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FOREWORD 

The biochemical importance of acetylcholinesterase arises 

from the key position that i t occupies in the physiology of the nervous 

system. Following the c lass ica l experiments of Loewi in 1921 ( l ) , the 

chemical theory of nerve impulse transmission at synapses has been 

proposed (2) . According t o th i s theory, the impulse l iberates , from 

the endings of the presynap^ ic f iber, acetylcholine , which then travels 

t o the region of the "receptor" and stimulates i t . Following the s t i ­

mulus, a depolarization of the post-synaptic fiber ensues and the impulse 

i s propagated to the next c e l l . 

As i t i s released from the receptor s i t e , ACh i s hydrolyzed by 

AChE, which allows for re-polarization to take place again. This step 

where destruction of ACh i s effected i s essential to the normal opera­

tion of the transmission mechanism, since i t ensures the post-synaptic 

membrane t o return to i t s original s tate . Would ACh remain intact in the 

synaptic gap, the post-synaptic fiber would remain in i t s depolarized 

state and the propagation of the nerve impulses would be stopped. 

Pharmacologists and then k inet ic i s t s became interested for 

different reasons in th i s important neurotransmitter. There resulted a 

vast quantity of powerful cholinergic and anticholinergic drugs. A great 

deal of kinetic data and mechanism studies on the hydrolysis of ACh by 

1) Abbreviations used: acetylcholinesterase - AChE (EC 3.1.1 .7) (22) 

and acetylcholine = ACh 
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AChE have been published with the hope of elucidating the physiological 

role of th i s unique enzyme-substrate system. 

On the other hand, with the advent of new technical methods 

of analysis , i t now seems possible to integrate kinetic data with the 

results of studies on the macromolecular properties of the enzyme, thus 

making i t possible t o extrapolate in v i tro results to the complex s i ­

tuation that prevails in intact preparations. Obviously, for our pur­

poses, a discussion of the mechanism of action of acetylcholinesterase 

must bear some considerations to i t s relationships with the post-synaptic 

receptor. 

The poss ib i l i ty that the ACh-receptor may be the enzyme AChE 

i t s e l f , (that i s , ACh would be hydrolyzed at the same s i t e at which i t 

stimulates the receptor) i s not new. This hypothesis has been advanced 

a long time ago by Roepke (122) and was revived more recently by 

Zupencic (123). Today with more knowledge available on the properties 

of membranes in general (3) and on the ACh-receptor (U), the problem of 

the structure and functions of th i s receptor acquires renewed interest . 

In the recent l i terature (80, 115), a very close association tends to be 

made between certain properties of the enzyme and the poss ib i l i ty that 

i t makes an actual part of the highly elaborate structure which i s res ­

ponsible for the properties of permeable membranes. There i s s t i l l a 

great deal of speculation, but th i s only indicates that advantage may be 

gained from analyzing certain in vi tro results in relation to specific 

properties of more complex molecular networks. 
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In this work, the thermodynamic approach has been used to 

analyse the events occurring at the active site of AChE upon binding 

of small quaternary molecules which may be substrates or inhibitors. 

As far as we know, only once before has a fairly comprehensive study 

of the thermodynamics of binding equilibria been reported as an ap­

proach to the problem of interaction mechanisms between small molecules 

and proteins. This work was carried out with trypsin by T. Inagami 

in 1963 (12*0. 

The experimeJ:al procedure used here is a rather classical 

one: the catalysis of the hydrolysis of ACh by AChE was used as the 

method to determine the binding of inhibitors. The results, on the 

other hand, are discussed in terms of a new physical model as applied 

to the enzyme itself as well as the corresponding physiological receptor. 

This present work represents a contribution to the construc­

tion of this physical model which will be referred to as the "water 

extrusion hypothesis" (5). According to this model, there would exist 

for all substrates and inhibitors that bind to AChE, a common physical 

mechanism of interaction that controls the binding and which determines 

the specificity of the interactions both with the enzyme and the mem­

brane receptor for ACh. 
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ABSTRACT 

This t h e s i s i s divided i n t o f i v e chapters . 

In the f i r s t chapter, which i s the introduct ion , one f inds 

a fract ion of the knowledge on a c e t y l c h o l i n e s t e r a s e , i t s k i n e t i c as 

wel l as mechanistic proper t i e s . We have s e l e c t e d t o present only the 

material which i s immediately pert inent t o the t o p i c under cons iderat ion . 

In t h i s same chapter, are given the e s s e n t i a l s on "the types of forces 

involved in binding" as wel l as on "the extrathermodynamic r e l a t i o n ­

sh ips" , both being subjects that are referred t o impl i c i t ly in the 

d i s c u s s i o n . 

Chapter II concerns the experimental methods, where d e t a i l s 

are given about the chemical materials used, the procedure employed f o r 

the measurements as we l l as the numerical and graphical evaluat ion of 

the data. 

The r e s u l t s are assembled in chapter I I I , in the form of 

seven t a b l e s i l l u s t r a t e d by means of seven d i f f erent f i g u r e s . These 

r e s u l t s are primarily those obtained from the k i n e t i c measurements and 

secondly those ar i sen from the s t a t i s t i c a l treatment applied t o the 

k i n e t i c data. 

In chapter IV, these r e s u l t s are d i s cussed . In the whole s e t 

of data cer ta in p a r t i c u l a r trends are discovered that lead t o the pro-
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posal of a physical interaction mechanism which t r i e s t o explain the 

interaction spec i f i c i t i e s encountered in the AChE-ligand complex for­

mation. The proposed model i s essent ia l ly as follows: a ligand which 

binds onto the AChE surface extrudes from th i s surface a certain 

number of water molecules. If, in addition, th i s ligand i s endowed 

with such structural properties that i t w i l l extrude strategical ly 

bound water molecules, a perturbation in the protein conformation 

wi l l ensue, which i s an exclusive property of specif ic ligands, such 

as ACh. 

Chapter V concludes in showing that the proposed model i s 

not necessarily restricted to the case investigated but that i t may 

profitably find application in other systems of biochemical interest . 
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INTRODUCTION 

Acetylcholinesterase: An enormous amount of data is available for 

this enzyme as is the case for many other hydrolytic enzymes. We shall 

retain only these important data that are pertinent to the work presented 

here. 

source: AChE is found in the nervous tissue of all living 

matter and its function is to split the acetyl ester of choline (6). 

The common practical sources for the enzyme are almost exclusively the 

erythrocytes of beef blood and the electric tissue of fclectrophorus 

electricus, although different tissues of other species are sometimes 

used, such as brain. The specificity of the cell enzyme (true cholines-

terase) is almost absolute, the best substrate being ACh. In contrast, 

the enzyme isolated from serum (pseudocholinesterase) has a much lower 

specificity. Throughout this work, and unless otherwise specified, AChE 

refers to the specific enzyme isolated from beef erythrocytes. As far as 

the kinetic and molecular weight properties of the enzyme are concerned, 

no evidence for fundamental differences between the erythrocyte and elec-

tic eel enzyme has yet been produced (12, 13, 14). It has been generally 

accepted (26), that these enzymes from different sources are identical so 

that all the data presented here could presumably have been secured by 

working with the electric tissue of E.electricus. 
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kinetic properties: following the studies of groups of 

workers l ike those of Nachmansohn, Bergmann and Wilson, the overall 

kinetic properties of th i s enzyme have been largely elucidated and were 

found t o be consistent with the general Michaelis-Menten theory of 

enzyme cata lys i s : the catalys is occurs through the formation of an enzyme-

substrate (ES) complex which in the subsequent step (acylatian) yields 

an acyl-enzyme complex (ES*) and choline (7, 19* 24). The acyl-enzyme 

then undergoes hydrolysis t o acetic acid in the deacylation step which 

i s rate-l imiting (for the case where acetylcholine i s the substrate) (8) 

(see scheme I ) . 

Scheme I 

k. k_ k. 
E •+ S - ^ - ^ ES — - ^ > ES' - - ^ E 4- acetic acid 

k_ choline 

where E i s AChE, S i s ACh, ES i s the c lass ica l Michaelis complex. 

The steady-state treatment of such kinetic events can be found 

in numerous textbooks which i l lus trate the c lass ica l Michaelis-Menten 

theory of enzyme mechanisms (13, 41, 42) . The rate V of a reaction 
o 

following scheme I is given as 

*3 :«.i w 
V 
o 

Km + [s] 
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where J_EJ is the initial concentration of enzyme 

[S] is the initial concentration of substrate 

K the Michaelis constant, equals 
m 

which reduces to / k. \ k \ when k yy k 

kl 

V m the maximum velocity is k- 1 EJ 

Two regions characterize that portion of the enzyme surface 

responsible for the process of hydrolysis. One is responsible for the 

binding of the ammonium moiety in acetylcholine and known as the anionic 

site and the other, called the esteratic site is more directly concerned 

with the hydrolytic reaction (9, 10). The anionic site, tiirough coulombic 

attractions (11) would be mainly responsible for the total binding of 

acetylcholine, while the esteratic site would contribute only weakly 

(12). The nature of the functional groups responsible on the one hand 

for the binding at the anionic site, and on the other for catalysis at the 

esteratic site cannot as yet be defined with certainty although many pro­

posals have been made on this subject. 

Some evidence would point to the presence at the anionic center 

of a carboxylate ion presumably supplied by a glutamic acid side chain 
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(13, 14) . For many years, a controversy existed as t o whether there 

are one or two negative charges at the anionic center of true cholines-

teraae. On the basis of calculated interaction forces between the 

enzyme and charged substrates and by comparison with uncharged substra­

t e s , Bergmann proposed the existence of a doubly-charged anionic center 

(15, 16) aa opposed t o a singly-charged center for the case of pseudo-

cholinesterase. On the other hand, I .B. Wilson (114) proposed on essen­

t i a l l y similar grounds, the alternative that the center of pseudocholi-

nesterase would bear no negative charge, while only one such charge 

would be present at the anionic center of true cholinesterase. At the 

present time, an analysis of the role of Van der Waals forces between 

AChE and i t s substrates, has led t o the generally accepted view (13) that 

Wilson's proposal of a singly-charged center may be correct. 

The pH-dependent act iv i ty of AChE (27) has been interpreted as 

establishing the presence at the active s i t e and particularly at the 

esteratic s i t e of dissociable groups participating in the hydrolysis of 

substrates; both an acidic and a basic group would be present at th i s 

s i t e with respective pK values of 7.2 and 9 .3 . Later, other data obtained 

with the e lectr ic ee l enzyme led t o estimated pK values of 6.5 and 9.5 

(17). The latest studies on the dissociable groups at the esteratic s i t e 

of true cholinesterase show the possible presence of two basic groups 

(pK's 6.3 and 5.5) and one acidic group (pK 9.2) with only the group of 

pK 5.5 being involved and necessary in the formation of the enzyme-substrate-
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complex (29). The other basic group of pK 6.3 expected t o be situated 

near the anionic center and the acidic group of pK 9.2 would function 

exclusively in the acylation and deacylation steps (14). The nature 

of those functional groups i s not known although an imidazole ring i s 

believed t o be the group with pK « 6 .3 . 

molecular weijdvt: the impossibility in the past of obtaining 

AChE in a pure form has hindered progress in the elucidation of i t s 

mechanism of action. A very pure preparation has been reported by 

Wilson (25) who showed i t t o have an act iv i ty of 660 mmoles ACh hydro-

lyzed per hour per mg. protein. In th i s case, the source was the 

e lectr ic organ of E.electricus. The enzyme has f inal ly been crystal l ized 

recently by W. Lenzinger(l38). The act iv i ty of the erythrocyte enzyme 

being highly sensitive t o the method of purification, a parallel achieve­

ment i s yet awaited in th i s case. The molecular weight of the enzyme 

has been a source of confusion unt i l recently. Contradictory data have 

been reported on th i s problem: for instance molecular weights ranging 

from a few millions t o a few thousands for the unit-polymer have been 

reported. Recently, a molecular weight of some 230,000 for an aggregate 

of four subunits has been claimed (23). I t i s not known whether or not 

the protomer can s t i l l be further dissociated, but Wilson's data (23) 

are presently considered as re l iable , especially since i t i s now known 

that the state of aggregation of the molecule depends entirely on the 

method, of isolat ion (18). 
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Changeux (80) established, using AChE from Torpedo roaxmo-

rata, that the state of aggregation i s highly dependent on the ionic 

strength of the medium, with the small enzyme unit (M.W. % 250,000) 

aggregating reversibly at low ionic strength. Similar conclusions are 

reported in detai l by Grafius and Millar (115) who worked with the 

E.electricus enzyme. The ionic strength and the pH were found t o have 

a profound influence on the homogeneity of the polymeric structures. 

At the same time, direct relationships were established between the state 

of aggregation and the kinetic properties of the enzyme. These new 

findings complicate the overall picture of the structure and mode of 

action of th i s enzyme t o such a degree that one can no longer ascribe a 

definite structure t o the physiologically active form on the basis of 

in v i tro experimental findings. 

It goes without saying that the amino acid sequence of the 

enzyme i s unknown as ye t , so that the topography of the active s i t e 

remains obscure. However, the involvement of an active serine hydroxy1 

group at the esterat ic s i t e has been reported a few years ago by Sum­

mers on (20) and confirmed more recently by Sanger (21). The isolation 

of diisopropyl phosphoryl-acetylcholinesterase made possible t o establish 

the following sequence around the active s i t e : Glu-Ser-Ala, a sequence 

which i s common t o AChE from e lectr ic t i s s u e , t o pseudocholinesterase and 

horse l i ver esterase. A more recent interpretation of the chemistry of 

the diisopropyl phosphoryl-enzyme has confirmed the involvement of a 

serine residue in the structure of the active s i t e (79) . 
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Forces involved in binding: The interactions between proteins and small 

molecules are known to involve different types of forces, both attractive 

and repulsive, the vectorial 8Um o f which wi l l determine the intensity 

of the interaction. Discussions of these forces as they apply to the 

interactions between enzymes and substrates or inhibitors can be found 

in many c lass ica l references dealing with th i s subject, (30,72). The 

attractive forces may be summarized as follows: 

a) ionic bonds wi l l strongly contribute t o the binding of charged ligands 

as in the case of arginine derivatives which bind on trypsin or of alkyl 

ammonium ion inhibitors which interact with acetylcholinesterase. The 

formation of these bonds i s in i t iated by the e lectrostat ic attraction 

between unlike charges but entropy contributes heavily because of the 

destruction of the hydration she l l s around the ions. 

b) hydrophobic bonds, they originate from the tendency for non-polar 

groups t o adhere to one another in an aqueous medium. The transfer 

of a non-polar group from water t o a non-polar environment i s mainly 

entropy driven, since the transfer t o the non-aqueous phase i s accompanied 

by the destruction of "iceberg water" surrounding the non-polar group. 

The application of such forces has been recently demonstrated in studies 

on the binding of detergent-like molecules t o bovine serum albumin (48), 

8-lactoglobulins (32) and bovine haemoglobin (116). They are rather 

non-specific and the solubilization of butane and pentane by some enzymes 

stresses the existence and the key role of hydrophobic crevices on protein 
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surfaces (33). The contribution of th i s type of bonding may be as 

high as 2-5 Real/mole as was shown in the case of the inhibition by 

a series of aromatic compounds of a-chymotrypsin (120). 

c) hydrogen-bonding, the secondary structure of proteins depends t o 

a large extent on the presence of intra-molecular H-bonding, especial ly 

in the formation of the a-helix configuration in certain regions of the 

polypeptide chain (121). But only in very few cases, i s the operation 

of th i s type of binding for small molecules, based on good experimental 

evidence. The strong inhibition constant for the binding of the 3-hydroxy-

phenyl trimethyl ammonium ion t o AChE has been explained on the basis 

of specific H-bonding ef fects by Wilson (60). The energy of th i s bond 

i s believed t o amount to 3 Kcal/mole, a value calculated on the basis 

of observed differences with molecules where the formation of th i s bond 

would not be possible. But in most other cases, i t s postulated invol­

vement i s usually considered in cases of unusually high aff ini ty cons­

tant but without much direct evidence. This type of bond whose energy 

ranges fros 1 t o 5 Kcal/mole can in principle contribute largely t o the 

binding of small molecules. 

d) dispersion forces, the ir application t o protein interactions has been 

a subject of controversy. For example, in the binding of charged and 

uncharged substrates on AChE, there s t i l l ex i s t s some disagreement as 

to the ir net involvement. These forces are known to decrease rapidly 

with the 7 th power of the intermolecular distance, and although they 
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probably apply in the juxtaposi t ion of l ike- res idues (the in te rac t ion 

hydrocarbon chain - hydrocarbon chain i s favored by 1 Kcal over the 

in terac t ion hydrocarbon chain - aromatic r i n g ) , t h e i r net involvement 

in protein - small molecules in te rac t ions i s not firmly established 

because of the complexity of the parameter? which influence the ener­

get ics of the water-macromolecule in te rac t ions . 

e) the formation of covalent bonds between proteins and small molecules 

occurs in only a few cases , as for example in the reaction of i r r eve r ­

s ib le inh ib i to rs with act ive s i t e s and in the formation of acyl-enzyme 

complexes, which in any event cannot be t rea ted as systems in equilibrium. 

Their appl icat ion is r e s t r i c t ed t o isolated cases . 

Interact ion with subs t ra tes : When are present in a ligand, those features 

tha t may favor the applicat ion of one or the other of the various types 

of in terac t ion forces summarized above, binding on the protein wi l l 

obviously be enhanced. Conversely, preventing the applicat ion of these 

forces should resu l t in a poorer binding. But the evaluation and the 

ac tua l in te rpre ta t ion of the in tens i ty of a binding force represents a 

formidable challenge. 

Following Scheme I , the Michaelis constant Km was defined as 

follow8: 

K = P*±^p_\ . 
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According t o c lass ica l kinetic treatments, Km cannot be defined as an 

equilibrium constant K» (the association constant for the formation of 

ES), unless the relative values of the rate constants are known, which 

i s rarely the case. Generally, Km i s rather considered as a steady-state 

constant and cannot under those conditions allow an estimate of the actual 

forces involved in the binding step with the enzyme. Nevertheless, even 

i f i t i s not possible t o directly ascribe the effect of a change of 

structure on the binding, one can experimentally appreciate using the 

Michaelis constant, that such or such modification produces a relat ively 

better or poorer substrate. 

The problems associated with the formation of an enzyme-substrate 

complex can be i l lustrated with the ACh-AChE system. Changes of structure 

in the substrate modify the Michaelis constant and such changes are cur­

rently being analyzed in terms of specific forces of interaction using as 

a basis the assumption that the binding of ACh occurs through a nucleo-

phi l ic attack on the carbonyl group with the result that the carbon atom 

would acquire a tetrahedral configuration in the addition complex (7, 12) . 

Following th i s generally accepted model (Scheme I I ) , structural 

modifications in the substrate molecule can be examined in accordance with 

Scheme II 

AChE + ACh ^ n 
H3C 
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the view that some structural features wi l l favor the formation of the 

bound form, while others ought t o prevent i t . For example, by inter­

fering with the close approach of ACh t o the enzyme surface, s teric 

hindrance should impair the postulated nucleophilic attack, as i t i s 

believed t o be the case for choline esters carrying longer ester functions 

than acetyl since they are a l l hydrolyzed at much slower rates than ACh 

i t s e l f (12). The introduction in the choline moiety of some substituent 

susceptible t o stereo specif ical ly interferorith the binding, leads t o 

similar observations, as i s the case for the ct-methyl acetylcholines 

which are poorer substrates than ACh (34). 

By contrast with these types of steric e f f e c t s , the removal of 

an H-methyl group in ACh leads t o an increase in the Michaelis constant, 

a result linked t o the destruction of the coulombic attraction ( i f the 

free base i s the species that binds) that i s believed t o take place 

between the enzyme and i t s normal substrate. As a proof t o t h i s inter­

pretation, Wilson and Cabib (2d) calculated that the AH value for the 

step AChE + ACh ^ ^- AChE - ACh i s decreased by some 5-9 Kcal/mole 

with dimethylaminoethylacetate as the substrate, by comparison with ACh. 

Most of t h i s energy difference is attributed mainly t o the absence of a 

posit ive charge in the free base form of dimethylaminoethylacetate, and 

only partly t o the absence of the third methyl group of ACh (35, 36). 

Lengthening the distance between the nitrogen atom and the ester 

oxygen was a lso found t o be unfavorable t o binding, since the act iv i ty 
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(given as the ra te of hydrolysis) was To the a c t i v i t y of ACh, when the 

ethylene group of ACh was replaced by a propylene chain and as low as 

0.56% when a butylene chain was present (118, 119). 

Variations in the subst i tu t ion of the ammonium moiety of the 

acetylcholine molecule r e s u l t s at best in subs t ra tes that are good as 

ACh i t s e l f . Class ica l i n t e rp re t a t i ons , a f t e r assuming the non-involve­

ment of the t h i rd methyl proup of ACh in binding (35), (the group would 

s t ick away from the surface) , are aimed at explaining the decrease in 

the ra te of hydrolysis of N-demetbylated der iva t ives on the grounds 

tha t a decrease in the dispersion forces between the enzyme and the 

subs t ra tes would occur. The assumption that one of the subst i tuents on 

the ammoniur. head projects away from the surface, allows the predict ion 

that s t e r i c hindrance wi l l be observed only when two large subst i tuents 

approach the anionic s i t e (118). 

The widely accepted picture for the in terac t ion mechanism of 

ACh with AChE shows that a close approach is necessary for cer ta in forces 

t o be operative and for complex formation t o occur. According t o t h i s 

view, a good subst ra te is one that can f u l f i l l these condi t ions. But 

t h i s model suffers many l imi ta t ions . The followinr fac ts may be c i ted 

which can hardly be accommodated by the model: the AChE substrate 3-ace-

toxyquinuclidinium methyl iodide is characterized by a Km value of 

-4 
1.53 x 10 M, a value almost ident ica l t o the Km for ACh (37); i t has 

recently been reported tha t l - (acetoxyethyl) quinuclidinium iodide i s not 
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a substrate for erythrocyte AChE but acts as a rather good inhibitor 

with a K. (dissociation constant) of 2.2 x 10 (38). 

It would seem thus that the interpretation of interaction 

mechanisms and of the substrate specificity of the enzyme on the basis 

of the above assumed binding forces,leaves unexplained the effects of 

steric parameters as for example in the case of l-(acetoxyethyl) quinu­

clidinium iodide which is not a substrate and 3-(acetoxy)quinuclidinium 

methyl iodide which is a substrate,eventhough the same interaction 

forces should apply to both molecules. 

Interaction with inhibitors: The inhibition of catalysis by AChE is 

the result of the presence on the enzyme surface of a molecule that 

interferes with the normal process of hydrolysis.The mode of inter­

action of such molecules forms the basis of the classification into rever­

sible and irreversible inhibitors (39). 

The reversible inhibitors form addition complexes with 

the enzyme that are characterized by a true equilibrium.This can be expres­

sed as in Scheme III for the case of simple competitive inhibition. 

Scheme III 

\ k3 E -r S *»FK » (according to Scheme I) 
k2 

k. 
l 

s - k 

k2 

E + I ===±EI 
k-i Ki 

K. - k. 
l - I 
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As can be seen, the enzyme can interact either with the substrate (C) 

or the inhibitor (I) giving rise to the formation of only two types of 

complexes ES and EI, where ES is the active form of the enzyme, and EI 

the inactive form, the relative amounts of which being determined (at a 

certain enzyme concentration) by the effective concentrations of S and 

I. The terms K and K, are the respective dissociation constants of ES 

and EI. 

By definition (Scheme I), ES will dissociate by way of 

one or several kinetic steps to the free enzyme and reaction products.When 

the formation of EI occurs, a decrease in the free enzyme available for 

the formation of ES results, and accordingly a decrease in the rate of 

the reaction will be observed. The steady-state treatment for such a sys­

tem as depicted in Scheme III leads to an expression for the rate (v.) 

of the reaction when pure competitive inhibition takes place (42). 

H [s] k3 
vi -- M+M^y 

(where the terms keep the same meaning as defined in Scheme I) 

The ratio of v (see p. 2) and v, (above) , leads to the following ex­

pression 

v 
o 

• + w 
Vi ' Ki(U t] 

K 
m 
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Thus, if is plotted against I J, the concentration 

vi 
of the inhibitor, a straight line is obtained, the slope of which is equal 

to 1 with unity as the intercept when I I is set equal to zero. 

Belonging to the class of pure competitive inhibitors, are 

the tetraalkyl ammonium compounds and several non-substrate analogs of ace­

tylcholine. As an example, the D-(-)-p-methyl acetylcholine acts as a pure 

competitive inhibitor of E.electricus AChE (34, 43). The alkyltrimethyl 

ammonium derivatives have also been shown to be competitive inhibitors 

(83, 95) and generally speaking, derivatives of the tetramethyl ammonium 
+• 

ion series (CH ) -N-CH„-R , where R can vary considerably, behave as pure 

competitive inhibitors of AChE (45). Muscarine, a powerful cholinergic 

agent has been found to act as a pure competitive inhibitor of electric 

-4 
eel AChE, and is characterized by a K. dissociation of 2.2 x 10 M (46), 

-4 
while the value for choline is 4.5 x 10 (13 p.287) . In other words, 

those substances that can bind to the anionic center generally exhibit a 

pure competitive action. 

Many compounds have gained historical importance because of their 

specific physiological effects on the nervous system.Some of those are 

currently referred to as the "nerve gases", and their efficacy and toxi­

city have been attributed to the irreversibility of their action on the 

AChE of nervous tissue (47, 12). The structure of those so-called "oxy-

diaphoric" inhibitors is such that the transfer of an acyl-like group 
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(such as phosphoryl) blocks the active center of the enzyme through the 

formation of a "nearly" undissociable covalent complex. 

The oxydiaphoric compounds may often produce an irreversible 

acylation, phosphorylation (64, 65) , carbamylation (51, 62, 63) or 

sulfonylation (49) of a nucleophile on the enzyme. The irrevers ib i l i ty 

of the ir action explains the ir high tox ic i ty at very low concentrations 

(10 - 10~ M for the carbamates). The binding on the enzyme surface i s 

conducive t o the formation of a covalent bond with a serine hydroxyl 

group situated at the active s i t e or in close proximity t o the active 

s i t e , so that the enzyme can no longer function normally (20, 79, 8 l ) . 

The complexes formed by these non-competitive irreversible inhi­

bitors and the enzyme can in some cases be dissociated with complete rege­

neration of the active form of the enzyme. The carbamylation of AChE by 

eserine or prostignine for example, has been shown, several years ago to 

be reversed by hydrolysis with water (52). Im • uch the same way, the 

sulfonylation of chymotrypsin by phenylmethane sulfonyl fluoride can be 

reversed by acid hydrolysis (50). But in other cases, the inactivation 

process results in a non-reactivable form of the enzyme. Thus, the 

organophosphorous compounds, isopropyl methyl phosphonofluoridate forms an 

undissociable complex with AChE as the result of the formation of a stable 

covalent bond, with the concomitant elimination of isopropyl alcohol (53) . 

The reactivation of enzymes inhibited by such organophosphates has been the 

subject of intensive research in the f i e ld of enzyme kinetics (54, 55)» 
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as well as in pharmacology (56, 59) . One of the main interests l i e s 

in the poss ib i l i ty of accelerating the reactivation of the enzyme with 

certain classes of compounds such as the hydroxamic acids , which have 

the ab i l i ty to dissociate covalent complexes. Aldoximes and ketoximes 

are especially effect ive in reactivating AChE. A substance such as 

2-pyridine aldoxime methiodide (2-PAM) i s 10 tiroes more active than 

hydroxylamine in reactivating phosphorylated AChE (12). The 4-isomer of 

PAM i s also active but interestingly the 3-PAM analog i s inactive in 

causing reactivation of the enzyme. Curiously, the same derivative i s 

effect ive in reactivating the me thane-sulfonyl-enzyme, and i t i s more 

active in th is regard than the 2- or 4-isomers (39, 57). A similar type 

of specif ic i ty has been also observed in the ketoxime s e r i e s , but in 

addition to the positional isomerism, geometrical isomerism i s also ope­

rative in th i s case. Thus, the anti-isomer i s more active than the syn 

isomer of the 4-derivative in the phenyl ketoxime series while the reverse 

i s true when the oxime group i s in the 2-position (55). 

The high act ivi ty of those compounds has been explained on the 

grounds that the approach t o the phosphorylated s i t e by the nucleophilic 

group of the reagent would be fac i l i tated by a proper binding on the enzyme 

surface at a distance that would allow a readier transfer of the bound 

group. Along th i s l i n e , Wilson and others have proposed that the reactiva­

tors are held through an ion-ion interaction, involving a negative charge 

situated on the enzyme surface at a fixed distance from the serine hydro-

xyl group (79, 54, 58). 
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This concept of complementariness between a small molecule 

and a given region of the enzyme has formed the basis of an explanation 

for the potent competitive inhibition produced by the 3-hydrootyphenyl-

trimethyl ammonium ion. When compared with the more common inhibitors , 

of say the series of trimethyl alkyl ammonium derivatives, where the 
- 4 inhibition remains roughly constant at about 10 M, th i s inhibitor has 

_ T 
a K. of 3 x 10 , which represents a 120 fold increase in strength of 

binding (or a difference of 3 Kcal) in favor of the phenyltrimethyl am­

monium derivative (60). This large difference was ascribed to the poss i ­

b i l i t y for the inhibitor t o form a hydrogen-bond with the surface (as 

mentioned above), because of the highly favorable position of i t s hydro­

xy 1 group. The 2-hydroxy and 4-hydroxy analogs exhibit a much decreased 

a f f in i ty , the reason being that the hydroxy1 groups in these cases would 

be out of reach of the H-bonding forming s i t e . 

Models of interactions between proteins and small molecules: 

The few examples of interaction mechanisms given in the above 

sections show that the interpretation of binding phenomena has been 

usually interpeted in terms of a complementariness between the enzyme 

and the small molecule, much along the same l ine as the template theory 

f i r s t elaborated by Endl Fisher (69). In very many cases , a strong inter­

action between the partners has been interpreted as resulting from a c l o ­

seness of f i t allowing the binding forces t o operate at a maximum, 
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(34, 60, 66, 68) . Specific interactions have been necessarily taken t o 

indicate that strong interactions are operative. 

This interpretation of complementariness has also influenced 

the analysis in structural terms of structure-activity relationships in 

the f ie ld of drug-receptor interactions ( 6 l ) . Striking parallelisms bet­

ween the interactions of substrates or inhibitors with AChE on one hand 

and of cholinomimetics or cholinolytics with cholinergic receptors on the 

other, have sometimes been observed with the result that some workers in 

th i s f i e ld were led to propose identical structures for AChE and the cho­

l inergic receptor (34). 

As a correlate, certain ligands possessing very rigid structures 

and including appropriate reactive groups were used as "compasses" t o 

locate on the enzyme surface the "anchoring" s i t e s (70) . The same ap­

proach was applied t o drug-receptor interactions (34). Although i t i s 

very pertinent t o the problem of the mechanism of AChE binding, th i s p i c ­

ture of protein-ligand interactions, directly implies that an actual re la­

tionship between strength of interactions and spec i f ic i ty of interaction 

with the surface i s common t o a l l enzymatic systems and receptors. As such, 

i t constitutes a s tat ic model of protein binding s i t e s . 

On the other hand, Koshland's induced-fit theory of enzyme me­

chanisms (71, 72) may be considered as an essent ia l f i r s t step in the des­

cription of the dynamics of enzyme-small molecule interactions. According 

t o t h i s theory, a native enzyme would possess a rather f lexible and adaptable 

structure allowing the active s i t e s t o become uncovered somehow, when the 
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substrate molecule approaches. Through a "conformational" change a 

geometrically correct cavity would receive the molecule. In the static 

model, the binding is analyzed solely in terms of static interaction 

forces; here it is dependent to a large extent on the inducement of a 

"certain conformational change" by the approaching molecule. 

Recent findings on the flexibility and adaptability of protein 

molecules in general, support the view of a dynamic model for the enzyme 

active sites. First, the quaternary structure of enzymes was shown to 

be highly sensitive to the binding of small molecules; aggregation, heat 

sensitivity and denaturation of proteins were found in very many cases to 

be influenced by the presence on their surfaces of inhibitors, substrates 

or coenzymes (75). Then, the existence of allosteric enzymes (73) and 

the nature of the mechanisms through which they act suggested a re-exa­

mination of the problem of interaction specificities (74). The recently 

proposed mechanisms of Monod et al. (125), of Atkinson et al. (126) or of 

Koshland (127), proposed to explain allosteric transitions and cooperative 

effects in the binding of ligands (observed for example in the binding of 

oxygen to hemoglobin) rest on the basis that protein molecules would un­

dergo a conformational transition trirgered by the binding of small mole­

cules (also called effectors). These effector molecules would control the 

overall process of catalysis. 

Experimental evidence for induced conformational changes has been 

given recently by Koshland in the case of phosphoglucomutase (129) and 
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glyceraldehyde-3-phosphate dehydrogenase (130). In the f i r s t case, 

the substrate increases the sens i t iv i ty of the enzyme towards sulfhydryl 

group reagents whereas in the second, the coenzyme DPN induces a change 

in the environment of a reporter group, when i t i s bound by the enzyme. 

Additional evidence for the possible occurrence of induced con­

formational changes in proteins was provided by X-ray diffraction studies 

performed on the reduced and oxidised forms of hemoglobin from various 

species. A careful interpretation of such X-ray diffraction, led to the 

observation of a difference of some 7A5 in the distance separating the 

haam groups in the oxidized "and reduced protein respectively. Hence, a 

conformational change in the protein structure would be induced by the 

binding of an oxygen molecule (128). This feature i s characteristic of 

the oxygenation reaction, since i t i s common t o the proteins of various 

animal species . 

In the l ight of these newer concepts on the properties of proteins, 

the mechanisms of inhibition of AChE as well as the molecular basis for 

the pharmacological ac t iv i ty of cholinomimetics on the muscarinic receptor 

required re-examination (77) . A molecular theory aimed at explaining the 

agonistic and antagonistic properties of some AChE inhibitors has emanated 

from th i s laboratory and i s based on the concept of ligand-induced pertur­

bation of the conformation of the enzyme molecule, a phenomenon that would 

also apply t o the cholinergic receptor. Through th i s perturbation, a 

* "Oxidized" stands for "oxygenated" 

"reduced" stands for "deoxygenated" 
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specific effect is induced either in the activity of the enzyme or in 

the physiological receptor (78). 

A similar suggestion was later made by Changeux (80) who 

explains a certain type of antagonism of AChE by leptocurares and pachy-

curares on the basis of a two-conformations model for the enzyme. The 

conformations would be in equilibrium with each other and would be sta­

bilized by either one of the two types of drugs. This model is a natural 

correlate of the more general theory on the mechanism of action of allo­

steric proteins (74). 

Scope of the problem: 

If the template model for enzyme-small molecule interactions 

were correct, the characterization of the interaction in terms of binding 

strength as derived from binding constants and free energy changes may serve 

to describe the actual mechanism of binding. In this case, the closeness 

of fit would be the major parameter. But recent evidence, summarized 

above, shows that the formation of addition complexes with proteins is not 

as simple. As pointed out, the binding of even very small molecules may 

induce considerable rearrangements of the conformation of the large mole­

cule. Accordingly, the free energy quantities for binding cannot account 

for "all" the events associated with the binding. A change in the confor­

mation of the protein around the active site, such as the breaking of cer­

tain bonds may well be accompanied by bond making effects at other points, 
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so that the overall change induced in the protein cannot be reflected 

in the observed AF quantity. This thermodynamic quantity may well re­

main insensit ive t o changes in the protein molecule and i t s immediate 

environment. 

Other thermodynamic parameters l ike enthalpy and entropy are 

more l ike ly t o be sensit ive t o any perturbation or conformational change 

attending the binding of a ligand. As an example, i t i s only necessary 

t o consider the a l los ter ic transition induced in NADH dehydrogenase by 

the binding of the effector AMP. While AF binding i s -4.4 Kcal/mole, 

the AH binding is-V-12 Kcal/mole and the AS binding +57 e.u. (131). 

By comparison with the thermodynamic parameters for binding of TMA t o 

AChE ( A F = - 3 . 6 Kcal/mole, AH- -6.6 Kcal/mole, AS = - 1 0 . 1 e . u . ) (83), i t 

i s clear that the AF quantities are almost identical in the two cases and 

as such do not reflect the important changes undergone by the proteins 

upon binding of the ligands. The importance and the magnitude of the per­

turbations can best be appreciated by taking a look at the enthalpy and 

entropy terms. 

Hence, i f a perturbation occurs at the active s i t e of AChE upon 

binding of small molecules, i t i s more l ike ly t o be detected by evaluating 

and analyzing the enthalpy and entropy quantit ies , in addition to measuring 

the binding constants. The mechanisms of interaction can be evaluated 

properly in terms of modern concepts of protein and enzyme structure only 

i f these parameters are known. 
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Advantage was taken of the fact that a large body of kinetic 

data is available in the case of the AChE-inhibitors system, which 

facilitates an evaluation of the thermodynamic parameters for competi­

tive binding at equilibrium. In order to simplify the interpretation 

of results, only simple structures have been used in our studies. In 

this way, a number of new features affecting the interaction mechanisms 

may be more easily deduced. This study must then not be looked as a 

definitive investigation of the mechanisms of the interaction but rather 

as a novel contribution to the elucidation of the parameters that deter­

mine the specificity of the enzyme surface. 

Enthalpy-entropy relationship: 

The thermodynamic approach to the elucidation of the mechanism 

of organic reactions consists in the analysis of the effects, on the rates 

of these reactions, of a change in the nature of the solvent or in the 

substituents of the species undergoing the reaction. The existence of a 

simple relationship among the thermodynamic quantities for a given reac­

tion does not necessarily establish a unique and definitive mechanism but 

rather it demonstrates the operation of a "certain type of mechanism". 

Because such relationships do not form part of the actual structure of 

thermodynamics, they are often called extrathermodyn&mic relationships. 

A relation of the form AF' .= k AF", where AF' and AF" represent the free 
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energy quantities for two processes in which a molecule undergoes a 

reaction in two related solvents ( l ike cyclohexane and benzene) i s an 

example of such a relationship. Most of the knowledge on th i s subject 

has been reviewed by Grunwald and Leffler (94, 93, 110). 

An other simple relationship of that kind relates the enthalpy 

to the entropy changes and has the form AH - 8AS. It applies when the 

thermodynamic quantities for the reactions of a series of compounds under­

going the same process are known. I f the compounds of that series differ 

only moderately in structure and i f the above relationship holds, an 

additivity rule may be found to apply t o the structural changes and the 

compounds of the series may be said t o react by the same mechanism. 

But a certain number of assumptions must f i r s t be met, namely 

that the quantities AH and AS do not vary with temperature, i . e . AC = 0, 
P 

which is usually the case over the temperature range of investigation of 

organic reactions. In addition, the moderate changes that characterize 

compounds within the same series usually affect only one region of the mole­

cule, or in other words, they include a moiety which presents constant 

structural features. It is assumed here that the mode of interaction of 

this constant moiety is not influenced by the presence of different sub­

stituents. The validity of such a statement is of course dependent on the 

nature of the reaction and the nature of the changes introduced as well as 

to the sensitivity of the constant structural moiety to substituent changes. 

Of a similar nature is the assumption that the interactions between the 
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solvent and the reacting species is the sum of the interactions of the 

various parts of the molecule (94). In this respect, the contribution 

of the constant structural moiety within a series of reactants to the 

free energy of the interaction is expected to cancel out with the result 

that the changes in the thermodynamic quantities will be characteristic 

of the solvent-substituent interactions. 

Under these conditions, and if many pairs of AH, AS values are 

known, the relationship between AH and AS can be shown to apply, if the 

various compounds of the series react by the same mechanism 

AH = 8 A8 (1) 

A graph where AH i s plotted against A3 wi l l give a straight l ine 

of slope B, which has the dimensions of absolute degrees. When 8 = 0, the 

reaction i s exclusively entropy driven, but when 1/8 = 0 the thermodynamic 

change i s of purely enthalpic origin. The substitution of ( l ) in the standard 

equation for AF, AF = AH - TAS, gives rise t o (2) and (3 ) . 

AF = (B - T) AS (2) 

AF - (1 - T/B) AH (3) 
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From equations (2) and (3), a special value of 8 can be defined for 

which AF will be constant in all cases; that is 8 - T (T = T , the 
exp. 

mid-point of the absolute temperature range in which the experiments 

are carried out). This poss ib i l i ty that 8 be such that AF remains cons-

tant suggested the expression isoequilibrium relationship for equation 

( l ) ; th i s special value of B i s called the isoequilibrium temperature. 

Thus, a constancy in the free energy changes undergone in the 

reaction of members of a same series does not indicate that the modifi­

cations in the structure of the reacting species or in the reaction 

medium has no effect on the course of the reaction. On the contrary, equa­

tions (2) and (3) show that 6 may have a Vflue equal t o or close t o 

T , with the result that the free energy quantities w i l l be nearly 

constant owing t o a mutual cancellation of the terms AH and AS. 

As stated above, the additivity rule represented by the 

l inear relationship ( l ) indicates the operation of a single mechanism of 

interaction which i s quantitatively modified by the changes introduced 

by the various substituents or in the solvent; such a mechanism i s charac­

terized by a definite value of B. Provided good l inearity i s observed and 

i f B i s -very much different from T , i t can be concluded then that a 
4 exp.* 

single mechanism of interaction i s operative. However, in the special 
case where 6 =T , a good l inearity i s not a sufficient condition for 

exp. 

the establishment of an isoequilibrium relationship. I t may happen, as 

was seen above, that the constancy in rates be due t o an insens i t iv i ty of 
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the reaction or the solvent t o the structural modifications performed 

on the substituents. In that case, the correlation coefficient wi l l be 

close t o 1 , since constancy in AH and AS wi l l also be observed. 

That i s why, in addition t o a good l inear i ty , an isoequilibrium 

relationship with a 8 value equal t o or close t o T must cover a large 

spread in both the AH and AS quantities and th i s spread must be much l a r ­

ger than the probable errors in these parameters. Only i f th i s condition 

i s respected, can the constancy in rates be ascribed to cancellation ef­

fects between the significant fluctuations in AH and AS (93). When these 

conditions of l inearity over a large range of values for the thermodynamic 

parameters, are met, a sequence of points whose positions are consistent 

with the chemical and physical properties of the individuals of the ser ie s , 

also constitutes a t e s t for the veracity of the relationship. 

In the l i s t of the many examples of such cases (94) taken from 

the f ie ld of organic chemistry, i t i s generally seen that a variation in 

AH larger than 3 Kcal/mole i s a mechanistically significant one. More­

over, the same l iterature data reveal that 8 and T can be considered 
exp. 

as identical for a l l practical purposes i f the two values do not differ 

by more than 20° (93). 

The physical meaning of a 6 value which i s close t o T i s 

not very clearly understood, although such a phenomenon i s often observed 

in the f i e ld of isoequilibrium or isokinetic relationships. Nevertheless, 

a B Talue between 300 and 400 i s generally interpreted as indicating that 
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the inf lect ions in AH and AS are controlled by interactions with the 

solvent (94). A general analysis of the problem of solvation of reac­

t ing species shows that the equilibrium i s characterized by minimal 

changes in AF while AH and AS undergo important variations. In these 

cases, B i s equal t o T ( i l l ) . The dissolution of a series of n-al-
exp. 

kanes and n-alkanols in water obeys the isoequilibrium relationship 

w i t n 3 = 280° and T = 298° (94, 110). 
exp. 

The rates of a certain radical decomposition have been found 

to be insensitive to the nature of the solvent (112). But evidence for 

strong interactions between the reacting species and the solvent was ob­

tained from the observation of important fluctuations in the enthalpies 

and entropies of activation. Thus the insensitivity of the rates is due 

to large compensation effects in the thermodynamic parameters. Tn this 

very case, an isokinetic plot is reported that has a 6 value of 313 , 

while the mean value of T is 323°. 

exp. 

Extrathermodynamic treatment applied t o a series of TMA derivatives (Table I) 

The series of the compounds l i s t ed in Taile I , f u l f i l l s the 

requirements enumerated above for fruitful mechanism studies and the 

extrathermodynamic approach can then be applied t o th i s ser ie s , in so far 

as the structural modifications are concerned. The changes introduced in 

the TMA-substituents are moderate, in the sense that the members differ 
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TABLE I 

LIST OF INHIBITORS AND SUBSTRATES 

CH. 
OX 3 o 

general formula R N — CH- I 
\ / \ 

CH 2 CH3 

COMPOUND 

N° 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

cyc lobuty l TMA 

cyclopentyl TMA 

cyclohexyl TMA 

cyc lohepty l TMA 

cyc lo o c t y l TMA 

NAME a ) 

b i c y d o [2 .2 .13 heptyl TMA 

b i c y c l o [2.2.2.3 o c t y l TMA 

t r i c y c l o [ 3 . 3 . 1 . 
(adamantyl) 

2-furyl TMA 

5-methyl-2-furyl 

1 . 1 d e c y l TMA 

TMA 

MOLAR6* 
VOLUME 

( cc ) 

M.62 

1 7 5 . 5 d ) 

1 9 0 . l d ) 

2 0 3 . 2 d ) 

2 1 6 . 7 d ) 

-V209 

•v.226 

^242 

VL55 

M72 

MELTING POINTS 
and L i t . re f . 

200°-200.5° 
[205 .60-206 .5° (101) ] 

203° 
t200O-202°(102)J 

232°-233° 
12300-2810(103)] 

237°-2380 
r.235.7°(104)J 

265° 
[265.6O-267.3°(105)j 

282 .5° -283 .5° 

288.5° 

2830-286° (decomp.) 

115°-116° 
[116.5O-H8.0O (106) J 

160 .5° -161 .5° 
(1600-1620(107)J 

11 2-thiophenyl TMA 

12 phenyl TMA b ) 

13 L(+)-4-TMA-l,3-dioxolane 

14 D(-)-4-TMA-l,3-dioxolane 

M 6 2 

170.1' 

*152 

%152 

d) 

154,5°-155.5° 
[l52.6o-153O(108)j 

179.5°-181.5° 
[178°-180O(109)] 

148°-150° 

149°-150° 
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Table I continued 

15 L-cis-4-TMA-2-methyl-l,3-dioxolane 

16 L-trans-4-TMA-2-methyl-l,3-dioxolane <vl72 

17 D-cis-4-TMA-2-methyl-l,3-dioxolane 

18 D-tran8-4-TMA-2-raethyl-l,3-dioxolane *172 

19 2-TMA-l,3-dioxolane 
(isodioxolane) 

20 LOO-B-methyl acetyl choline 

21 D(-)-3-methyl acetyl choline 

22 B-trimethyl ammonium methyl propionate t l 6 2 
(reversed ACh) 

23 acetyl choline (ACh) b ) 

24 formyl choline 

25 n-hexyl trimethyl ammonium 

26 n-undecyl trimethyl ammonium 

^172 

<vl72 

^172 

*172 

<vl52 

%180 

«\,180 

^162 

-v.162 

212.8d) 

153°-156° 

124°-1280 

153°-156° 

126°-128° 

197°-199° 

177.5°-179.5° 

1780-179° 

188°-190O 
I1940-1950(13! 

1440-145.5° 

124.50-125.5° 

a) TMA stands for tetramethylammonium 

b) isolated as i t s bromide sa l t 

d) data taken from McAuliffe (ref. 96) 

e) the volume includes 82.1 ml for the TMA moiety 
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e i t h e r by a small change in molar volume (such as the presence or 

absence of a methyl group) or in the configuration about an asymmetric 
2 

center . While there ex i s t s a constant moiety (T*'A ) for a l l the members, 

no highly reactive functional groups are found in the subst i tuents as 

would be the case if a cyano or a hydroxyl group susceptible t o i n t ro ­

ducing undesirable physico-chemical parameters were present . Addit ivi ty 

of the p a r t i a l molar proper t ies of the ligand subs t i tuents must i n i t i a l l y 

be preserved as much as poss ible . 

On the basis of such changes, i t i s reasonable t o postulate that 

the fundamental in teract ion of the TMA moiety with the enzyme w i l l be a 

s t r i c t addit ive function of the cat ionic head and i t s subs t i tuen t s . Both 

the e lec t ronic s t ructure of the tetramethyl ammonium and of the subs t i ­

tuent are expected not t o chemically influence each other . This s t a t e ­

ment i s val id to a f i r s t approximation only. Lut, in t h i s work and for 

the purpose of studying the effect of s t ruc ture on the thermodynamic 

proper t ies of the binding, t h i s assumption is quite reasonable and sa­

t i s fac to ry for our purposes. 

A s imilar reasoning applied t o the in teract ion between the 

various members of the ser ies and the solvent , water in t h i s case. The 

subst i tuents possess s t ruc tures different enough so that the hydration 

layers around them may vary largely within the s e r i e s . But the changes 

abbreviation used: TMA = tetramethyl ammonium 1̂-CH -N(CH ) 
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should be moderate enough so that to a first approximation, the inter­

action of the TMA moieties with water will be nearly the same for all 

inhibitors, since little vicinal interactions with the substituents 

would be expected normally. This second statement is in a sense a cor­

relate of the first one. 

It should then be possible to ascribe the effect of the sub­

stituent structure on any mechanism that may be described by an extra-

thermodynamic relationship, to the nature of the substituent itself, 

while neglecting any vicinal interactions with the TMA heads. It cer­

tainly seems reasonable, to a first approximation, to postulate that 

all the TMA heads will interact by the same mechanism. Any large dif­

ferences between the thermodynamic parameters for any two members of the 

series should be largely relevant to the effect of the substituent alone 

on the interaction mechanism. 
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CHAPTER II 

EXPERIMENTAL METHODS 

A) Materials: 

Doubly distilled water (using a glass apparatus) was the only 

solvent used for all the measurements, as well as for rinsing the 

electrodes and the cells. 

The sodium chloride and magnesium chloride used for the pre­

paration of the isotonic solution were reagent grade chemicals as 

supplied by Fisher Scientific Company. 

Solutions of sodium hydroxide 0.020 N were obtained from 

Anachemia Chemical Company and the acetyl choline from Matheson Coleman 

and Bell; the latter was recrystallized three times from absolute ethanol 

and dried before use. 

Preparations of true cholinesterase isolated from bovine 

erythrocytes and containing sodium chloride and gelatin as stabilizers, 

were purchased from Nutritional Biochemicals Company. 

B) Procedure 

The determination of inhibition constants was conducted at 

four, sometimes five, different temperatures. A thermostated bath was 

used in order to maintain the temperature constant to within ±0.05°. 
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The inhibitor and the enzyme were incubated for three minutes before 

the hydrolysis of ACh was initiated, after which time the temperature of 

the solution had equilibrated to the desired value. The reaction was 

started by the rapid injection of substrate. 

The kinetic measurements of the hydrolysis of ACh by AChE were 

carried out using a pH-stat TTT. titrator (Radiometer, Copenhagen), to 

which was connected a 6 202 c. glass eleotrode and a calomel electrode 

of the porous pin type. The pH-stat was also equipped with an adjusta­

ble temperature compensator. The titrant, 0.020 N sodium hydroxide was 

added through a 1 cc. B-D tuberculin a-yringe driven by the micrometer 

scraw of an Ole Dich recorder. The sodium hydroxide was delivered to 

the vessel through a 4" special needle # N-728 with an internal diameter 

of 0.15 mm as obtained from the Hamilton Company Incorporated. It was 

found that this needle diameter eliminated diffusion of the titrant into 

the solution. 

All reactions were carried out in glass cells, so designed that 

they would fit into a thermostated jacket. Solutions of the reaction 

mixtures had a total volume of 25 ml and were prepared as follows: the 

combined volumes of isotonic and inhibitor solutions amounted to 24.7 ml, 

to which was added 200 ul of the enzyme solution and 100 ul of the sub­

strate solution. 

The isotonic solution was 0.1 M in NaCl and 0.04 M in MgCl . 

From a stock solution of 20,000 units of enzyme in 5 ml water, a solution 
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containing 50 units/ml was prepared, and a total of 10 units were used 

in each run. (One unit is the amount of activity in 1 ml of the enzyme 

solution that will catalyze the hydrolysis of one micromole of acetyl­

choline per minute at pH 7.4 and at 25 C). The enzyme solution was kept 

at 0°C during the course of the measurements, while the stock solution 

was kept frozen. Fresh solutions of enzyme and acetylcholine were pre­

pared every second day, despite the fact that acetylcholinesterase is 

known to retain full activity when kept at 0°C, and that spontaneous hy­

drolysis of acetylcholine during that period of time is negligible. 

Before the reaction was initiated, the pH of the mixture was 

adjusted to pH 7.4, using IN sodium hydroxide, so that the increase in 

volume by this pH adjustment was negligible. During the titration, the 

pH was kept constant automatically at pH 7.4 t 0.02 by the titrator. 

Interference by atmospheric carbon dioxide was prevented by 

passing a slow stream of nitrogen, presaturated with water, o er the 

solution. 

The rates of hydrolysis were obtained from the slopes of che 

curves which give a direct measure of the amount of acid produced per 

unit time. The curves were linear in every case, so that extrapolations 

of the recorded lines veimpermissible as this allowed a more precise 

evaluation of the slopes. The speed of rotation of the recorder drum 

could be adjusted at will using different sets of gears, so that the slopes 

of the curves could be maintained between the interval of 0.8 and 1.6, 
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a range that minimizes the errors in the graphical evaluation of the 

slopes. 

Calibration of the syringes with respect to the volume of 

titrant delivered, allowed the slopes to be read directly as fractions of 

hydrolysis per unit time. 

The initial velocities obtained in this manner were calculated 

for the first 8% of hydrolysis. 

In relation with the temperature studies, the fundamental 

assumption is made that full activity of the enzyme is preserved at all 

the temperatures used. In other words, it was expected that no dena-

turation took place under the experimental conditions described. 

C) Synthetic procedures: 

All the compounds used in these inhibition studies (see Table 

I) were described previously in literature, with the exception of 

certain inhibitors of the 1,3-dioxolane series. The synthesis of the 

compounds required only a few conventional steps involving only well-

known procedures. Characterization was accomplished by spectrophotoraetric 

methods as well as melting points, which were compared with those reported 

in literature. 

a) cycloalkyltrimethyl ammonium iodides: 

Compounds 1-8, compounds 12, 25 and 26 were synthesized following 
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the method of Cope and Ciganek (84). 

A typical experimental procedure as applied to the cyclo-

heptyl derivative is given below; all intermediates were characterized 

by N.M.R. and I.R. spectroscopy: 25 g. of cycloheptyl carboxylic acid 

was heated under reflux overnight with 22 g. (5% excess) of thionyl 

chloride in ether. Then, an ethereal solution of the acid chloride was 

thoroughly mixed at 0°C with 150 ml of 25% aqueous dimethylamine. Six­

teen grams (16 g.) of the amide was thus obtained (B.P. 84°/0.03 mm). 

The amide was reduced by reaction with a stoichiometric amount of lithium 

aluminum hydride in boiling ether. After work up in the usual manner, the 

amine was directly quatemized by the addition of a small excess of methyl 

iodide in ether. The salt was recrystallized 4-5 times from absolute 

ethanol. A yield of 13.6 g. of the methiodide (M.P. 237°-238°) was 

obtained. 

b) furane derivatives: 

The compounds N° 9 and N° 10 (Table I) were synthesized 

according to the method described by Ing and Williams (85). 

c) 2-trlmethyl ammonium methyl-thlophene: 

Thiophene was reacted with N-methyl formanilide and phospho­

rous oxychlaride according to the method of Weston and Michaels (86). 

A quantity of 53 g. of the fraction boiling at 54° under 2.5 mm was collected. 
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The yield of 2-thiophene carboxaldehyde was 43%. Reduction of the 

aldehyde (22.4 g.) with lithium aluminum hydride (7.7 g.) gave 15.4 g. 

of the alcohol. The latter was not purified but directly reacted with 

thionyl chloride to give the 2-chloromethyl thiophene derivative. The 

yield of fraction boiling at 42°/0.60 mm was quantitative. An ethereal 

solution of the chloride was added to a solution of dimethylamine in 

tetrahydrofuran and stirring was continued overnight. The product was 

extracted, washed and dried. Then the methiodide salt was formed by 

reaction of the amine with an excess of methyliodide in ether at 0°C 

overnight. After three recrystallizations from absolute ethanol, 7.0 g. 

of the salt (M.P. 154.5°-155.5°) was isolated. 

d) 1,3-dioxolane derivatives: 

The experimental procedure for the stereospecific synthesis of 

these inhibitors were described previously (87, 88). The same techniques 

were applied here, with the exception that the recovery of the trans 

diastereo isomers from the mother liquors was accomplished using chroma­

tographic procedures to be described by Dr. V. DiTullio and Dr. D. 

Wiewioroaka. 

e) D-(-) and L-(+)-8-mathyl acetylcholine iodidea: 

The synthesis of these compounds (N° 20 and N° 21) was accom­

plished by the method already reported by A.H. Beckett (89) with slight 
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modifications. The resolution of N,N-dimethyl amino isopropanol was 

carried out using (-) and (+) tartaric acidB for the respective i s o l a ­

t ion of the L(-f) and D(-) enantiomers. The tartrates were recrystall ized 

from 95% ethanol unt i l the sa l t s had the reported optical rotation. 

Unlike the recommended directions which ca l l for 3 recrystal l izat ions, 

some twelve recrystall izations were found t o be necessary in order t o 

achieve optical purity. The optical act iv i ty of (-)-B-dimethyl amino 

isopropanol acid-(4)-tartrate was -10.0° (c.5% in water) as measured with 

a Rudolf polarimeter model 62. In the case of the (4)-8-dimethyl amino 

isopropanol acid (-) tartrate , the a D was 9.0° (c.SJt in water) and 

remained constant after three additional recrystal l izat ions . The optical 

a c t i v i t i e s of the final products were as follows: 

a D D(-)-B-methyl acetyl choline iodide = -26 .5° b ' 

(c .2 .0 in 95* ethanol) 

a D L(4)-B-methyl acetyl choline iodide = +28.7°*' 

(c .2 .0 in 95% ethanol) 

The reported o D values as given by Beckett are: 

for the L(4) isomer o - 4 2 7 ° (c .2 .0 in 962 ethanol) 

D(-) isomer a = -25.7° (c .2 .0 in 96* ethanol) 

a) measured on a Rudolf polarimeter model 62 

b) measured on a Perkin-Elmer polarimeter model 141 
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f) B-trimethyl ammonium methyl proprionate iodide: 

The synthesis of this compound as described by W.B. Bass 

et al (90) involves the condensation of methyl 3-bromo propionate with 

trimethyl amine in benzene. 

g) formyl choline iodide: 

A standard method of preparation was used that involves the 

condensation of 2-iodoethyl formate with trimethyl amine in ether at 

room temperature. The iodoethyl formate was prepared by heating under 

reflux a benzene solution of anhydrous formic acid and 2-iodoethanol, 

using a Dean-Stark trap to remove the water. The purity of the compound 

was ascertained by I.R. and N.M.R. spectroscopy. A strong band at 

1710 cm" which is characteristic of the ester carbonyl was observed. 

D) Graphical Determinations: 

a) Inhibition constants: 

As was discussed in Chapter I, plots of VQ/V. versus 

the concentrations of inhibitor allows the value of the inhibition 

constant Kj to be calculated from the slope in the case of competitive 

inhibition. In these determinations, enough inhibitor was used in order 

that V/V* varies by a factor as large as 3 or 4. The velocities of the 

inhibited reactions were evaluated at a minimum of four different inhibitor 
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concentrations. Duplicate and sometimes triplicate measurements were 

always carried out for each inhibitor. Upper and lower limits for the 

slopes (and for Kj/s) were thus calculated. The magnitudes of the maxi­

mum deviations are illustrated on the Arrhenius plots of Figure 5 . 

b) Michaelis constant for ACh: 

The mean value of K,,, for ACh was obtained at 25°C 

and found to be 3.25 ± 0.15 x 10 M. It was evaluated by a least square 

analysis of the Eadie and Lineweaver-Burk graphical repreeeatations. This 

value is in agreement with previous determinations: 3.8 x 10"^ M (44), 

4.5 x 10"U M (45), 5 x 10-U K in presence of 0.2 M MgCl (80), 

2.1 x 10"4 H (37) and 3.3 x 10"4 M with the housefly head enzyme (117). 

The concentration of ACh in the reaction medium was 

6.5 x 10 M in all cases. 

As previously established by Wilson (28) and Shukuya (82), and 

confirmed more recently by Belleau et al (45, 83), the value of K^ (app.) 

for ACh was found to be constant at all the temperatures studied. There­

fore, the value of 3.25 x lO-4 M determined at 25°C was used in all cal­

culations of inhibition constants, in the temperature range of 10o-30°C. 

c) Evaluation of enthalpies of binding: 

The 1C[ being a true equilibrium constant, as defined 

above (see Scheme III), the following relationship for its temperature-

dependence is applicable (133): 

d(ln K£) AH 

d(l/T) R 
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A graph where In K. i s plot ted against the rec iprocal of the absolute 

temperature gives a s t ra igh t l ine where the slope i s equal t o Afl/R, 

R being equal t o 1.98 c a l . deg.~ mole" . 

Average values of two and often three determinations of K. a t 

each temperature were plot ted against 1/T and the slopes of the curves 

measured in order t o calculate the corresponding AH values . The devia­

t i o n s in AH, as expressed in Table IV, or ig inate from the experimental 

e r ro r in the determination of K. 's and were obtained graphical ly . In 

the range of temperature s tudied, the Arrhenius p lo ts were always l i nea r . 

E) Calculat ions: 

The free energy changes (AF binding) were calculated using the 

expression 

AF = -2.303 RT log Ki 

where K. i s the binding constant at equilibrium, T i s the temperature 

in absolute degrees and R i s the gas constant (1.98 c a l . deg." mole" ) . 

The deviat ions in the evaluation of AF, were re la ted t o the experimental 

e r ro r in the determination of K . ' s . 

In the case of acetylcholine and B-methyl ace ty lchol ine , 

apparent Michaelis constants are determined. Without any consideration 

being given as t o whether these constants are t rue equilibrium constants , 
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the K values have been treated as if they had the same meaning as 
"app. 

the K.'s and accordingly, the apparent thermodynamic quantities are 

given by the following relationships: 

AF = -RT In K 
app. m 

d(ln K ) 
A H = -R ro-

a p P* d(l/T) 

AS AH -AF 
aPP- = aPP' aPP« 

These equations were applied without any theoretical consi­

derations, a procedure which was similarly followed in the case of 

a-amylase (113); the purpose here is to compare the thermodynamic quan­

tities for substrates and other ligands. 

The entropy change upon binding was calculated according to 

the classical equation 

AS - AH - AF 

in which the measured AF and AH values were inserted. 

The errors found on this quantity were the sum of the errors 

on the experimental determinations of AF and AH. 
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CHAPTER I I I 

RESULTS 

1) Inhibition Constants: 

Inhibition constants (dissociation constants of the enzyme-

inhibitor complexes) at different temperatures for compounds 1 to 19, 

21, 22, 25, and 26, (Table I) were determined and are listed in Table 

II. Typical plots of Vo/Vi vs inhibitor concentration are shown in 

Figures 1, 2, and 3, on pages i+e, 49, 50; these illustrations are 

representative of each class of chemical structures. These graphs also 

illustrate the competitive character of all those inhibitors. The 

competitive behavior was observed in all cases and at all temperatures, 

thus confirming the previous results of Belleau and Lacasse (45) for 

the dioxolane series and of Belleau et al (83) for the alkyl trimethyl 

ammonium series. 

2) Compounds with an Ester Function: 

a) D(-)-B-methyl acetylcholine (compound NQ 21) and reversed 

ACh (compound N° 22): 

Those two substances were found not to hydrolyze spontaneously 

in water, at least during the time of the experiments. Neither did they 

act as substrates for AChE. 



TABLE II 

Variation of K, with temperature 

for derivatives of tetramethylammonium (TMA) 

Compound 

N° 

TMA Derivative 

10v 15' 

K£ x 10 

20 25' 30' 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

cyclobutyl 

cyclopentyl 

cyclohexyl 

cycloheptyl 

cyclo octyl 

bicycloheptyl 

bicydo octyl 

t ricyclodecyl 

furyl 

methylfuryl 

thiophenyl 

2.39 

2.54 

6.26 

4.68 

9.66 

2.94 

4.67 

2.20 

2.75 

5.38 

4.08 

9.71 

6.21 

2.98 

5.05 

2.56 

2.93 

3.10 

6.62 

6.37 

4.94 

8.85 

9.48 

7.17 

3.00 

4.99 

2.93 

3.12 

6.60 

6.94 

5.38 

9.52 

9.50 

7.46 

2.91 

5.25 

3.53 

3.40 

3.60 

6.71 

8.03 

6.49 

9.13 

9.48 

8.23 

3.07 

5.33 

4.13 

i 

-p 

i 



Table II continued 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

25(C6) 

26(C1JL) 

phenyl 

4-L-(+)-1,3-dioxolane 

4-D-(-)-l,3-dioxolane 

4-L-cis-2-methyl-l,3-dioxolane 

4-L-trans-2-methyl-1,3-dioxolane 

4-D-cis-2-methyl-1,3-dioxolane 

4-D-trans-2-methyl-l,3-dioxolane 

2-1,3-dioxolane (isodioxolane) 

L(t)-8-methylacetylcholine 

a"! 

D(-)-B-methylacetylcholine 

B-trimethylammonium methyl propionate3 

(reversed ACh) 

acetylcholine (ACh) 

n-hexyl 

n-undecyl 

6.21 

13.26 

4.00 

13.33 

11.33 

13.42 

6.19 

18.7 

15.00 

24.50 

7.58 

0.65 

4.17 

17.7 

29.94 

4.22 

8.97 

15.55 

4.26 

15.55 

13.33 

16.10 

6.73 

16.5 

19.72 

31.25 

9.86 

0.7<! 

4.17 

10.52 

16.80 

4.68 

17.03 

14.66 

17.12 

15.5 

23.31 

3.25 

10.24 

0.81 

4.37 

12.91 

18.28 

4.72 

17.48 

16.18 

18.69 

7.49 

14.4 

25.31 

41.66 

12.28 

0.85 

i 

1 

a) Full name is given 

b) K.is a dissociation constant 

c) Variation with temperature of apparent Michaelis constants 
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Figure 1 

Variation with temperature of the inhibition of ACh 

hydrolysis by AChE for cyclo butyltrimethylammonium 

iodide (compound N° l ) at four temperatures 

The inhibition i s of the pure competitive type. 
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Figure 2 

Variation with temperature of the inhibition of ACh 

hydrolysis by AChE for the cyclo octyl trimethyl ammonium 

iodide (compound N° 5) , at three different temperatures 

The inhibition i s of the pure competitive type 
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Figure 3 

Variation with temperature of the inhibition of ACh 

hydrolysis by AChE, for two structurally different 

competitive inhibitors of the enzyme 

CURVE A: phenyl trimethyl ammonium iodide (compound N° 12) 

at 30°C 

CURVE B: D-(-)-8-methyl acetyl choline iodide (compound N° 21) 

at 10°C 

CURVE C: D-(-)-B-methyl acetylcholine iodide (compound N° 21) 

at 25°C 
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b) L-(+)-8-methyl acetylcholine (compound N° 20): 

The Michaelis constant for th i s substrate was graphically 

determined at five different temperatures by the method of Eadie (Figure 

4 , page 52)* Th« variations of Km and Vm with the temperature are given 

in Table I I I . This es ter has been checked for spontaneous hydrolysis 

in aqueous solutions and was found t o be highly stable , since no hydro­

l y s i s could be detected over periods of ten days in water. 

c) Formylcholine: 

Attempts t o evaluate the Km of formylcholine iodide under 

conditions similar to those applied t o ACh, were unsuccessful, owing 

t o the rapid and spontaneous rate of hydrolysis of th i s compound in 

aqueous solutions. Under those conditions, the spontaneous hydrolysis 

was so large when compared t o enzymic nydrolysis, that the evaluation of 

the enzyme's contribution t o tota l hydrolysis was subject t o very large 

errors. Nevertheless, the rate constant for the pseudo f i r s t order aqueous 

hydrolysis of th i s ester has been determined at three temperatures so 

as to obtain the energy of activation for th is reaction. 
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Figure 4 

Eadie*8 plots at three different temperatures for the 

substrate L-(-h)-B-methyl acetyl choline 

Each point represents an experimental measurement. 

The slope is equal to -K^. Complete data 

are given in Table III. 
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TABLE I I I 

Variation of K with temperature for the 

a) hydrolysis of L(+)-g-methylacetylcholine 

T°C V a ) V /K K b ) 

m m m m 
x 10 mole.min" x 10 l i t e r . m i n " x 10 mo le . l i t e r " 

10° 

15° 

20° 

25° 

30° 

16.1 

18.1 

21.8 

25.9 

29.5 

8.0 1.67 

10.3 1.77 

13.2 1.65 

16.7 1.55 

20.4 1.44 

a) when the enzyme concentration i s 10 uni t s in 25 ml of reaction 
medium 

b) here, K is the apparent Michaelis constant 
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PSEUDO FIRST ORDER RATE CONSTANT FOR THE 

SPONTANEOUS HYDROLYSIS OF FORMYL CHOLINE IN WATER 

T°C (pseudo first order) 

20°C 1.1 x lO^min".1 

25°C 2.2 x lO^min".1 

30°C 4.4 x lO^min"1 

The energy of activation is * 26 Kcal/mole 

3) Arrhenius plots: 

The effects of temperature on Ki give rise to linear Arrhe­

nius plots. Typical results are illustrated in Figure 5, (page 55 ), 

where each compound is illustrative of a class. 

4) Thermodynamic Quantities t 

These parameters are assembled in Table IV and the deviations 

resulting from experimental errors are also given. One can readily note 

the constancy of AF for the entire series of 23 ligands (series D of Table 

V). The mean value for the free energy of binding is equal to 
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Figure 5 

Arrhenius plots for four inhibitors of AChE 

each being representative of a class of compounds, and 

for the substrate L-(+)-8-raethyl acetyl choline (where the 

apparent Michaelis constant is treated 

as an equilibrium constant). 
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-4.2 ± 0.6 Kcal./mole. However, some special trends are operative 

and serve to characterize compounds with similar structures. For 

example, the oxygen-containing compounds like the 1,3-dioxolane deri­

vatives and the ester compounds (seriesC of Table V) have a somewhat 

lower mean AF value of -3.8 Kcal./mole. In contrast, the cyclo alkyl 

derivatives of TMA and the aromatic compounds (seriesB of Table V) have 

a more negative AF, the average value being -4.5 Kcal./mole. 

The enthalpy and entropy terms however, are subject to very 

large inflections, even among compounds of similar structures, but owing 

to compensation effects, these variations do not affect the free energy 

quantities. To illustrate this observation, it will suffice to consider 

the case of the four ligands carrying an aromatic substituent (compounds 

N° 9 to No 12) where the 6 AH of the substituent can differ by some 

5 Kcal./mole and the 6 AS by * 17 e.u.. when comparison is made between 

the thienyl and furyl substituents. Note however, that the 6 AF for the 

same pair of compounds is only 0.1 Kcal./mole. Variations of a similar 

magnitude in AH and AS are observed between pairs of oxygen-containing 

ligands and within the cyclo alkyl TMA series of derivatives. Within 

a series of chemically related compounds, the invariability of AF is 

nevertheless rigorously respected. 

The thermodynamic parameters indicate that the binding of the 

thienyl differs markedly from those of similar chemical structures such 

as furyl and phenyl rings. Important differences in the interaction me-



TABLE IV 

Thermodynamic quantities for the binding of inhibitors 

and substrates to AChE 

Compound 

NO 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

TMA D e r i v a t i v e 

c y c l o b u t y l 

c y c l o p e n t y l 

c y c l o h e x y l 

c y c l o h e p t y l 

c y c l o o c t y l 

b i c y c l o h e p t y l 

b i c y c l o o c t y l 

t r i c y c l o d e c y l (adamanty l ) 

2 - f u r y l 

5 - m e t h y l - 2 - f u r y l 

2 - t h i o p h e n y l 

pheny l 

4 - L ( + ) - l , 3 - d i o x o l a n e 

AF 4 25° 

^ • ' m o l e 

- 4 . 7 5 

- 4 . 7 9 

- 4 . 3 4 

- 4 . 2 9 

- 4 . 4 4 

- 4 . 1 1 

- 4 . 1 1 

- 4 . 2 5 

- 4 . 8 0 

- 4 . 4 6 

- 4 . 6 9 

- 4 . 6 0 

- 3 . 9 8 

T 

-t-

•+-

+ 

I 

-*-

Ar 

+ 

"t 

T 

•+ 

+ 

+" 

0 . 1 2 

0 . 1 6 

0 . 1 2 

0 . 0 9 

0 .16 

0 . 0 9 

0 . 1 1 

0 . 0 8 

0 . 1 4 

0 . 1 6 

0 . 1 1 

0 . 1 3 

0 . 0 9 

AH 

^ • ' m o l e 

- 3 . 1 * 0 . 2 

- 3 . 0 t 0 .7 

- 0 . 8 5 z 0 . 5 

- 4 . 6 5 + 0 . 1 2 

- 5 . 0 t 0 . 5 

0 . 0 i 0 . 3 

+ 0 . 2 t. 0 . 2 

- 3 . 0 - 0 . 3 

- 0 . 3 5 i O . J 

- 1 . 4 T 0 . 3 

- 5 . 2 5 2 0 . 2 

- 0 . 5 1 ± 0 . 2 

- 6 . 4 ± 0 . 2 

AS 

e . u . 

+ 5 . 6 -r 0 . 5 

- 5 . 9 - 1 . 4 

- f l l . 7 t 1 . 0 

- 1 . 3 * 0 . 2 5 

- 1 . 9 t 1 . 1 

^ 1 3 . 8 i 0 . 7 

+14 .6 : 0 . 5 

+ 4 . 2 z 0 . 6 

+ 1 4 . 9 i 0 . 7 

+ 1 0 . 4 r 0 . 7 

- 1 . 9 i 0 . 5 

+ 1 3 . 6 * 0 . 5 

- 8 . 1 ± 0 . 5 

en 
-J 



Table IV continued 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

25(Cg) 

26 ( C ^ 

4-D(-)-l,3-dioxolane 

4-L-cis-2-mathvl-l,3-dioxolane 

4-L-trans-2-methyl-l,3-^ ioxolane 

4-D-cis-2-methyl-1,3-dioxolane 

4-D-trans-2-methyl-1,3-dioxolane 

2-1,3-dioxolane (isodioxolane) 

L (4-) -8 -methyl acetylcholine 

D(-)-8-methyl acetylcholine 

B-trimethylammonium methyl propionate 
(reversed ACh) 

3C1 

acetylcholine (ACh) 

n-hexyl 

n-undecyl 

-3.78 

-4.52 

-3.73 

-3.85 

-3.76 

-4.24 

-3.82 

-3.58 

-3.28 

-4.74 

-4.06 

-5.56 

J 0.07 

r 0.17 

i 0.10 

± 0.07 

± 0.08 

i 0.13 

1 0.12 

I 0.01 

v 0.11 

- 0.02 

T. 0.08 

^ 0.18 

-2.95 ' 0.15 

-1.3 1 0.3 

-2.75 ' 0.55 

-2.85 1 0.20 

-2.84 ± 0.20 

-1.4 i 0.4 

^2.2 t 0.2 

-4.56 + 0.05 

-4.6 ^0.4 

0 

-3.9 < 0.2 

-2.4 + 0.2 

^2.7 i 0.4 

+ 10.8 x 0.8 

1 3.3 r 1.0 

-3.36 r 0.45 

3.1 * 0.5 

+ 9.6 + 0.9 

+ 20.2 z. 0.5 

-3.29 i 0.25 

-4.3 1 0.8 

+15.9 i 0.1 

+ 0.54 +: 0.5 

• 10.6 r 0.6 

i 

00 

1 

a) Full name is given 

b) At 30°C 

c) The Kg, constant for those two substrates has been assumed to be equal to the equilibrium constant of 
binding; the AF and AH quantities have been evaluated consequently. The questionability of doing so 
will be discussed later. The thermodynamic quantities have been defined as apparent AF, AH and AS. 
(see page 43,41). 
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TABLE V 

Relation between AF and i n t e r c e p t s on AH a x i s 

as applying t o each group of l igands 

Intercept of L„ 
n 

on AH a x i s 

Kcal . / , mole 

Intercept of Lc 

S 
on AH ax i s 
Kcal . / . mole 

Average free energy 

quantity 

* ^ - ' m o l e 

GROUP A 
(22 p a i r s ) 

GROUP B 
(12 p a i r s ) 

GROUP C 
(10 p a i r s ) 

GROUP D 
(23 p a i r s ) 

GROUP E 
(11 p a i r s ) 

-4 .15 

-4 .54 

-3 .82 

-4 .15 

-3 .84 

-4.09 

-4.50 

-3.80 

-4.09 

-3.81 

-4 .19 

-4 .47 

-3 .85 

-4 .21 

-3 .93 

* all values are given in Kcal«/_£.!-

Lj, is the regression line of AS on AH 

L_ is the regression line of AH on AS 
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chanism of the enzyme with diastereoisomers of the 1,3-dioxolane series 

and the enantiomeric D-(-)- and L-(+)-B-methyl acetyl choline are also 

operative. 

Note worthy is the case of the n-undecyl derivative (compound 

N° 26), where it is observed that AF assumes a much larger value (when 

compared with the n-hexyl analog for example) than expected, thus indi­

cating a departure from the general mechanism of interaction which is 

characteristic of the short chain n-alkyl derivatives of TMA. The value 

of AF here, is more negative than the mean value of 4.2 Kcal./mole by 

1.4 Kcal. 

Among the eight cyclo alkyl ligands derivatives of TMA, there 

is a tendency for AH and AS to become more positive when the molar vo­

lumes are increased (Tables I and IV). However, very significant de­

partures from this additivity rule are observed in the case of the cyclo-

heptyl, cyclooctyl and adamantyl ligands, which exhibit much lower en­

thalpy and entropy values by comparison with expectations based on the 

behavior of the smaller ring analogs. 

A glance at Tables II and IV reveals that no relationship can 

possibly exist between the magnitude of the inhibition constants and the 

thermodynamic parameters for the binding: ligands with dissimilar struc­

tures like the 2-thienyl-TMA and D-(-)-8-methyl acetyl choline have res­

pectively one of the largest and one of the smallest inhibition cons­

tants of the whole series, although their thermodynamic parameters are 
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comparable. The same applies to the bicycloheptyl and 2-furyl deriva­

tives. However, especially in the cyclo alkyl series, one may find 

some parallelism between the thermodynamic parameters and the inhibition 

constants. This seems to apply to homologous compounds like the pairs 

cyclo butyl-cyclopentyl, cyclo heptyl-cyclooctyl and bicyclo heptyl-bicy-

clooctyl. 

5) Statistical Treatment of the Data: 

According to our presentation on the enthalpy-entropy rela­

tionships (see Chapter I), it is essential to verify the actual exis­

tence of additivity relationships between AH and AS when a series of 

chemical events of the same physical nature are considered. Here, we 

have access to the thermodynamic parameters that are characteristic of 

the binding equilibria with AChE for a series of twenty-three ligands, 

all of which are known to interact with the same site since they all pos­

sess a common cationic moiety. The various possible "pairs of obser­

vation" on AH and AS (data of Table IV) are assembled in Figure 6 (page 

One notes first that the "pairs" have AH and AS values that are spread 

over a considerable range, with a maximum 6 AH of "v 8.6 Kcal./ , and 
mole 

a 6 AS of some 30 e.u. Should one compare these variations with those 

reported (93, 94) for interactions of a different nature, the conclusion 

is obvious that the observed ranges in the variation of AH and AS are 

quite large indeed. 
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Figure 6 

Isoequilibrium plot for the thermodynamic parameters 

relative to the binding of the inhibitors and substrates 

listed in Table jy 

(excepting compounds N° 25 and N° 26). The slope 

and intercept were evaluated by the application of the 

least square method of fitting. The regression line of 

AH on AS (see Table V) is shown. 

Note: For reasons of clearness in the presentation, the uncertainty 
in the evaluation of the thermodynamic parameters is given 
only for the AH coordinate. But there exists also an error 
of same order of magnitude in the evaluation of AS. Therefore, 
as was pointed out by Grunwald and LeffLor (94), the probable 
error contour for a given pair of AH and AS values has the shape 
of an elongated ellipse, since the absolute error in AS is a 
multiple of that for AH. 
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As seen in Chapter I , the operation of a single physical 

mechanism to a series of reactions i s a valid conclusion when a l inear 

isoequilibrium relationship actually e x i s t s . Thus, prior to the pro­

posal of a mechanism of interaction for a complete series of ligands 

with the enzyme AChE, i t i s an important prerequisite to establish the 

l inearity of the relationship between the AH and AS parameters for the 

interactions. 

The correlation coefficient i s indicative of the degree of 

val idi ty of a l inear relationship. Therefore, the calculation of th i s 

coefficient must be done f i r s t , after which a least square f i t of the 

data can be applied to characterize the curve. 

The correlation coefficient r, was calculated according to 

the following expression 

(I H ' S ' ) 2 

r = (97) \ l j 
E(H')2 E ( s ' ) 2 

where 

IH'S 1 - I(AHAS) - (S AH)(I AS) 
n 
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z ( H . ) 2 = I ( A H ) 2 - i L A H l ! 
n 

2 
z ( s - ) 2 = i Us ) 2 - (E AS) 

n 

with 

E AH = -54.36 E ( J i ) 2 = 228.76 

E AS = +143.0 E (AS)2 = 2152.67 

E (AHAS) = +12.24 

and t a k i n g n a s being 23, (Table IV with N° 25 and N° 26 e x c l u d e d ) . 

The sums a r e always f o r t h e 23 va lues and t h e AH and AS terms a r e 

t aken from Table IV. 

From \_l}, r was found t o be equa l t o 0.98 ( f o r ser iecD of Table V). 

Such a va lue f o r r , j u s t i f i e s the a p p l i c a t i o n of a l i n e a r r e l a t i o n s h i p 

between AH and AS. A l e a s t square f i t may then be app l i ed t o t h e p a i r s 

(AH, AS) of da ta in Table IV, in o rder t o c h a r a c t e r i z e t h e c u r v e . P r e ­

v i o u s l y , groups of l i gands from Table IV were assembled accord ing t o t h e i r 

s t r u c t u r e s , and two curves were cons t ruc t ed f o r each group; one curve c a l l e d 
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L„ being the line of regression of AH on AS and the other, L., being the 

line of regression of AS on AH. Each line is characterized by a slope 

m and one intercept. The ligands were classified as follows: 

GROUP A - (22 pairs) - includes all the ligands of Table IV, with 

the exception of ACh (N° 22), n-hexyl (N° 25) 

and n-undecyl (N° 26) 

GROUP B - (12 pairs) - includes ligands that are either cyclo alkyl 

derivatives of TMA, or that include an aroma­

tic substituent on TMA. 

GROUP C - (10 pairs) - for the 1,3-dioxolane derivatives, the reversed 

ester of ACh and the 8-methyl acetylcholines. 

GROUP D - (23 pairs) - Is the same as GROUP A * ACh 

GROUP E - (11 pairs) - is the same as GROUP C - ACh 

The slopes and intercepts of the lines corresponding to each group are 

presented in Table VI. 

The statistical treatment of the data indicates that the square root 

of the product of the slopes of two regression lines gives the correlation 

coefficient (99)j the coefficient for each group is given in Table VI. 

It is readily seen that the slopes and intercepts of the two 

regression lines in any single group taken from Table VI are very similar. 



TABLE VI 

Least square curve f i t t ing of two regression l ines and correlation coeff ic ients 

GROUP A 
(22 p a i r s ) 

GROUP B 
(12 p a i r s ) 

GROUP C 
(10 pa i r s ) 

GROUP D 
(23 p a i r s ) 

GROUP E 
(11 p a i r s ) 

(regress ion l i n e of 

™H 

0.00345 

0.00325 

0.00351 

0.00349 

0.00363 

Intercept 
on AS a x i s 

+ 14.3 

+14.8 

+13.4 

+14.5 

+13.9 

AS on AH) 

Intercept 
on AH a x i s 

-4 .15 

-4 .54 

-3 .82 

-4 .15 

-3 .84 

L s 
(regress ion l i n e 

ms 

280° 

302° 

280° 

288° 

270° 

Intercept 
on AS a x i s 

+14.6 

+14.9 

+ 13.6 

+14.8 

+ 14 .1 

of AH on AS) 

Intercept 
on AH a x i s 

-4 .09 

-4 .50 

-3 .80 

-4 .09 

- 3 . 8 1 

r= JVs 

(Correlation 
c o e f f i c i e n t ) 

0.98 

0.99 

0.99 

0.98 

0.99 

BL, - slope of L. (in reciprocal degrees) 

m„ = slope of L„ (in absolute degrees) n ~ s ^ 

intercept on the AS axis i s given in e .u. 

intercept on the AH axis i s given in Kcal./ . 

r is the correlation coefficient 
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Such behavior is a direct consequence of the existence of correlation 

coefficients close to unity in all cases. 

Tables of correlation indicate that for a number N 20 pairs 

of observation, the probability of obtaining by chance a value of r 

equal to 0.68 is 0.001 (100). The results presented above are then 

indicative of a true linear relationship between AH and AS and this 

remains valid regardless as to whether the series of TMA derivatives is 

considered as a whole or as separate classes of ligands. 

It should be noted that although the correlation is just as 

good for compounds of group B, as it is for those of group E, the curves 

exhibit slightly different characteristics, but which represent only a 

minor departure from the main curve (that of group D). Although this 

point will be analyzed in greater detail in the next chapter, note should 

be taken here, that a true relationship exists for each group of compounds 

(as classified above) between the intercepts of the curves on the AH 

axis and the mean value of the corresponding free energy quantities AF 

for the same group of compounds. These relationships are clearly 

shown in Table V. This point is of importance and allows some basic 

conclusions that will be developed later. 

6) The iBoequlllbrium Plot: 

As the above analysis indicates, one can establish a linear 

relationship (Figure 6, page g^ between AH and AS for the entire series 
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(group D of Table VI) of inhibitors studied (n-hexyl and n-undecyl are 

not included). This line L^ for which a correlation coefficient of 

0.98 was established, has a slope of 288° and an intercept on the AH 

axis of -4.15 Kcal./ . In spite of the high significance of the 

correlation coefficient, small departures from linearity exist, but 

in no way, can the validity of the isoequilibrium relationship be ques­

tioned, using small deviations as a basis, since they can be ascribed to 

minor perturbing mechanisms that are superimposed on the major linear 

relationship. Thus, a linear relationship of the form AH = 8 AS would 

apply for this series of ligands where 8, the slope in absolute degrees, 

may be considered as equal to the experimental temperature, 298°. The 

existence of this relationship is clearly indicative of the operation of 

a single physical mechanism of interaction for the entire series of li­

gands. 

In addition, the Figure 6 (page 62) shows that the interac­

tions of the substrates ACh (compound N° 23) and L(+)-8-methyl acetyl­

choline (compound N° 20) can also be described by the same general physical 

i 

mechanism, although in those cases steady-state constants(K , are appa-

rent Michaelis constants) instead of true equilibrium constants (K., ) 

have been used. As will be shown later, the applicability of Kg, values 

in our thermodynamic studies gives an indication that they can be treated 

as real equilibrium constants for all practical purposes. 
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Figure 7 (page 70) has been included to show that the 

relationship that was established for the various ligands assembled in 

Table IV, hold just as well for the series of n-alkyl-TMA derivatives, 

whose thermodynamic parameters for the same reaction have been determined 

previously by Belleau, Tani and Lie (83) (Table VII). The plot of Figure 

7 i s the same as that shown in Figure 6 and i t can be seen that the 

points follow the same general relationship very c lose ly . The proposal 

was made (95) that these compounds interact with the AChE surface by the 

same physical mechanism. Indeed, Figures 6 and 7 indicate that th i s 

general mechanism also applies to ligands that are not n-alkyl-TMA deri­

vat ives . Figure 7 also includes the AH and AS quantities for the longer 

chain ligand n-undecyl-TNA ( C , , ) , in which case a significant departure 

from the l inear relationship i s observed, and a lso for the n-hexyl-TMA 

(C6) l igand. 

7) Effects of Structure on the Enthalpy of Binding: 

Following the observation that a large number of ligands inter­

act with the AChE surface by the same Thysical mechanism, the structural 

features of these l igands, as they influence the thermodynamic parameters 

that characterize the mechanism, wi l l now be analyzed. I t can be empha­

sized again that a change in the structure of the ligands does not change 

the basic physical mechanism of interaction, as i s c learly demonstrated 

by the existence of an isoequilibrium relationship (see Figure 6 ) . The 
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Figure 7 

Isoequilibrium plot similar to that shown on Figure 6 

Here i s shown the applicabil ity of the same linear relationship 

t o the binding of a few n-alkyl derivatives of TMA 

(see Table VI). Also included, are the thermodynamic 

parameters for compounds N° 25 (Cg) and N° 26 (C,,) (see Table III) 
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Compound 

No 

C l 

C3 

C4 

C5 

C7 

ce 

TABLE VII 

Thermodynamic q u a n t i t i e s f o r the bin^ ing 

n-a lky l TMA d e r i v a t i v e s on AChE 

TMA 

R 

H 

C2H5 

C3H7 

C4H9 

C6H13 

C7H15 

der iva t ive - R 
\ 

AF 25° 

^ • ' m o l e 

-3 .59 + 0.02 

-3 .92 r 0.01 

-4 .20 ± 0.01 

-3 .76 x 0 .01 

-4 .08 i 0.01 

-4 ,34 +• 0 .01 

+ / C"3 
N — CH_ 

CH2 \ CH3 

AH 

Kcal . /W„T . 

- 6 .60 ^ 0.30 

-6 .32 i 0.30 

-5 .22 1 0 . 2 2 

-5 .40 + 0.20 

-4 .49 i 0 .01 

-4 .40 ± 0.05 

of 

AS 

e . u . 

- 1 0 . 1 t 1.0 

- 8 . 1 i 1.0 

- 3 . 4 i 0.7 

-5 .5 ± 0.7 

- 1 . 4 ± 0 . 4 

- 0 . 2 x 0.17 

* (data taken from Belleau and Tani (83)) 
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structural changes in the ligands merely serve to cause the points to 

move only an the curve. But such changes as the removal of electron-

rich centers or the addition of functional groups of high reactivity 

may have been expected to perturb the fundamental mechanism, so that 

deviations from the isoequilibrium plot would have bean observed. 

However, for several series of ligands, the common TMA moiety is sub­

stituted by groups that are physically very similar, which limits the 

importance of secondary perturbing mechanisms. In this respect, when 

going from formyl to acetylcholine or from acetyl to propionyl choline, 

only the addition of a methylene group is involved in the structural 

change, a modification of minor importance. Any thermodynamic inflection 

in their respective interaction mechanism will be indicative of a speci­

ficity effect if the deviation is out of line with normal expectations. 

Modifications of structure, will sometimes produce specific 

effects on binding with the enzyme, and such may be anticipated and 

explained without recourse to thermodynamic data. For example, inter­

changing the position of the carbonyl group in acetyl choline with the 

ether oxygen, to give reversed ACh (compound N° 22), results in the 

formation of a weak inhibitor devoid of substrate properties. At the 

same time, AH binding decreases by some 4.5 Kcal./ . . The homologous 

substrate L(+)-8-methyl acetyl choline h&s a 1< value five times as large 

as that for ACh; in this case the apparent AH binding amounts to some 
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2 Kcal./ . . Changing the configuration so as to obtain the 

D-(-)-8-methyl acetylcholine results in a change from a substrate to 

an inhibitor; this change i s reflected in a 6 AH of some 7 Kcal./ . . 

(6 AH binding i s of course linearly related to 6 AS). In these exam­

p le s , the effects of structural changes are directly reflected in a 

kinetic property of the system. 

On the other hand, the importance on binding of structural 

modifications such ae those which characterize the 1,3-dioxolane series 

of isomeric dioxolane8 (compounds 13 to 19) can be appreciated only by 

analyzing the effects of configuration on the thermodynamic parameters. 

The stereoisomers 4-trimethyl ammonium methyl-D(-) and L(+)-1,3-dioxolane 

are characterized by a change in their respective AH binding of some 

3.5 Kcal./ . . Addition of a cis-methyl group in the 2-position of 

the L(+)-dioxolane (compound 13) results in an increase in AH binding 

of * 5 Kcal./ , . No such effect ex i s t s in the D-series of enantiomers, moie 

since the binding of the three isomers of th i s series (compounds No s 14, 

17, 18 on Figure 6 ) , i s characterized by equivalent thermodynamic cons­

tants . Complex formation with the optically inactive iscdioxolane 

(compound 19) , which formally results from a transposition of the TMA 

substituent, leads to thermodynamic parameters that markedly di f fer 

from those of the D(-) and L(+)-isomers, the difference in AH with the 

former being 1.5 Kcal«/m o l e and with the la t ter 5 K c a l . / ^ ^ . 
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The isoster ic change furan to thiophene, has no influence 

on the free energy quantit ies , yet i t results in an Important modifi­

cation (with a 6 AH binding of 5 Kcal./ . ) in the mechanism of inter­

action with the AChE surface. Here, the enzyme exhibits an unexpected 

sens i t iv i ty towards these hetero aromatic rings. 

The f lex ible es ter ligands are situated at extreme positions 

on the isoequilibrium curve; the non-substrate ones (compounds N° 21, 

N° 22) have strongly negative AH values, while the substrate-esters, ACh 

and L(+)-8-methyl ACh give rise to large positive increments in AH. 

When the n-alkyl chains are constrained by cyclization to 

4 - , 5- or 6-membered rings (compounds N° Ĉ  and Cg of Table VII and 

N° 26 of Table IV), a constant effect on AH i s observed. The increase 

in AH binding upon cyclization of these three alkyl chains averages 

2.5 Kcal./ . . However, the behavior of larger cycles l ike cycioheptyl 

and cyclooctyl i s in sharp contrast, since these ligands exhibit AH 

value6 that are characteristic of the open-chain analogs C- and Cg. The 

f l e x i b i l i t y of these large rings allows for a great deal more internal 

freedom than the smaller rings, which explains their AH characterist ics . 

When r ig idi ty i s maintained in these cyclo alkyl rings, as in the case 

of the bicycloheptyl and bicyclooctyl derivatives, AH binding i s compa­

rable t o that for the cyclohexyl ring. On the basis of these considerations 

on the r ig idi ty and f l e x i b i l i t y of cycl ic alkanes, one would expect the 

highly-rigid structure of adamantane to behave l ike the bicyclic-analogs. 
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However, i t s posi t ion an the isoequilibrium plot i s anomalous (compound 

N° 8 ) , which suggests t ha t a specia l effect i s operative in t h i s case . 

The expected posi t ion of adamantane on the curve of Figure 6, i s some 

3 Kcal./ . higher than the experimental AH value. 



- 76 -

CHAPTER IV 

DISCUSSION 

A) The Size of AF: 

The appearance of the isoequilibrium plot of figure 6 (page 62) 

suggests that a common physical mechanism of interaction with the AChE 

surface applies to all ligands examined in this study. This statement 

is supported by the fact that the thermodynamic relationships satisfy 

all the afore mentioned requirements for a unique mechanism, namely 

the correlation coefficient which confirms the linearity of the relation­

ship and the range of values covered by the AH and AS parameters which 

eliminates the possibility of a fortuitous identity of 8 with T ^ 

On the basis of the observation that the TMA moiety contributes a 

constant effect, it follows that the physical mechanism of interaction 

of the ligands concerns only the substituents of the TMA heads. 

The compensation effects observed in the relative values of 

AH and AS for each pair of observations, accounts for the constancy of 

AF at 4.2 ± 0.6 Kcal./mole (see data of group D of Table V). It is inte­

resting to compare this average value of AF with that for other processes 

where similar compensation effects are also operative. Jeffrey and Coates 

reported the following values for the self-association of bovine insulin 

(134). 
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AF AH AS 

Kcal./mole Kcal./mole e . u . 

dimerization - 5 . 4 - 7 . 1 - 5 . 5 

tetramerizat ion - 3 . 9 -16 -41 

hexamerization - 3 . 8 49 17"7 

The f luc tuat ions in AF are quite small when compared with 

the very large var ia t ions in both the enthalpy and entropy terms. ( I t 

i s not iceable that two processes involving d i f ferent molecular s p e c i e s , 

such as the revers ib l e a s s o c i a t i o n of protein subunits and the binding 

of small l igands t o an enzyme molecule, should be characterized by a 

comparatively small free energy of a s s o c i a t i o n averaging about 4 Kcal . / 

mole. This suggests that the compensation e f f e c t s between AH and AS 

may have a common o r i g i n ) . 

However, i t i s evident that compensated forces cannot c o n t r i ­

bute t o the binding energy of the l igands with the enzyme. On the bas i s 

of the i s o equil ibrium r e l a t i o n s h i p , AH — 8 AS, the non-compensated 

contr ibut ion of AH t o AF can be obtained by s e t t i n g AS equal t o zero; the 

fundamental and constant force contr ibut ing t o the observed AF value can 

thus be evaluated. The AH-intercept as evaluated by the l eas t - square 
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method was found to be -4.15 Kcal./mole (see Table V). This value 

is equal for all practical purposes to AF throughout the series. 

Some time ago, Hepler (135) has introduced the concept of 

internal and external contributions to the thenrcidynamic parameters 

characterizing the process of ionization of organic acids in water; the 

respective contribution arising from the interaction of the acid and 

the anion and that originating from environmental effects such as the 

solvent were separated and treated as additive functions. Accordingly, 

the thermodynamic quantities reported in Table IV must also be consi­

dered as being made of two parts: a) the quantities AH:{riter»vli
 an^ ^internal 

which account for the interaction enzyme-ligand and b) the A H . mal 

and AS . ., components originating from the interactions of the 

enzyme and the ligands with water. 

In the case of the AChE-TMA ligands interactions, the AH.. „ . 

term (4.15 Kcal./mole) accounts completely for the constant AF average 

value; therefore, the compensation effects forming the basis of the iso-

equilibriuTn plot must be concerned exclusively with the external components, 

that is with the interactions of the coeolutes with the solvent. To con­

firm this, statistical computations of the slopes and intercepts of va­

rious plots were applied using smaller assemblies of data, the choice of 

which being dictated by the constancy of certain structural features 

between families of ligands. A glance at Table V (page 59 ) shows that 

if, for example, the 1,3-dioxolane derivatives and the ester ligands are 

taken as a separate group (group C), the estimated value of AH.. e__-i is 

for 
3.80 Kcal./mole; the average AF/this group is 3.85 Kcal./mole. A similarly 
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close agreement between AH. . , and average AF values is also 

observed for the group of the cyclcalkyl-TMA ligands; in this case, 

^internal ~ A^ = ***̂  Kcal«/m°le« This also applies to group A, which 

comprises the thermodynamic data for all the ligands minus ACh. Such 

a close agreement cannot possibly be due to a fortuitously favorable 

selection of ligand groups, which confirms that the effect of the inter­

actions with the environment is internally cancelled and thus cannot 

be reflected in the value of AF. 

The first significant conclusion from the molecular point 

of view that the above facts permit consists in that the value of 

AH. , (that is the uncompensated component of AF) must reflect 

the interaction between the TMA moieties with the anionic site of the 

AChE active center, where the cation is held by cculombic forces. It 

is very nearly the same for all the ligands, thus showing beyond any 

question that the AF parameter is insensitive to structural changes, by 

comparison with the enthalpy and the entropy parameters; hence the AF 

parameter can only account for the ion-ion interaction force. 

The second conclusion that can be drawn, concerns the speci­

ficity parameter which is reflected only in structural alterations of the 

"environment". In fact, the slope g for the isoequilibrium relationship 

has the highly characteristic value of 288 , which suggests that the 

thermodynamically significant reaction concerns the perturbation of 

the structure of the water associated with the reactants (94). A compa-
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risen of the thermodynamic data for the tetramethylammonium ion on 

the one hand, and of i t s derivatives on the other, shows that the 

introduction of any substituent on th i s ion always contributes t o 

making both the XL and AS values more posit ive; th i s i s true for a l l 

the cases so far investigated. Hence, th i s increased positiveness as 

caused by any substituent must be associated with the melting of water 

molecules on the enzyme surface especially around the active s i t e s . 

According t o Kauzmann (30), the slope 8 for any transfer 

process where the breaking of "iceberg structures" surrounding hydro­

carbon molecules in water i s believed t o take place, (such as i s the 

case in the transfer of non-polar solutes from water t o non-polar 

solvents) ranges between 50 and 150 . The value of 8 in our case i s 

288 , which i s very close t o that expected for a process where ice-melting 

controls the thermodynamic parameters (30). A similar value has been 

reported for the formation of gas hydrates derived from methane, ethane, 

and propane (136). This i s an indication that in the case of ligand 

binding on AChE, the extruded water must be a structurally important 

component of the protein molecule. This conclusion supports the recent 

proposal by Orant (137), who deduced on the basis of d ie lectr ic measure­

ments, that the structure of protein-bound water i s more"... i ce - l ike 

rather than akin t o liquid water". 

It can be seen then that in the case of the binding of small 

ligands t o the active center of AChE, spec i f ic i ty effects must be ana­

lyzed in terms of the removal of bound water molecules, forming an in ­

tegral part of the protein molecule. 
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B) The Binding Equilibrium and the Removal of Water Molecules: 

The theory of extrathermodynamic relationships as applied 

t o the system AChE-TMA ligands, supports an interaction mechanism, 

which shal l be referred t o as the water extrusion hypothesis. (It 

would be useless here t o ascertain the obvious occurrence of bound 

water molecules on the surface of proteins). Consequently the removal, 

from the protein surface, of "structurally bound water", w i l l naturally 

be reflected in the value of the slope 8. However, such a statement 

w i l l be val id only i f the removal of the water moleculeB i s the actual 

parameter affecting in a determinant manner the energetics of the binding 

process. In other words, the activation energy for the binding process 

must be controlled by the extrusion of water molecules as the limiting 

step i f the thermodynamic parameters are t o reflect changes primarily 

in the structure of these molecules. 

Direct evidence that the removal of water molecules from 

binding surfaces can be rate-limiting for addition-complex formation 

cannot be ascertained by the methods applied here. However, that t h i s 

expectation i s probably valid i s supported by a number of known facts that 

are very intimately related t o the problem under consideration. Pert i ­

nent t o our problem i s the recent work of Molyneux and Frank on ligand 

binding onto polyvinylpyrrolidone(l39) and that of Cramer et a l (140) 

on the formation of inclusion compounds with a-cyclodextrins. According 
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t o these works, the process of complex formation between ligands and 

a macromolecular component such as a protein, may be dissected into a 

series of discrete consecutive steps, as follows: step l ) the melting 

of water molecules surrounding the ligand; step 2) the melting of vater 

in the region of the binding s i t e s on the macromolecule; step 3) the 

chemical interaction between the ligand and the macromolecule; step 4) 

the reformation of an order layer of water molecules around the addi-

t ion c ^ x . ' 

Step 3) can be eliminated as a possible rate-l imiting step 

for association, since the isoequilibrium relationship would not be 

expected t o hold for such a wide variety of ligand structures as we 

have studied. Differences in the physical interaction mechanisms of 

n-alkyl, cyeloalkyl, 1-3-dioxolane derivatives as well as ligands 

bearing ester functions with the protein molecule, would without doubt 

introduce significant deviations from the isoequilibrium relationship. 

Were i t be so, the ext rathe rmodynamic relationships for separate groups 

of ligands (such as those assembled in Table V) would have slopes and 

intercepts differing markedly from each other. As was shown above 

however, th i s i s not the case. 

One would normally suspect that the association step for the 

"naked" partners should be diffusion-controlled: strong supporting ev i ­

dence for th i s contention may be found in the rate of formation of inclu­

sion compounds (which i s a good model system for enzyme-substrate inter-
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actions). Cramer (140) could recently show that the "...rate of 

recombination of the complex formation (with a-cyclodextrin) of ni-

trophenol and its anion... are almost of the order of diffusion-

controlled reactions..." Furthermore, chemical interactions in general 

are very fast processes; for example, the formation of hydrogen bonds 

between partners is diffusion-controlled as the rate constants are of 

the order of 10~10 - 1 0 ~ n sec"1 (141). Therefore, the actual binding 

step (step 3) must be ruled out as a possible rate-limiting step. 

We therefore have concrete evidence here that the rate-

controlling step for the binding process concerns external physical 

factors, the most important of which being the structure-making or 

structure breaking effects of the various ligands on the surface-bound 

water. 

Whether step 1 or 2 is determinant has no bearing on the 

present discussion. It is only necessary to draw attention to the 

marked effects en binding of the stereochemical features of the TMA 

derivatives of the 1-3-dioxolane series to be convinced that the highly 

specific protein surface is implicated in the observed effects on the 

water structure. 

As a working hypothesis, we could state that the controlling 

parameter of complex formation is the effect of the ligand structure on 

the arrangement of the water molecules at the binding site. The equili­

brium constants exhibit a temperature dependence which is not related to 



- 84 -

the strength of the interaction, but t o the physical arrangement of 

water molecules. 

C) Models of Ligand Interactions: 

We wish t o report here two observations taken outside the 

f i e ld of purely biological systems, that give support and confer l i k e l i ­

hood t o the above interpretation. The f i r s t one concerns the study by 

Cramer (140) of the thermodynamics and kinetics of formation of inclu­

sion compounds with a-cyclcdextrins. The conclusion reached by the 

author who applied relaxation techniques, i s that the rate-l imiting 

step for the formation of such inclusion compounds consists in the 

melting of a few water molecules surrounding the azo dye ligand which 

i s t o enter the cavity supplied by the cyclcdextrin ring. 

Since Cramer reports the equilibrium constants as well as 

the ir temperature dependence for a series of ten azo dyes forming in­

clusion compounds, i t was of interest t o analyze his data with a view 

t o verifying the possible operation of an isoequilibrium relationship 

and in the eventuality of an affirmative answer, establish the magnitude 

of the slope 8. The AF quantities for the binding process have there­

fore been calculated using the K values given by Cramer and the 

entropy terms calculated in the usual manner, as discussed in Chapter I , 

(page 43). The relevant data thus obtained are assembled in Table VIII. 



TABLE VHI 

Thermodynamic parameters far the formation of inclusion 

compounds between g-cyclodextrins, and a ser ies of azo dyes 

Name of the Substrate Compound Keq. a ) b ) AF 14° AHb) AS 

N° x 10~3 Kcal./jnole Kcal./mole E.U. 

nitrophenol 

nitrophenolate 

1 -hydrc^late-4-(4'-nitro)phenyl azo-8-
naphthalene sulphonate 

4'-hydroxyphenyl azcHl-naphthalene-4-sulphonate 

4'-hydroxylatephenyl azo-l-naphthalene-4-
sulphcnate 

4 -dimethyl aminophenyl azo-l-naphthalene-4-
sulphonate 

S'-iDfithyl-H'-hycTroxyphenyl azo-l-naphthalene-4-
sulphonate 

3'-nethyl-4'-hydroxylatephenyl azo-1-naphthalene-
4-sulphonate 

3'-ethyl-4 ,-hyo!roxyphenyl azo-l-naphthalene-4-
sulphonate 

a'-ethyl-^'-nya^cotylatephenyl azo-1-nariYthalene-
4-sulphonate 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

2.6 

0.27 

3.2 

3.7 

1.55 

0.99 

2.4 

2.1 

2.2 

3.5 

-3 .4 

-u.7 

-3 .3 

-3 .3 

-3 .7 

-3 .9 

-3.4 

-3 .5 

-3 .5 

-3 .2 

-4 .2 

-7 .2 

-6 .3 

-7 .0 

-6 .3 

- 7 . 1 

-6 .4 

-5 .8 

-6.5 

-7 .7 

- 2.8 

- 8.7 

-10.4 

-13.2 

- 9 .1 

- U . l 

-10.4 

- 8.0 

-10.4 

-15.7 

a) Keq = the equilibrium constant far inclusion compound farmation 

b) values a s reported by Cramer (l1*0* 
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From these data, an isoequilibrium plot was constructed and i s shown 

in Figure VIII (page 87). It can be readily seen that the spread in 

the AH and AS terms is not as large as in our case; but th i s i s imma­

t e r i a l since we are not concerned here with the establishment of a 

unique mechanism but rather with the magnitude of 8 by comparison with 

the slope of the curve shown in Figure 6 (page 62). A graphical and 

rough evaluation of the slope of the curve on Figure 8, gives a value 

for 8 which l i e s between 250° and 286°. This i s strongly suggestive of 

a mechanism where the structure breaking effect of a ligand molecule on 

bound water determines the size of the thermodynamic parameters, a con­

clusion arrived at by way of a completely different approach, namely the 

relaxation techniques; furthermore, i t w i l l be noted that the value of 

8 for the isoequilibrium relationship describing the mechanism i s close 

t o the average experimental temperature (2&T ) . Since the value of 8 i s 

of the same order of magnitude as the value obtained for our ligand-

enzyme system, our proposal that the removal of water molecules from 

the surface of the reacting species i s the rate-l imiting step for complex 

formation becomes much more acceptable as a valid approximation of 

real i ty . 

The thermodynamics of addition complex formation between poly­

vinyl pyrrolidone and aromatic compounds has been investigated by Molyneux 

and Frank (139). The evidence a lso points t o a determinant effect of the 

ligand on the structure of water around the cosolutes. An isoequilibrium 
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Figure 8 

Isoequilibrium curve for the formation of inclusion 

compounds with q-cyclodextrin 

(The thermodynamic parameters were obtained from 
Cramer's report (140)). 
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plot characteristic of that system (ref. 139, Figure 5) was constructed 

and a slope 8 of 340 was estimated. This has been interpreted by the 

authors as an indication that the temperature dependence of the equilibria 

for complex formation is under the control of structure-breaking effects 

between water and the polymer surface. 

Other examples involving simpler systems taken from the field 

of the chemistry of metal complexes also support the view that the rate-

limiting step for the formation of addition complexes is the loss of a 

water molecule from the inner hydration sphere of certain metal ions (142). 

This conclusion was confirmed using data obtained by relaxation methods, 

a subject which was exhaustively reviewed by Eigen and de Ma^rer (143). 

It was shown that the rate constant for the substitution of one anion for 

9 -1 
one water molecule is consistently of 10 sec , a value which is not 

specific to the metal ion, whereas the rate for the removal of one water 

molecule is specific to the metal and is much lower by a few orders of 

magnitude. 

The above facts support the conclusion that the rate-determining 

step for complex formation between AChE and TMA ligands ought to be the 

removal of structured water molecules from the area of the binding sites. 

D) Nature and Role of Protein Bound Water: 

No special hypothesis is required in order to anticipate the 

involvement of structurally bound water on protein surfaces. It has long 
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been known that protein molecules are not only loosely hydrated as 

are most organic molecules in aqueous solutions, but actually include 

a real water l a t t i c e , the "ice-l ike" structure of which being expectable 

on the basis of the iceberg concept introduced many years ago by Frank 

and Evans (144). Consequently, some aspects of protein behavior, as 

revealed for instance by t i trat ion curves or denaturation processes, 

could be c lar i f ied when the fact was recognized that a highly structured 

network of water molecules forms an integral part of the molecule (145). 

In addition, as was pointed out above, recent die lectr ic measurements 

have shown that the structure of th i s protein bound water i s "ice-like" 

in character (137)* It would be appropriate here t o postulate the 

existence of another type s t i l l of bound water which would speci f ical ly 

make part of the three-dimensional protein structure. Such a poss ib i l i ty 

would arise from the presence on the protein surface and especial ly at 

the active center of some key polar groups so conveniently located with 

regard t o the environment, that they would speci f ical ly accommodate a 

molecule of water. As an example of such a special type of speci f ical ly 

bound water, one may c i te the case of the water molecule which i s believed 

t o occupy the sixth coordination position of the iron atom in the deoxy­

genated hemoglobin molecule (155,156). 

Current evidence pertaining t o the tert iary structure of the 

enzymes a-chymotrypsin (146) and ribonuclease (147), indicates that the 

active center l i e s in a c le f t or a depression on the surface. This region 
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of the molecule may well possess special features which could favor 

specific interactions with a few water molecules; these would then 

not make part of the structural network around the macromolecule and 

would have chance to play a rather more specific role. It is obvious 

however, that the thermodynamic approach to the problem of water ex­

trusion cannot allow a distinction between these two fundamental types 

of highly structured water associated with the protein. 

Other physico-chemical parameters will have to be discovered 

in order to locate any strategic position that bound water molecules 

may occupy. In this regard, it is of interest as well as suggestive 

that some of the ligands studied in this work strongly influence the 

parameter of pharmacological activity as reflected in their acetyl-

choline-like actions. It is not inconceivable that their interaction 

mechanisms with AChE may profitably be compared with their effects on 

the ACh-receptcrs since the latter are highly sensitive to the stereo-

electronic properties of the ligands. This need for an additional para­

meter of interaction specificities stresses the limitations of the ther­

modynamic approach with regard to the problem of biological specificity. 

In other words, what is important to know is the consequence of ligand 

binding with special reference to a certain biological response, and 

not exclusively the total number of water molecules extruded by the 

ligand from the cleft. 
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Accordingly, an approximate definition of protein spec i f i ­

c i ty toward ligands would be as follows: the ligand binding must be 

considered in relation t o the strategical ly bound water molecules which 

when removed from the c le f t lead t o a significant modification of the 

protein conformation. Hence, enzyme speci f ic i ty i s intimately related 

t o the stabi l izat ion of one favorable protein conformation over many 

others; i t can be seen that strength of binding for a ligand bears no 

relationship t o the basic problem under consideration. 

E) Transitions in Protein Conformations; 

The bindings of ligands on the protein surface being accom­

panied by the removal of strategical ly bound water molecules may possibly 

lead t o important reorganization of the protein structure, such as the 

making ex breaking of new intramolecular hydrogen bonds, the aggregation or 

dissociation of subunits, or he l i x - co i l transitions within the polypep­

t ide chain. We have seen above that intramolecular H-bond formation 

can hardly be the rate limiting step for such changes. In addition, the 

characteristic value of 288 for 8, the slops of the isoequilibrium re­

lationship of Figure 6, supports the view that even though transit ions in 

protein conformations may arise subsequently to the binding, they could 

not be rate-l imiting because they appear not t o be reflected in the AH 

and AS parameters. Were i t be so, the value of the slope would be expected 
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to be significantly different from the temperature of melting of ice. 

Furthermore, the algebraic sum of the bond breaking and bond forming 

effects accompanying any transition could hardly be expected to leave 

AF constant and at the same time permit exact compensation effects 

between the AS and AH quantities. 

Hence, it is quite probable that important conforrraticnal 

changes occur upon complex formation with the ligands and this in spite 

of the fact that water extrusion is the only rate-limiting step, that is 

thermodynamically observable. If the conformational changes were to be 

directly evaluated, other physical or chemical methods would have to be 

used. This way of considering the binding specificity of substrates and 

inhibitors in terms of the stabilization of protein conformations is 

of course in complete agreement with the known adaptability and flexibility 

of many enzyme molecules. 

To illustrate better the manner in which water molecules atta­

ched to protein can stabilize their tertiary and quaternary structures, 

it seems appropriate to refer to the model recently proposed by Warner 

(148) so as to account for the mechanism of the polymerization of the 

tobacco mosaic virus (TMV) molecule. According to this model, the poly­

peptide chain of TMV would be rolled-up ir a spiral-like fashion. In the 

coiled molecule, the peptide carbonyl oxygens would form an hexagonal 

arrangement which is consistently preserved as the diameter of the rolled 
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chain gradually increases. Such an arrangement provides for a hydro-

phi l ic surface alongside the spiral where the carbonyl oxygens are la id 

down. A hydrophobic surface would l i e on the opposite side and would 

consist of the amino acid residues. Molecular models have been also 

constructed for the simpler hexapeptide ring of the insulin A-chain, 

for the decapeptide gramicidin S, and for the insulin B-chain (M.W. 3,000). 

Warner has proposed for the case of the TMV molecule that three rolled 

chains would combine in a radial fashion so as t o form the basic subunit 

of the macromolecule. One can readily see that the hydrophilic surface 

can interact through H-bonding with water molecules. The hexagonal 

pattern for the carbonyl oxygens would even favor the formation of 

"ice-l ike water" a l l over the hydrophilic surface; in fact , there i s a 

striking resemblance between the pattern of the hexagonally disposed 

oxygens and the characteristic pattern assumed by the oxygen atoms in 

ice . The oxygen-oxygen distances in both patterns are almost identical . 

On the basis of such observations, Warner has proposed that the 

hexagonal pattern of the polypeptide chains i s stabil ized by the forma­

t ion on the hydrophilic surface of an "ice-l ike" network of water mole­

cules; the formation of the "ice-like" structure i s of course mutually 

fac i l i ta ted and stabi l ized by the arrangement of the hexagonal carbonyl 

oxygens. Thus, we f inal ly arrive at a satisfactory picture of the TMV 

molecular unit: i t would consist of stacked subunits as a result of the 

mutual interactions between the hydrophilic and hydrophobic surfaces of 

the subunits. A layer of water molecules would be responsible for subunit 

s tabi l izat ion and would be "sandwiched" scnehow between the subunit outer 

surfaces. 
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Note: According to Warner, the TMV molecule envisaged as a polymer 

would possess a rod-like shape with an hexagonal section. Such a model 

of protein conformation may be of general significance and may apply to 

the AChE molecule. In fact, Leuzinger and Baker (138) recently crystal­

lized the latter enzyme (from E. electricus) and showed that the crystals 

assume a hexagonal-rod shape. 

It is beyond the scope of this thesis to evaluate the absolute 

validity of Warner's model. What is really important to us is that it 

provides a rational basis far the interpretation of the effects of water 

extrusion on the conformational stability of the protein. The really 

important feature of the model is the geometrical arrangement of the car­

bonyl oxygens which assume a fixed hexagonal structure where the oxygen-
o 

oxygen distance would amount to about 4.8 A. One would readily expect 

that the binding of a ligand within a specific area of the spiral could 

well disrupt or rather interfere with the formation of the required hexa­

gonal ring; this would favor the unrolled conformation for the polypeptide 

and a shape other than the hexagonal one would now be stabilized by the 

ligand. Consequently, the formation of the stabilizing water layer over 

the hydrophilic surface would be impaired, at least at the sites where the 

carbonyl oxygen pattern has been destroyed. 

Other mechanisms are possible through which ligand binding may 

affect the stability of the protein conformation. For instance, the hexa-
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gonal geometry could be preserved but the ligand only affects the 

outer layer of water molecules covering the hydrophilic surface. The 

local "damage" would here be much smaller but i t could certainly be 

significant enough t o prevent for example a precise stacking of the 

subunits. In other words, a ligand might exert a weak local effect 

but could nevertheless impair the aggregation of subunits or directly 

prevent the coi l ing of a polypeptide chain. 

In the hypothetical case of the binding of a ligand onto 

hexagonally arranged polypeptide segments, the only detectable thermo­

dynamic changes w i l l thus be the rate-limiting expulsion of a certain 

number of water molecules from the surface; any disruption of the sub-

unit-subunit bonds, as in the case of the TMV molecule, would most l ike ly 

not be detected by our method of approach. (The presence on the subunit 

surface of some dehydrated areas wi l l contribute t o a decrease in the 

surface of contact between hexagonal segments on adjacent subunits, so 

that an interaction (say H-bonding) that would have normally occurred 

between two subunits through the "ice-l ike" layer w i l l not occur under 

such conditions). 

This model serves t o anticipate some of the fundamental changes 

in the overall physical properties of protein molecules, that may possibly 

take place as the result of water extrusion, as caused by the binding of 

a ligand. It a lso provides a rational basis for the hypothesis that the 

presence of orderly oriented water molecules can form an integral part of 

the tert iary and quaternary structure of enzymes. 
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F) Water in Relation to RBceptar Behaviour: 

The water extrusion hypothesis may be profitably analyzed in 

relation to its possible implications at the ACh-receptcr level. There 

exists no evidence that AChE and the ACh-receptor possess identical 

structures, so that the direct extrapolation of our results to the phy­

siological receptor structure is not permissible at this stage. However, 

one should certainly consider the applicability of the concept of water 

extrusion, as it may provide the pertinent parameter allowing predictions 

about the potential ability of cholinergic drugs to mimic the effects of 

the normal substrate ACh. In this regard, the following facts will have 

to be borne in mind: recent findings on the structural properties of 

membranes (3), in relation to active transport phenomena, suggest that 

the permeability of the cell structure may be drastically affected by 

slight changes in the conformation of the proteins that make part of the 

membrane (80). 

A model was recently proposed by Hechter (149) which purports 

to account for the distribution of sodium and potassium ions across mem­

branes. An important aspect of this model is the proposal according to 

which the water present in the "channels" of the membrane would have an 

"ice-like" structure. The author thus writes: "...The essence of the 

proposal is that polarized membrane is envisaged as a precisely ordered 

lattice involving arrangements of monolayers of protein, lipids and "ice-like" 
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water, depolarization as the induction of localized "disorder", each 

component exhibiting a characteristic phase transition which then spreads 

through the membrane phase". (149, p. 637). 

The water extrusion hypothesis represents a specific refinement 

of this crude model: the removal of water molecules present as normal 

constituents of the membrane, would be sufficient to induce the postulated 

"disorder", which triggers a "transition" that is eventually reflected 

in the observed stimulus. 

In our view, it is of prims importance that the water molecules 

to be extruded, should occupy strategic positions in the receptor membrane. 

In fact, a disruption of the water layer that may be viewed as not farming 

a structural part of the membrane receptors, would most probably not 

induce the desired transition leading to a stimulus. However, the water 

molecules that would be situated in the strategic "channels" of the mem­

brane (as in Hechter's model) would induce a significant transition, if 

extruded or disordered. This type of water is what we refer to as "strate­

gically bound water". Our proposed physical interaction mechanism for which 

we have actual model experimental evidence (in contrast to Hechter) may 

well provide a rational basis for the interpretation of receptor speci­

ficity toward various types of cholinergic drugs. 
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6) The Nature of "Strategically Bound Water Molecules": 

An important step toward the establishment of a more complete 

and clearer understanding of the overall processes underlying cholinergic 

activity would consist in producing direct evidence that a conformational 

change actually occurs upon binding of an activator ligand. Such evi­

dence is not available at the present time. On the other hand, the water 

extrusion hypothesis for which evidence exists offers the possibility of 

relating pharmacological activity to ligand-induced conformational changes 

in the receptors. The anti-ACh activity of a ligand upon binding to the 

AChE surface may be explained on a similar basis. The conformational 

perturbation theory (77) predicts that there should exist an equilibrium 

between two conformations for AChE and the cholinergic receptors. Sub­

strates and other agonists would modify the conformational equilibrium as 

they bind to the respective surfaces of the enzyme and the receptor. 

Antagonists would stabilize another ineffective conformation for the receptor. 

It then becomes easier to define what is really meant by "stra­

tegically bound water". Far the case of our AChE-ligand system, it can 

be safely postulated that ACh being the natural substrate, would effecti­

vely stabilize one specific and unique conformation far the enzyme. This 

perturbation would primarily be the result of water extrusion from the 

active sites themselves; this water must be strategically bound since it 
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occurs at the chemically significant region of the protein. As a 

result of this extrusion, the original conformation would lose its 

stability and the protein would undergo some reorganization to a more 

stable form. Other ligands could extrude as many water molecules but 

from less strategic sites so that they would be unable to destabilize 

the original conformation to the same extent as does ACh. It may be 

recalled that we are here dealing with an equilibrium situation so that 

a complete spectrum of stabilizing activities with respect to the effec­

tive perturbation will exist. 

As pointed out above, however, the thermodynamic approach 

does not allow a definitive conclusion as to whether the conformational 

change takes place. On the other hand, the pharmacological activity of 

the ligands at the ACh-receptor level provides an additional means of 

testing the predictive value of the water extrusion hypothesis as encom­

passed by the general perturbation theory of receptors. More specifically 

one may be in a position to decide, on the basis of agonistic potencies, 

whether a ligand may extrude strategically bound water or not at the AChE 

level. It is clear that if the receptor surface suffers the hypothetical 

"normal" conformational change (77), as the result of a removal of stra­

tegically bound water molecules, the binding of the drug will be conducive 

to a strong physiological stimulus. In that sense, the pharmacological 

activity of a certain ligand may be regarded as confirming that it may or 
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may not possess the r ight s t r u c t u r a l features allowing i t t o mimic 

the s t a b i l i s i n g effect of ACh on the effect ive conformation. 

The water extrusion hypothesis es tab l i shes a l ink between the 

general conformational perturbat ion theory of drug action (77) and the 

key role of protein-bound water. Although def in i t ive evidence tha t a 

conformational change occurs, i s s t i l l lacking, Changeux (80) has recently 

proposed tha t in the case of AChE (from Torpedo Marmorata), there would 

ex i s t an equilibrium between two different conformation s t a t e s of the 

enzyme: t h i s view served t o account for ce r ta in unusual k inet ic proper t ies 

of the enzyme. According t o Changeux the conformational change tha t 

would take place in the protein would be t ransmit ted t o the membrane and 

would thus affect the s t a t e of polymerization of the receptor . 

In the l ight of our mechanism studies on water extrusion and 

of generally be Id views on the conformational proper t ies of prote ins and 

other receptors , i t i s worthwhile taking a second look at the t h e o r e t i c a l 

basis of in terac t ion s p e c i f i c i t i e s . 

H) The Meaning of Enzyme Spec i f ic i ty : 

I t i s now c l ea r , from what has been said above, t ha t a specif ic 

enzyme-ligand in te rac t ion must f i r s t be defined in terms of specif ic 

dehydration e f fec t s before anything can be decided about the nature of 

the in te rac t ion forces at play. Strong binding can be largely control led 
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by the removal of a large number of "ice-l ike" water molecules from 

the protein. Since th i s represents an unspecific type of binding, the 

often assumed direct relationship between intensity and speci f ic i ty 

of the ligand interaction must be dismissed as invalid on the basis of 

the above considerations. 

Also, we recognize that i t is not possible t o obtain a direct 

and definit ive proof for specif ic binding onto an enzyme, using the 

thermodynamic approach as the only basis . However, and as was pointed out 

above, i f the size of the thermodynamic parameters for the binding of 

certain ligands i s anomalous relative t o the effects of a series of 

reference ligands, the conclusion is permissible that a spec i f ic i ty 

effect i s operative. It is probable that the use of complementary expe­

rimental methods such as O.R.D. or the use of reporter groups (130), 

could serve t o demonstrate the occurrence of specif ic conformational 

changes in the protein. A combination of such methods with the thermo­

dynamic approach would be amply sufficient t o define a given inter­

action in terms of specif ic or unspecific interactions. 

It i s of interest in th i s connection that an evaluation of the 

pharmacological a c t i v i t i e s of cholinomimetics may in fact provide us with 

the desired complementary parameter that i s necessary t o confirm the occur­

rence of true speci f ic i ty e f f ec t s . Indeed, a ligand that would speci f ica l ly 

interact with the ACh-receptor should be one that i s capable of s tabi l iz ing 

maximally the effect ive conformation of the receptor, in a manner paral lel ing 
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the ef fects of the natural ligand ACh. The cholinergic act iv i ty of a 

number of key ligands described in Table I w i l l be discussed later; 

th i s biological data shall be used in conjunction with the thermodynamic 

parameters for binding on AChE in an effort to i l lustrate the general 

significance of interaction s p e c i f i c i t i e s . 

I) Non-Spec i f ic Binding: 

a) TMA-cycloalkyl derivatives: 

Examples of non-specific binding are found in the series of 

the cycloalkyl-TMA derivatives. These molecules, which bear l i t t l e 

analogy t o ACh ought t o induce^ upon binding, the melting of the "non-

spec i f i ca l ly bound" water on the enzyme surface. In th i s ser ie s , the 

enlargement of the ring by one methylene group causes a simultaneous 

change in two parameters, namely the molar volume and the r igidity of 

the ring. Because of the inherently limited number of ring s izes in 

the ser ies , i t i s not possible t o determine exactly whether molar volume 

or ring r ig idi ty (or both) controls the thermodynamic parameters. How­

ever, and as expected, an enlargement of the hydrocarbon ring is ref lec­

ted , upon binding on the enzyme, in the destruction of an increased number 

of structured water molecules, since both the enthalpy and entropy quan­

t i t i e s assume more positive values. This phenomenon is clearly i l lustrated by 
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the respective behaviour of the cyclobutyl, cyclopentyl, and cyclohexyl 

rings where gradual increases in volume are neatly paralleled by increases 

in the AH and AS valueF. 

The seemingly anomalous behaviour of the cycloheptyl- and 

cyclcoctyl-TMA derivatives is explained by the much increased flexibility 

of these large rings which, by comparison with the smaller rings, possess 

many more internal degrees of freedom. This explains their "open-chain" 

like behaviour on the enzyme surface (Tables IV and VII, pp. 57,71). 

Despite a theoretically favorable entropy originating from the melting 

of "ice-like" water, much energy would be needed in order to restrict the 

internal motions of the larger ring ligands; this latter entropy demand 

cancels the favorable terms, with the result that these cyclic TMA deri­

vatives are thermodynamically almost indistinguishable from their open-

chain relatives. 

This statement finds additional support in the fact that for 

compounds possessing Identical volumes such as the bicycloheptyl and the 

bicyclooctyl derivatives wherp rigidity is actually maintained in "the 

rings, the expected net gain in entropy is observed which means that an 

increased extrusion of water molecules occurs. It is worthwhile noting 

that when comparing the blcycloheptyl and bicyclooctyl compounds with the 

cyclohexyl ring, it is observed that the extrusion of water molecules is 

not in proportion with the increase in molar volume. This can be accounted 
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for by the fact that binding is a surface phenomenon and that the s i x -

membered ring is the feature that enters into contact with the surface 

of the protein (the bridged methylene groups would not extrude water 

molecules from the surface because no contact would be achieved). 

The binding of the adamantyl ring would be expected, on the 

basis of the proceeding considerations t o exhibit thermodynamic quanti­

t i e s at least as large as those that characterize the binding of the 

bicycloheptyl and bicyclooctyl ligands. The finding that the AH and 

AS values are in fact s ignif icantly lower than expected, points t o ­

wards a special effect induced by th i s symmetrical cage compound. It 

i s reasonable t o postulate that the highly summetrical arrangement of 

the atoms in t h i s molecule may induce a special organization of the 

water structure around the rings, such as the formation of a c lath rate­

l ike arrangement. Such an effect would make AH and AS more negative 

than expected. 

The non-substrate ester ligands, such as D(-)-8-methyl ACh 

(compound No 21) and "reversed" ACh (compound No 22), are characterized 

by relat ively small H and S quantities. They exhibit thermodynamic 

parameters similar t o the open-chain analogs n-butyl- and n-pentyl-TMA 

(see Table VIT), thus establishing that these ester structures interact 

rather non-spec i f i ca l ly . 
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b) aromatic ligands: 

Within a single series of related ligands, it is useful, as 

was done above, to establish comparisons between individual members. 

But the basis for comparing the effects of ring size on the thermody­

namic parameters for compounds belonging to two different series is 

somewhat unsafe. Nevertheless, we can see in Figure 6 that two chemi­

cally distinct six-membered ring compounds (cyclohexyl- and phenyl-TMA, 

compounds No 3 and No 12) possess comparable AH and AS values, thus pro­

viding a basis for establishing the relative importance of aromatic 

character with regard to thermodynamic behaviour. However, the same 

conclusion does not apply to the ligand pair furan-cyclopentyl; in fact 

the furane derivative (compound No 9 • is thermodynamically not equivalent 

to the cyclopentyl analog, the former exhibiting significantly more posi­

tive AH and AS values. The discrepancy nay be attributed to the presence 

in furan of an oxygen atom, a feature which might favor the release of 

more water molecules than expected. 

One will readily note that the increase in molar volume attending 

the addition of one methyl group to the furane ring (compound No 9) 

results In an actual decrease (1 Kcal.) in the enthalpy of binding, an 

effect entirely opposite to the established trends since the extra methyl 

group ought to cause the displacement of more water molecules. This 

result may be explained like the adamantyl case, by postulating a net 
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structure-making effect by the methyl group such as would be the 

situation if a par t i a l clathrate cage would form around the methyl 

group. 

Since only four aromatic ligands have been investigated, 

i t i s not possible t o determine with precision the net effect of aro­

matic character or of the presence of heteroatoms therefrom on the 

extrusion of water molecules from the enzyme surface. Nevertheless, 

one can easily see that th i s parameter of water displacement i s the 

one that is real ly sensitive t o specificity effects and not the parameters 

of H-bonding between heteroatoms and the enzyme or of charge-transfer 

interactions since they are not rate-l imiting. 

c) isosteric changes: 

A comparison between the 2-furyl- and 2-thienyl-TMA deriva­

t ives (compounds Nos 9 and 11) indicates that the isosteric change of 

an oxygen for a sulfur atom leads t o a considerable and unexpected effect 

on the thermodynamics of binding. The difference of 5 Kcal. in AHbfn(iW 

between the two must remain unexplained presently; th i s finding may explain 

the frequently observed non-equivalence of furan and thienyl rings in 

drugs affecting physiological receptors. This type of chemical change 

has often been regarded as insignificant by the pharmaceutical chemist. 

An example of the unexpected sensi t ivi ty of biological receptors t o the 
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nature of the heteroatom i s found in the respective a c t i v i t i e s of 

biotin and oxybiotin. The sulfur-containing molecule possesses much 

higher ac t iv i ty than the oxygen analog. As far as i s known, no s a t i s ­

factory explanation, at the molecular l eve l , has been given for these 

differences. It would seem, on the basis of our resul ts , than the 

enzyme surface can differentiate between these two isosteres just as 

readily as the olfactory receptors can; the replacement of a drug by 

an isostere may often lead t o drastic differences in the number of 

water molecules actually extruded. This would of course not be ref lec­

ted in the relative a f f in i t i e s of the analogous ligands. 
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d) The e f fec ts of configuration 

The release of water molecules from the enzyme surface can be 

quite sensit ive t o configurational changes introduced in the ligand 

molecules. The thermodynamic parameters that characterize the binding 

of the D(- ) - and L(+)-l,3-dioxolane-4-methyltrimethyl ammonium iodide 

t o AChE serve t o i l lus trate th i s point. In addition, when compared with 

these la t ter compounds (Nos 13 and 14), the isomeric l ,3-dioxolane-2-

methyltrimethyl ammonium iodide (compound No 19) produces very charac­

t e r i s t i c e f f ec t s . 

While the introduction of a ring methyl group in the L-series 

of 1,3-dioxolane ligands produces very important fluctuations in the 

thermodynamic parameters of binding, the same substitution in the enan­

tiomeric D-series i s without any e f fect . As was mentioned earl ier , the 

binding of a l l the dioxolane derivatives of the D-series appears t o be 

thermodynamically equivalent. In a l l these cases, the binding parameters 

can be accounted for by the ir molar volumes and their relative f l e x i b i ­

l i t i e s , and in th i s respect they behave l ike the cyclopentyl ligand. 

These ligands of the D-series would bind on a region of the enzyme sur­

face (with the attending consequence of non-specific bound water extru­

sion) where the ring methyl group, irrespective of i t s configuration, 

would be unable t o stereospecif ical ly extrude bound water molecules, 

because of the unfavorable D-configuration of the ligands. 
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On the other hand, the ligands of the L-series would occupy 

a somewhat different area on the surface, where specific extrusion of 

water (as evidenced by the case of the L-cis derivative, compound No 15) 

would occur. This possibility will be discussed later. If we assume 

that the L(+)-l,3-dioxolane-TMA derivative (compound No 13) would in­

teract with a specific area, it might be expected that introducing a 

ring methyl group in the 2-trans position will now be unfavorable to 

binding on the specific area; this allows the prediction that the L-trans 

derivative (compound No 17) will chance to bind on the area where the 

D-enantiomers interact. This view is supported by the fact that the 

thermodynamic parameters for the L-trans compound (Table IV, p. 58) 

are comparable to those for the D-series of dioxolanes (compound Nos 14, 

16, 17, 18). 

One may then conclude that, while the enzyme surface may be sen­

sitive to the configuration about a single asymmetric center, it may 

remain relatively Insensitive to the configuration about a second asym­

metric center as long as the latter does not assume a specific orienta­

tion such that the methyl substituent can play a unique role in extru­

ding water molecules. 

Note should be taken here that clathrate formation is a defi­

nite poesibility in the case of certain ligands in the 1.3-dioxolane series. 

Such a formation would affect the value of the thermodynamic parameters of 

binding. The recent findings of D.W. Davidson (154) on the formation of 
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the clathrate 1,3-dioxolane. 17H20 supports the expectation that the 

structure of the hydration water for these compounds may be strongly 

Influenced by the steric disposition of a ring substituent. The binding 

of such ligands on the AChE surface could result In the destruction of 

the clathrate structure In the case of one Isomer but could be without 

effect in the case of another isomer. Such effects would be largely 

reflected in the thermodynamic parameters. 

J) Specific Binding: 

Since ACh is the normal substrate for AChE, it ought to In­

teract specifically with the enzyme. It was seen above that the non-

substrate esters D(-)-8-methyl acetylcholine and "reversed" ACh exhibit 

thermodynamic parameters which are In accord with their chain-like 

structure, and this In spite of the presence of an ester function in 

their molecules. The thermodynamic parameters for ACh are quite unusual 

in the sense that they are Indicative of a considerable efficiency of the 

molecule in extruding water molecules; these water molecules can only 

be bound at strategic sites since the molecule is rapidly hydrolyzed 

by the enzyme. According to our interpretations, the ACh is able to 

release a large number of specifically bound water molecules from the 

surface, a capacity which is not shared by the non-substrate esters. 
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The rapid hydrolysis of ACh by the enzyme would then be consequent 

t o i t 8 spec ia l a b i l i t y t o remove s t r a t e g i c a l l y bound water molecules 

in correct number. That t h i s i s the case is evidenced by the fact 

tha t another e s t e r compound, the L(-r-)-8-methyl ace ty lchol ine , which 

is a l so a subs t r a t e , is characterized by AH and AS values tha t are 

of the same order of magnitude as the values for ACh. I t follows 

tha t the L(-r-)-8-methyl ACh molecule would a l so induce the necessary 

release of s t r a t e g i c a l l y bound water molecules in a way s imi lar t o 

ACh: t h i s observation cor re la tes with the fact t ha t i t i s a substra te 

for AChE in contrast t o i t s D-enantiomer. In t h i s connection, the 

fact t ha t D(-)-8-methyl ACh is not a subst ra te does not necessar i ly 

mean t ha t there i s s t e r i c interference t o a close approach of the 

e s t e r a t i c s i t e by the e s t e r function; i t i s possible tha t the unfavou­

rable pos i t ion of the 8-methyl group would preclude an adequate dehy-

gration of the ca t a ly t i c s i t e s . 

A s imi lar explanation would serve t o account for the fact t ha t 

3-acetoxyquinuclidinium methyl iodide is a subst ra te for AChE (37) , 

while the isomeric l - (acetoxyethyl) quinuclidinium iodide ac ts as an 

inh ib i to r (38), and t h i s despite the fact t ha t the ammonium head and 

the e s t e r group are separated in both compounds by an iden t i ca l number 

of atoms. 
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With regard t o induced conformational changes, the above 

results with substrate-ligands would indicate that hydrolysis i s pos­

sible only when a specif ic physical state of the protein is i n i t i a l l y 

stabi l ized (80) by the proper removal of a certain number of s trate­

gical ly bound water molecules. 

The L-cis-2-methyl-l,3-dioxolane-4-methyltrimethyl ammonium 

derivative (compound No 15) would also be effect ive in maximally s ta ­

b i l i z ing the same specif ic physical state that would otherwise be condu­

cive t o hydrolysis, i f the ligand were susceptible to attack by the 

nucleophiles. The introduction of a methyl group in the 2-cis position 

of the L(+)-l,3-dioxolane molecule (compound No 13) increases AH . . 

by about 5 Kcal. and AS by ^19 e.u. These large increases are t o be 

compared with those that characterize the change-"reversed" acetylcho­

line ̂ acetylcholine ( 6 AH - 4.6 Kcal., 6 AS - 20 e .u . ) and the change 

D(-)-8-methyl ACh^>L(4-)-8-methyl ACh ( 6 AH = 6.7 Kcal., 6 AS = 23 e . u . ) . 

Hence, e i ther the stereospecific addition of a methyl group, or an 

inversion of configuration or a transportation of the oxygen atom in 

ACh may be said t o produce highly specific ef fects on the enzyme. 

Accordingly, the specif ic extrusion of water molecules i s reflected in 

the relative magnitudes of the thermodynamic parameters which in the 

case of the substrate ligands, correlate with rapid hydrolysis. 
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Although the L-cis-1,3-dioxolane derivative would maximally 

stabilize the proper conformational arrangement in the enzyme molecule, 

the actual perturbation cannot be detected klnetlcally since no hydro­

lysis occurs. A useful parameter which may allow conclusions regarding 

the question as to whether the L-cis ligand stabilizes the same physical 

state as ACh, would consist in i t s relative ability to stimulate the 

ACh-receptors. 

K) Pharmacological Activity: 

The muscarinic potencies, as supplied by Dr. A. Friesen*, are 

given in Table IX (page 114) for ligands of the 1,3-dioxolane series 

as well as for other physiologically active molecules. The eserinized 

guinea-pig ileum was used and the potencies were calculated from complete 

dose-response curves. These data clearly reveal the unique position 

occupied by the L-cis-dicxolane derivative relative to the 1,3-dioxolane 

analogs as well as a l l the other ligands tested. The muscarinic potency 

of this ligand i s at least twice as large as the activity of ACh, thus 

confirming the expectation that i t strongly stabilizes the receptor confor­

mation that i s also stabilized by ACh i tse l f . The addition of a c i s -

methyl group to the L(+)-isomer of l,3-dioxolane-4-TMA (compound 13), 

Increases the activity of this analog by a factor of 100; a similar spe-

Department of Pharmacology, Faculty of Medicine, University of Ottawa. 
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TABLE IX 

Relative Pharmacological A c t i v i t i e s of a Few TMA-Ligands 

(ACh being given the arbitrary a c t i v i t y of 1) 

Ccnnxxmd No. Name Activity* 

23 
20 
21 
13 

14 

15 

16 

17 

18 

9 
10 

2 

acetylcholine 
L(+)- B-methylacetylcholine 
D(-)- ^methylacetylcholine 
L(+)-l,3-dioKolane-4-methyltTimethyl 
ammonium iodide 
D(-)- l , 3-dioxolane-4-methyltrimethyl 
ammonium iodide 
L-cis-2-methyl-l, 3-dioxolane-4-methyl-
trimethyl ammonium iodide 
L-tran8-2-methyl-l,3-dioxolane-4-
methyltrlmethyl ammonium iodide 
D-cis-2-methyl-l, 3-dicxolane-4-methyl-
trimethyl ammcnium iodide 
D-trans-2-methyl-l, 3-dioxolane-4-
methyltrimethyl ammonium iodide 
2-furyl-methyltrimethylaniiionium iodide 
5-methyl-2-furyl-methyltrdmethyl-
ammonium iodide 
c^lcpentyl-methyltrimethylammonium 
iodide 

1 
1 
0 

0.02 

0 

2 

0.2 

0 

0.1 
0.05 

0.4 

0.01 

a) the activity i s given as a fraction of the activity of ACh. 
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cificity effect is operative at the level of the thermodynamics of 

binding onto AChE. The pharmacological activities are In complete 

agreement with expectations based on the thermodynamic parameters for 

binding. Those ligands that we deduced to act as non-specific relea­

sers of bound water molecules, consistently exhibit very low pharma­

cological activities. This is the case, for example, of the cyclo-

pentyl-TMA compound as well as the 1,3-dioxolane derivatives of the 

D-configuraticn. On the other hand, certain ligands, namely ACh, 

L(^)-8-methyl-acetylcholine and the L-cis-1,3-dioxolane derivative, 

that were deduced to extrude from AChE "strategically bound water mole­

cules" (thus initiating the conformational stabilization ^reduced by 

ACh) possess a characteristically high activity. 

The very high specificity exhibited by the L-cia-

dioKolane, suffices presently to accept the water extrusion model as a 

good approximation of reality. The "yes or no" response of the enzyme 

or the receptor to the ligand, a phenomenon largely conditioned by the 

presence or absence of the key methyl group is an adequate example of the 

critical role ascribed to the so-called "strategically bound water mole­

cules". The strategic character of the Interaction of the L-cls methyl 

group is best confirmed by the outstanding muscarinic activity associated 

with the presence of this seemingly inconsequential substituent. 
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L) Specificity of the Interactions: 

The release of water molecules from the protein surface 

may now be regarded as the parameter that is actually sensitive to 

interaction specificities with AChE. Since there presumably exist 

certain sites that are strategically situated on the enzyme surface, 

we are justified in proposing that these sites constitute the key sen­

sitive positions that must interact with atoms or groups of atoms in 

order that the effective conformation conducive, say to hydrolysis of 

ACh, may be stabilized. A specific interaction with AChE must then 

always be defined using as the standard of reference the actual physi­

cal state normally stabilized by the interaction of ACh with these 

sites. As a working model, these strategic sites may be viewed as 

farming strong bands with water molecules. A ligand which binds spe­

cifically to AChE, must then possess a structure capable of extruding 

a certain number of strategically bound water molecules, a process 

conditioned by the inherent ability of the ligand to interact readily 

with the specific sites. 

Among the group of inhibitors and substrates that have been 

investigated in this study, very few can qualify as specific ligands. 

Besides ACh, which, by definition, is specific to AChE, only the L(+)-B-

methyl ACh, the L-cls-l,3-dioxolane-4-TMA derivative and possibly the 

5-methyl-furyl-2-TMA (mainly on the account of its muscarinic potency) 

are able to stabilize the proper cxxifcrmational state in the enzyme and 

the receptor. 
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M) Extension of the Water Extrusion Model: 

As indicated in Chapter II, page 43 , the Michaelis constants 

for ACh and L(4)-$-methyl-ACh were treated as true equilibrium constants. 

The apparent thermodynamic parameters that were derived using this 

assumption *s a basis, were found to obey very closely the isoequili­

brium relationship (Figure 6, compounds Nos 20 and 23). This obser­

vation does not necessarily support the assumption that K is a true 

equilibrium constant, even if we use as an argument that K values can 

correspond to equilibrium constants as in the case of certain regula­

tory enzymes (150) and the hydrolase a-chymotrypsin (151, 152). Our 

parameters merely indicate that the binding of the substrate ligands is 

also controlled by water extrusion as reflected in the AH and AS values. 

The classical representation where the carbonyl group of ACh would assu­

me a tetrahedral configuration by way of nucleophilic attack in the 

Michaelis complex is not consistent with our observations. Should such 

a complex form initially, the isoequilibrium relationship would certainly 

net be expected to hold as well as in the case of the non-ester ligands. 

It is noticeable that In the case of the substrate ligands, the observed 

AF for binding is the same as for all the non-substrate ligands. 
app. 

Moreover, the calculated AH and AS_ values cancel out exactly as 
app. aPP» 

in the case of the non-substrate compounds. This would be expected only 

if the controlling parameter for the binding of the substrates is water 

extrusion. 
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CONCLUSION 

The water extrusion model should not be necessarily restricted 

only to the case of AChE. We feel that the model will be generally useful 

in the evaluation of interaction specificities for many biochemical 

molecules. The immediate conclusions emanating from the data on AChE 

will no doubt be applicable at least in part to other systems in the 

field of protein and enzyme chemistry. Our model is believed to shed a 

new light on the overall problem of interaction mechanisms between small 

molecules and macromolecules or between small molecules alone. We may 

refer to the recent data of J.E. Wilson (153) on the flavin-indole 

interactions as an illustration of the general value of our studies. 

The binding to flavine mononucleotide of indole derivatives has been 

explained on the basis of the operation of dispersion forces and charge-

transfer Interactions. It is interesting, in the light of the water ex­

trusion model to look more specifically at the reported thermodynamic 

parameters for complex formation between flavine mononucleotide (FMN) 

and L-tryptophan on the one hand and FMN and 5-hydroxy-L-tryptophan on 

the other, (Table X, page 119). 

The special effect of the hydrcxyl group can be interpreted ex­

clusively in terms of the disruption of the water structure surrounding 

the aromatic molecules. We observe here the same characteristics that 

we uncovered using the system AChE-TMA ligands, namely the constancy of 
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TABLE X 

Thermodynamic Parameters for Formation 

of FMN Complexes 

Kcal./mole Kcal./mole e.u. 

with L-tryptophan -2.7 -7.4 -15.8 

with 5-OH-L-tryptophan -2.9 -4.7 -6.0 
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the &F values and the mutual cancel la t ion of theAH and As terms. 

I t is of course impossible t o d i r ec t ly evaluate the effect of water 

disordering around the surfaces of the in te rac t ing molecules. But 

the fact t h a t , in t h i s case as wel l , the in terac t ion parameters seem 

t o be influenced by water melting, supports the idea tha t tbe model 

has general va l i d i t y and that i t i s the thermodynamic parameters tha t 

are sens i t ive t o in terac t ion s p e c i f i c i t i e s . Water extrusion i s a 

physical model which at the molecular level may serve t o explain the 

mechanisms underlying the regulation of biological c a t a l y s t s . 
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CLAIMS TO ORIGINAL RESEARCH 

1. The inhibition constants at various temperatures have been 

determined for a series of 21 tetramethylammonium ion deri­

vatives that act as competitive inhibitors of acetylcholinesterase. 

2. The enthalpy of binding at equilibrium has also been evaluated 

for each compound in th i s series of competitive inhibitors. 

3. The Michaelis constant for the L(4-)-B-methyl acetylcholine 

iodide has been determined at f ive different temperatures. 

4. A physical mechanism has been proposed to account for inter­

action s p e c i f i c i t i e s among a series of competitive inhibitors 

of acetylcholinesterase. These interaction spec i f i c i t i e s are 

reflected in an unusual manner in the s ize of the thermodynamic 

parameters of binding, as well as in the muscarinic potencies 

of the ligands. The model which i s proposed claims that the 

explanation of such spec i f ic i ty i s of physical origin as follows: 

a ligand (competitive inhibitor) which binds speci f ical ly can 

extrude from the enzyme surface a number of "strategically bound 

water molecules"; consequently, a perturbation takes place in 

the protein molecule, which i s characteristic of the perturbation 

induced by acetylcholine. In the case of the receptor surface, 

the rearrangement i s conducive to a strong physiological stimulus. 
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This model i s pa r t i cu l a r ly new in tha t in order t o 

explain in te rac t ion s p e c i f i c i t i e s between proteins and ligands 

i t r e fe rs t o the very spec ia l ro le played by a t h i r d component, 

namely protein bound water, while previous explanations of binding 

processes referred exclusively t o the pa r tne r s , protein and l igand. 
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