’àhdesm^ki et al.,

1975) these uptake sites have been located in synaptic membranes, 

^dreover, other well studied putative neurotransmitters appear to have 

specific uptake systems in their tissues of origin, even if these 

systems have not been unequivocally localized to synaptic membranes. 

Evidence for the high affinity uptake of L-glutamate in the insect 

muscle has not been forthcoming. Eaeder at ad. (1974) demonstrated 

enhanced uptake of the amino acid in cockroach nerve-muscle 

preparations. However, the problems associated with the technique 

have been discussed (p. 4 ) and, moreover, if it does represent uptake

it is not necessarily by a high affinity system. Unfortunately, the 

uptake sites of the membrane fraction, as mentioned above, cannot be
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definitely located to a synaptic vesicle subgroup due to the probable 

heterogeneity of the fraction. However, the co-existence of high 

affinity uptake systems and apparent neuroreceptor molecules in the 

.same fraction, by comparison with other neurotransmitter systems, would 

seem to suggest that they have related functions.

The dual approach of extracting the putative L-glutamate 

receptor from locust muscle into aqueous and chloroform/methanol 

environments has provided preparations with marked similarities. High 

and low affinity L-glutamate binding sites have been identified in 

both preparations and their source has been localized to the cell 

membrane fraction. This is an additional factor in favour of their 

designation as receptor and uptake sites. The low affinity sites 

exhibited similar values (2i pM aqueous; 50 pM proteolipid) and 

are considered to be uptake sites. Although the high affinity sites 

exhibited different values (0«55 pH aqueous; 8 pH proteolipid), it 

may be explained by the relatively purer condition of the proteolipid 

extract. Numerous investigators have noticed unusual binding 

characteristics of receptors solubilized in aqueous systems compared 

to the binding characteristics of the receptors whilst maintained in 

a membrane environment. Solubilized cholinergic receptors from 

Electrophorus bound gallamine and tubocurarine 5 to 10 times less 

effectively than when they■were present in a membrane environment, 

whilst décaméthonium exhibited the same affinity for both preparations 

(Kasai and Ohangeux, 1971). With Torpedo tissue, Eldefrawi and 

Eldefrawi (1973) observed a decreased affinity of cholinergic 

receptors for acetylcholine as the receptors were purified from a 

particulate preparation, with values of 20 nM and 200 nM for the 

purified preparation as compared to the original values of 1*4 nM and
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22 nH for the particulate fraction.

Competition studies for binding of L-glutamate to the high 

affinity sites of both preparations gave similar results. Thus, the 

amino acids, D-glutamate and GABA failed to inhibit at either site; 

acetylcholine was also ineffective at either site. Conversely, L- 

aspartate was a potent inhibitor of L-glutamate binding to both sites. 

Glutamic acid diethyl ester was a partial inhibitor of binding to the 

high affinity site in the aqueous preparation, but not in the proteo

lipid extract. However, a larger number of determinations of its 

effect on the proteolipid extract may give a better basis for deciding 

if the observed decrease in bound L-glutamate (iĈ ’o) is statistically 

significant. More conclusively, 2-amino-4-phosphonobutyric acid was 

a competitive inhibitor of L-glutamate binding at the high affinity 

sites present in both extracts.

The aim of the work was to study the biochemistry of the 

L-glutamate receptor present at excitatory neuromuscular synapses 

of locust thoracic muscles. Within the context of the binding 

characteristics of the preparations, m  vitro, two distinct sites 

have been differentiated and designated as neuroreceptor and uptake 

sites for L-glutamate. Taken in three categories, the evidence from 

studies of these sites leads to support for these designations.

1. Quantitatively, the binding of L-glutamate to the sites is 

within the limits defined in other L-glutaminergic systems,

2. The binding of L-glutamate to the sites is antagonized by 

pharmacological agents that have been shown to be antagonists 

of receptor and uptake sites for L-glutamate.

3. The binding of L-glutamate to the sites shows qualitative 

and quantitative differences from those that may occur to

enzymes and non-specific sites.
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The next step in the process of purifying the membrane 

proteins associated with neurotransmission is to solubilize the membrane 

pellet with detergent, preferably a non-denaturing detergent such as 

Triton, The extract could then be fractionated chromatographically 

by molecular weight differences to yield the macromolecules 

responsible for binding L-glutamate at the high and low affinity sites.

To optimize the purification procedure, however, the prime 

requirement is for ligands which bind with a high degree of affinity, 

but not totally irreversibly, to the membrane proteins. These could 

be used in the process of affinity chromatography. Here, the ligand 

is covalently bonded to a chromatographic gel, and is subsequently 

incubated with the solubilized proteins of the membrane fraction.

After washing out unbound proteins, those specifically bound to the 

gel are eluted by a second ligand which competes with gel-bound ligand 

for the bound proteins. The procedure affords a large degree of 

purification in a single step and has been successfully used for

purification of the acetylcholine receptor (Changeux e_t sd., 1971;

Raftery, 1973; Klett jet , 1973). Concanavalin A may prove useful 

for this technique, for it has been shown (Table 19) to specifically 

inhibit binding of L-glutamate to the high affinity site. Such a

procedure based on concanavalin A has already been used to purify the

L-glutamate neuroreceptor of' the mammalian central nervous system 

(Michaelis, 1975). A further investigation of the binding character

istics of the ligands which inhibited binding to both high and low 

affinity sites may reveal agents which could prove useful not only 

as diagnostic inhibitors of the sites but which can be used in an 

affinity chromatographic procedure.
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If ligands showing specific affinity for either site cannot 

be found, there exists the possibility of biologically preparing 

absolutely protein-specific agents. These are antibodies.

Injection of proteins into animals, even those closely 

related to the animal source of the proteins, results in production 

of antibodies specifically directed against the injected proteins. 

These may be isolated and purified (Harboe and Ingild, 1973).

Antibodies directed against the high and low affinity 

binding proteins could have numerous interesting and important 

applications,

1. They could be used to purify the proteins by affinity

chromatography. Initially, the proteins would have to be 

purified by the more laborious process of fractionation of 

the solubilized proteins by molecular weight differences 

as described above. They could, however, subsequently be 

used to induce antibody formation. Such a procedure has 

been tried with the acetylcholine receptor (Zurn, personal 

communication). However, the acid pH of the eluting medium 

necessary to dissociate the antibody-acetylcholine receptor 

complex also denatured the receptor. A possibly similar 

effect on the high and low affinity L-glutamate binding 

proteins must be considered, ............................

2, ' Antibodies directed against carrier proteins could be used

to define precisely the role of these uptake sites. They

could be used to specifically inhibit these sites and the 

subsequent effect on electrophysiological preparations 

in vivo could be studied. Equally important, they could 

be used to localize the position of the sites in relation
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to the neuromuscular junction. It could be achieved by- 

treating the intact locust muscle with the radioactively 

labelled antibody and subsequently localizing the radio

ligand. It is possible that the antibody may encounter 

problems with permeability to the synaptic region due to 

the morphology of the locust muscle. However, it has been 

shown that with intact mouse diaphragm at least, such 

permeability problems to antibodies directed against the 

acetylcholine receptor do not exist (Zurn and Fulpius,197é).

3. Antibodies could be used as probes of the receptor molecule

in several ways.

(i) By specifically inhibiting receptor molecules, they would 

be of use for electrophysiological studies iu vivo, and studies 

on kinetics of the purified proteins iu vitro.

(ii) They may be used to probe any structural differences 

between D and H receptors by observing the cross reactivity 

between D receptors and antibodies specifically directed 

against H receptors, and vice versa. Presumably the initially 

purified L-glutamate receptors would be a mixture of the D and 

H populations. They could be fractionated into their 

individual classes by specifically adsorbing the II receptors 

onto affinity columns of ibotenic acid. These purified 

fractions could then be used to produce population-specific 

antibodies. The pharmacology and kinetics of the binding

sites of the two populations may also be of great interest,

particularly as binding of L-glutamate to one population 

induces subsequent hyperpolarization of the membrane whilst 

binding to the other population causes membrane depolarization.
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(iii) It may be possible to induce antibodies against 

subunits prepared from the receptor molecules. These would 

be extremely useful for probing the function of these 

subunits within the intact receptor molecule. In addition, 

they may provide a means of differentiating between the 

L-glutamate-binding portion and the ionophore of the 

receptor molecule and determine if indeed these are part 

of the same molecule.

4 . Finally it may be possible to follow the synthesis of the

receptor molecules using antibodies. This could be achieved 

using antibodies directed against the intact receptor to 

identify related antigenic determinants on partially 

synthesized fragments of the molecule. It may answer the 

question of whether the junctional and extrajunctional 

receptors are of similar origin, but whose function is 

subsequently modified by its membraneous location. On a 

developmental basis also it may be possible to use anti

bodies to study the emergence of receptors in maturing 

locusts, although here the limits of the size of the insect 

tissue may be a disadvantage.
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