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ABSTRACT 

As part of a study to investigate metal chelates as possible 

inhibitors of acetylcholinesterase, copper chelates of 1 ,3 diamino

propanol-2, 1,3 diaminopropane , and hydroxy-1-proline are examined. 

Since the chelate s olutions contain mixtures of species in equi-

librium, it is necessary to calculate the concentrations of pertinent 

species under experimental conditions . Equations are derived which 

can be used to calculate the concentrations of individual species 

in an equilibrium mixture of ligand and copper under fixed con-

ditions of concentration and pH with the aid of an IBM 1410 computer. 

Initial measurements of reaction velocity of enzyme-substrate break-

down to enzyme plus acid products, are made by observing the speed 

of pH drop with the aid of a Beckman Automatic Titrator. Selection 

of equilibrium pH values and ligand-metal ratios is dependent on 

the formation constants calculated for each system. Enzyme kinetic 

studies are used in an effort to determine the nature of the in-

hibition of acetylcholinesterase. 

It is found that (a) 1-1 ligand-copper chelate inhibit the 

acetylcholinesterase system, (b) free cupric ion may inhibit the 

enzyme system if concentrations greater than 1 x 10-6M are present 

in the equilibrium mixture, (c) coordination vacancies on the metal 

ion are necessary prerequisites for inhibition, (d) 1-1 ligand

copper chelates of 1,3 diaminopropanol inhibit the enzyme in an 

essentially "competitive" manner, (e) 1-1 ligand-copper chelates 

of 1 ,3 diaminopropane inhibit the enzyme in an essentially "non

competitive" manner, (f) 1-1 ligand-copper chelates of hydroxy-
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1-proline exhibit a "yield value " (or critical concentra tion 

requirement) before any inhibition occurs, and (g) the equilibrium 

pH of the experiments affects both the extent and nature of the 

inhibition. 
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I . INTRODUCTION 

In recent years, the study of enzyme inhibition has gained 

widespread attention. Enzyme activity may be affected by a variety 

of factors such as pH changes (1) and chemical or physical inter-

ference (2,3). For example, recent findings concerning the use 

of ultraviolet light to impair the succinate oxidase enzyme system 

have been reported by several investigators (4-7). Unfortunately, 

in most instances, the exact mechanism(s) behind the inhibition 

of enzymes remains obscure. This is not unexpected since enzymes 

are, by nature, extremely complex molecules (8 ). 

Acetylcholinesterase is a typically complex enzyme . It 

has a protein-like structure with a molecular weight of approx-

irnately three million, and is found in erythrocytes, nervous 

and electrical tissue (9) . Acetylcholinesterase, in vivo; hy-

drolyzes the ester, acetylcholine, into choline andacetic acid 

and the following mechanism has been suggested (8): 

ANIONIC SITE ESTERATIC SITE 

ACETYLCHOLINESTERASE 

(+)b 
~-=--CI1-+-I2--CH-2 --Oi--t --D (-) 

3 cfa_ "CH3 
3 

ACETYLCHOLINESTERASE-ACETYLCHOLINE COMPLEX 
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The complex f ormed dissociates to yield enzyme plus products. 

The model has two active s ites to which the subs t rate may attach, 

an anionic site that attracts the quarternary nitrogen group 

of acetylcholine and an esteratic site which reacts with the 

carbonyl moiety of the ester . Wilson and Bergmann (10) have 

found that acetylcholinesterase exhibits optimum a ctivity at 

pH 8.3. Above or below this pH, the activity of the enzyme 

decreases. They also found that there are dissociable groups 

near the active sites which have pK values of 7.2 and 9.3. 

These dissociable groups can interact or bind with various sub

strates resulting in enzyme activity at pH values above and 

below the optimum value of 8.3. 

Prostigmine and eserine are two classical examples of 

acetylcholinesterase inhibitors. Prostigmine contains a quarter

nary ammonium group which is charged throughout the pH range 

of enzyme actiYity. Eserine , on the other hand, contains a basic 

group with a pK value near 8.2. When fixed concentrations of 

these inhibitors were studied at different pH values, the in

hibitory effect of prostigmine was constant ; whereas the in

hibitory effect of eserine was higher on the acid side of pH 

8.2 and lower on the alkaline side (10). It was conc luded from 

this information that the inhibitors attach to the anionic site 

and a cationic group in the inhibitor is essential for inhibition 

to take place (11). This conclusion was further substantiated 

by observing the effects of simple ammonium compounds on the 
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activity of acetylcholinesterase. Wilson (12) showed that the 

inhibition of acetylcholinesterase by simple ammonium compounds 

is dependent on the charge of the ammonium moiety. At high pH 

values, where there is less of the cationic form, the inhibitory 

effects of these ammonium compounds are less pronounced. This 

reduction of inhibitory effect, as pH is increased, illustrated 

a significant point. Since there is a dissociable group on the 

enzyme surface, near the active sit e, wi t h a pK value of 9. 3, 

the influence of the positively charged ammonium group might 

be expected to be more apparent when this pH is approached. 

The fact that the inhibition falls off as pH is raised, indicates 

that the ammonium moiety is binding not to an adjacent disso

ciable group, but, rather, directly to the active anionic site 

on the enzyme surface. Furthermore, if the binding occurs 

only at the active site, the inhibition will appear as "com

petitive", (i.e., the inhibitor and the substrate will vie for 

the same site) when the data are analyzed using conventional 

theoretical enzyme kinetic theory methods (13-17). If the 

binding occurs at adjacent sites, the inhibition is often found 

to be "non-competitive " . Unfortunately, most inhibitors do not 

show a sharp delineation between "competitive" and "non-com

petitive" inhibition, but exhibit instead, a combination of 

both types (18). 

The present investigation was undertaken in an attempt 

to elucidate the nature of enzyme inhibition by metallo-organic 
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compounds. It was felt that the chelates might act as inhibitors 

due to the presence of the positively charged metallic ion. 

Since the interaction of chelates with the enzyme may be re

lated to chelate properties, it would be of value to review 

some of the pertinent chemistry of chelate compounds. 

The term "chelate", first introduced by Morgan and Drew 

(19), is taken from the Greek term chele, meaning crab's claw. 

The analogy is obvious, since bot h a claw and a chelating agent 

or ligand may hold an object (i.e., the metal ion) through 

two or more points of attachment. These attachments are the 

result of ligand molecules successfully competing with the water 

molecules normally associated with metal ions. The number of 

water molecules associated with a given metal ion under known 

conditions is referred to as the coordination number of the 

metal, The binding forces between ligand molecules and metal 

ions may be electrostatic in nature (i.e., the attraction of a 

positive metal ion for a negative ion or the attraction of a 

positive metal ion for the negati.ve port ion of the dipole of a 

neutral molecule such as water). On the other hand, the bind

ing may be primarily covalent in nature with electron-pair bonds 

accounting for the major portion of the affinity. Whether the 

binding is primarily electrostatic, primarily covalent, or s ome

thing intermediate, the function of the ligand is always that 

of donating electrons to the metal (20). The overall net charge 

of the chelate molecule will depend on the nature of the ligand 
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molecule and the type of binding which occurs. If the ligand 

forms a stable, water soluble metal chelate, it is cal led a 

sequestering agent. This sequestering property can be shown 

by elevating the pH of the ligand-metal mixture and observing 

the presence or absence of metal hydroxide precipitation. If 

no precipitate appears at elevated pH values, the metal is said 

to be "sequestered." 

When one ligand molecule contains sufficient electron 

donor groups to saturate all the coordinating positions on the 

metal ion, a single, stable 1-1 ligand-metal chelate is usually 

formed. The interaction of ethylenediaminetetraacetic acid 

with several metal ions as described by Schwarzenbach and co-

workers (21-23 ) is a good example of a metal chelate species 

containing a ligand-metal ratio of unity. If, however, the 

introduction of one ligand molecule does not saturate all the 

coordinating positions on the metal ion, it is possible in cer-

tain cases to bind one or more additional ligand molecules to 

the same metal ion and still retain solubility of the chelate. 

The formation of higher ligand-metal ratios occurs in a step-

wise manner not dissimilar to the dissociation of protons from 

a polyprotic acid. A typical example of stepwise chelate for-

mation has been reported by Chaberek and Martell (24) and con-

cerns the interaction of imino-diacetic acid with Cu++, Ni++, 

d C ++ . an o ions . The nature of the interaction of this acid with 
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metal ions was interpreted from the curves obtained by titra-

tion of various ligand-metal mixtures with standard base. The 

formation or stability constants of the 1-1 and 2-1 ligand-metal 

species can be calculated using a direct algebraic method out-

lined originally by Schwarzenbach and co-workers (21,25). It 

should be noted that this algebraic treatment of the data is 

only approximate. Certain assumptions are made which are not 

strictly accurate and the true values can be obtained only 

through the use of a series of approxi mations (26). Employing 

this algebraic technique, Schwarzenbach and co-workers (23,27, 

28) have determined the chelating tendencies of several alkaline 

earth metals. 

Bjerrum (29) introduced a method of calculating formation 

constants which relies on the experimental determination of 

free ligand concentrations at various points during the titra-

tion of a ligand-metal mixture. He also introduced the func-

tion n which is defined as the average number of ligand mole-

cules bound per mole of metal. This n function may be expressed 

mathematically as follows: 

n 
(ML+2(ML2)+ .•... +n(MLn) 
(M)+(ML)+(ML2)+ ..... +(MLn) 

( 1 ) 

With a plot of n versus the negative log of free ligand con-

oentration, the formation constants may be obtained directly 

(see Experimental). However, this method is also approximate 

unless the numerical difference between the successive constants 
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is large. If the numerical difference is small, the true values 

for the successive formation constants may be determined by an 

iteration procedure (see Appendix A). 

As previously mentioned, the initial purpose of this 

series of investigations was to observe the effects of metallo-

organic chelate compounds on the acetylcholinesterase-acetyl-

choline system. To this end, Bolton and Beckett (30) prepared 

++ Cu chelates of pyridine-2-aldoxime. In this preliminary study, 

it was felt that metal chelates, having a positive charge, would 

bind directly to the active anionic sites on the enzyme surface 

and inhibit enzyme activity in a "competitive" manner. Further, 

if the enzyme was poisoned with organic phosphates such as 

DFP, the chelated species might act as an enzyme reactivator 

by displacing the poison through a competitive process. Also 9 

certain chelates have been reported which, in fact 9 increase 

the rate of decomposition of organic phosphate poisons (31,32) 

and pyridine-2-aldoxime methiodide has been shown by Wilson (33) 

to reactivate the phosphate poisoned acetylcholinesterase enzyme. 

Thus the choice of pyridine-2-aldoxime chelates as potential 

enzyme reactivators seemed reasonable. 

The results of this preliminary study showed that metal 

chelates of pyridine-2-aldoxime were poor reactivators of phos-

phate poisoned acetylcholinesterase. The absence of good re-

activation properties was attributed to steric factors. In 

other words, the configuration of the aldoxime chelates appar-
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ently was not as stereospecific for the active sites on the 

enzyme surface as the aldoxime-methiodide structure. Never

theless; an interesting observation recorded was that the al

doxime-copper chelate species, in some way, exerted an inhibi

tory effect on the activity of acetylcholinesterase. Unfor

tunately, the exact composition of the pyridine-2-aldoxime

Cu++ chelate is in doubt (34). Repeated efforts to elucidate 

the exact ratio of ligand to metal in the chelated species 

were unsuccessful. 

Since one of the main purposes of this investigation was 

to correlate chelate charge and configuration with inhibitory 

activity, it was essential that the nature of the ligand-metal 

interactions be known. Because of this requirement regarding 

the nature of the ligand-metal interaction, simple, well de

fined chelate systems were sought. In the first of a series 

of papers concerning inhibition of acetylcholinesterase by 

metal chelates, Bolton (35) used the Cu++ chelates of glycine 

8 

and ethylenediamine. The choice of these two ligands was prompted 

by the fact that the chelation properties of these ligands have 

been extensively studied (36). Using a set of derived equations 

(34), Bolton was able to determine the precise concentrations 

of all species present in the ligand-metal mixture at specific 

pH values . On the basis of his observations , Bolton concluded 

that : (1) Both 1-1 ligand-metal species and free cupric ion 

may act as inhibitors; (2) 2-1 ligand-metal species did not 
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inhibit significantly, possibly due to steric factors; (3) 

the exact site of binding could not be determined on the basis 

of data obtained, but the anionic site or some other negatively 

charged site is probably involved; (4) the inhibitory influ-

ence of the chelate mixture is greater at pH 8.0 than pH 7.0, 

indicating a possible approach to the pK value of the dissoci-

able group at the binding site (10). 

In the second paper of this series , Bolton (37) extended 

his study to include Ni++ chelates of glycine and ethylenedia-

mine. Further, the data concerned with the inhibition of the 

enzyme by the 1-1 cupric chelates were analyzed according to 

the method described by Friedenwald and Maengwyn-Davies (18). 

The conclusions reached in this second paper were as follows: 

(1) Both 1-1 and 2-1 ligand-metal species of Ni++ chelates 

exhibit inhibitory activity and the 1-1 species is a stronger 

inhibitor than the 2-1 species; (2) the 3-1 Ni++ chelate speci es 

does not inhibit the enzyme significantly, probably because all 

the coordination sites of the metal ion are saturated; (3) the 

inhibitory mechanism of the 1-1 Cu++ chelates of both glycine 

and ethylenediamine appears to be primarily "non-competitive" 

in nature, indicating that binding is not occurring at the 

active anionic sites; (4) the inhibitory influence of free 

metal ion can be eliminated by working at higher pH values 

provided the chelate remains stable; and (5) the inhibition 

is more pronounced at elevated pH values with those chelate 
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species having an overall positive charge, indicating a greater 

affinity for charged sites available to the che lates at high 

pH values. 

The information available at the beginning of this study 

could be summarized as follows: (1) Metal chelates inhibit 

the acetylcholinesterase-acetylcholine interaction; (2) avail

able coordination sites on the metal ion are necessary pre

requisites for inhibition; (3) overall chelate charge has a 

significant effect at elevated pH values; (4) the 1-1 chelate 

species of Cu++ appears to inhibit the enzyme in a primarily 

"non-competitive" manner; and (5) the inhibitory effects of 

free metal ion may be eliminated if the chelate stability con

stant is large or high pH values are used. 

10 

As a continuation of the above study, we were interested 

in finding additional chelate systems with well-defined prop

erties and examining their effects on the acetylcholinesterase

acetylcholine system. In view of previous results and our 

objectives, the choice of suitable ligand species was restricted 

as follows: (a) The chelate formation constants of the ligand 

must be of sufficient magnitude to preclude any interference 

by free metal ion; (b) a large pH range of stability is nec

essary to aid in observing the relationship between pH and in

hibition; and (c) the chelate should be completely soluble 

throughout the pH range employed. Approximately ten potentially 

useful ligand molecules were examined prior to the inhibition 
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studies. In all but three cases~ the compou11ds s udied were 

found to be u.nsuitable . For example, kojic acid chelates proved 

to be too insoluble in aqueous systems ; tetramethylethylenedi

amine formed very weak 1-1 and 2-1 chelate species; and several 

other ethylenediamine derivatives proved to be sterically hindered 

when interacted with cupric ion, resulting in weak ligand-metal 

interactions. The three ligands which seemed suitable for this 

study were 1, 3 diaminopropanol-2-(AOH), 1,3 diaminopropane(AH), 

and hydroxy-1-proline(HP). All three compounds formed water 

soluble chelate species with substantially large pH ranges of 

stability and formation constants of sufficient magnitude to 

prec lude free metal ion interference . The nature of the inter

action of AOH with Cu++ was in doubt (38,39), and the interaction 

was studied in some detail. Attempts to duplicate previously 

published results were unsuccessful. It was found, from our 

studies, that the interaction of AOH and Cu++ resulted in a 

stable 1-1 ligand~metal species with a terdentate attachment (40). 

The stability constants of the interaction of AH with 

Cu++ as reported by Schwarzenbach and co- workers (41) , were 

reproduced, within experimental error, in our laboratory . The 

inhibition caused by the two homologues (AOH and AH) could be 

compared at identical pH values because they were both stable 

and s oluble within the limits of our studies and the contri

bution of charge and coordination site vacancies to inhibitory 

a ctivity could be observed. 
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The interactions of the (HP)-Cu++ chelate were determined 

and compared favorably with published results (42,43). This 

ligand was chosen because of the presence of a free hydroxyl 

group in the chelated molecule. A three dimensional scale model 

showing the approximate positions of the active sites on acetyl

cholinesterase was prepared using available information (8), 

and the model was compared with the possible configurations 

of the 1-1 (HP)-Cu++ chelate species to observe the spacial 

allignment and direction of the free hydroxy group. It appeared 

that the hydroxy group was directed towards the esteratic site 

on the enzyme and it was felt that this potentially significant 

stereospecificity might result in increased inhibition . 
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II. EXPERIMENTAL 

Reagents 

Analytical reagent grade Cu(No
3

)2 was used as the source 

of metal ion and the solutions prepared were standardized 

according to the chelatometric titration method described by 

Wilson and Wilson (44) using murexide as an indicator. The 

substrate, acetylcholine iodide, was obtained in pure form from 

. 1 
Nutritional Biochemicals Corporation. The unbuffered physio-

logical solution used as the diluent in all experiments, was 

prepared by dissolving 0.9 per cent analytical reagent grade 

sodium chloride and 0.0567 per cent magnesium nitrate in double 

distilled water. Acetylcholinesterase was obtained from 

Nutritional Biochemicals Corporation and a stock solution of 

60 mg of the enzyme in 100 mls of diluent was used for the 

experimental runs. It was not essential to know the precise 

purity of the enzyme material since comparative velocity studies 

were made at the beginning and end of each series of runs. 

The enzyme solution, stored in a refrigerator, was allowed 

to stand for three days, after which time its activity remained 

relatively constant for at least three weeks. 

The 1,3 diaminopropanol-2(AOH) and 1 1 3 diaminopropane(AH) 

ligands were obtained in the free amine state from Aldrich 

Chemical Corporation2• Since the di-HCl salts of these two 

1Nutritional Biochemicals Corporation, Cleveland, Ohio. 

2Aldrich Chemical Corporation, 2371 North 30~ Street, 
Milwaukee, Wisconsin. 
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l igands were used in the chelation studies , methods were sought 

to obtain these salts in pure form . The di-HCl salt of AOH 

was prepared by dissolving the impure diamine species in excess 

concentrated hydrochloric acid, reagent grade , flash evaporating 

to dryness, and recrystallizing several times from methanol-

ethanol mixtures . The di-HCl salt of AH was prepared in a 

similar manner, but the recrystallization step required a meth-

anol-ethanol-water mixture for best results. The hydroxy-1-

proline(RP) ligand was obtained in pure form from Nutritional 

Biochemical Corporation and the mono-hydrochloride salt of this 

l igand was prepared in a manner identical to that for the AH 

ligand. The melting points of these salts is accompanied by 

decomposition and , therefore , their purity was checked by titra-

tions with standard base and subsequent comparisons of litera-

ture pK vlaues , when available (see Results ). 
a 

Description of pH STAT Instrumentation 

Because one of the primary purposes of this study was the 

effect of pH on inhibition , an accurate means of measuring pH 

throughout the reaction process was sought. Furthermore, it 

was essential to the success of the experiments that a prede-

termined pH value be he l d relatively constant when measurements 

were taken . The importance of this requirement will become 

more apparent when the general procedure is described. Suffice 

it to say, at this point, that an extremely sensitive pH-STAT 
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type of instrumentation was essential. 

A Beckman Automatic Titrator
1 

was selected because this 

instrument anticipates a preset titration end-point. Unfor-

tunately , the titrator alone was not sufficiently sensitive 

to pH changes and modifications were necessary. A Leeds-Northrup 

2 
pH Meter was incorporated into the titrator circuit to increase 

the sensitivity or response of the titrator to changes in hy-

drogen ion concentration. The titrator alone responded to 0.84 

volts for full scale deflection from pH one to pH fourte en . By 

tying in the Leeds-Northrup amplifier circuit , the input voltage 

from the electrodes to the titrator was magnified approximately 

t welve times . In other words, the titrator response to hydrogen 

ion concentration changes was increased by a factor of t welve. 

This modification of the Beckman titrator resulted in a highly 

accurate means of controlling and following the pH of the ex-

periments . 

Free Cupric Ion Determination 

Since free cupric ion has been shown to inhibit the enzyme 

(34), a method was sought to determine the effects of this metal 

ion on the rate of hydro l ysis of acetylcholine in the enzyme 

system. 

1 Beckman Instruments Inc., 2500 Harbor Boulevard, Fullerton , 
California. 

2 Leeds-Northrup Company, 4901 Stenton Avenue, Philadelphia, 
Pennsyl vania . 
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Initially, an a ttempt was made to determine the precise 

amount of cupric ion that would bind to a fixed concentra tion 

of enzyme. 
1 

A Sargent Polarograph, model XV , was used to pre-

pare a calibration curve for various free cupric ion concentra-

tions (i.e., a plot of diffusion current versus Cu++). A ten 

per cent solution of enzyme stock solution (identical with the 

stock s olution us ed in the inhibition studies) was treated with 

known increments of cupric ion. Polarograms were taken after 

each addition and the iD values calculated. The total (cu++) 

added was cal culated after each addition taking into consider-

ation any volume changes. ++ The concentrations of Cu added 

and the amounts obtained from the calibration curve were then 

compared. It was anticipated that any reduction in free cu++ 

16 

in the enzyme mixture could then be attributed to enzyme attach-

ment . 

Another analytical approach to the determination of cu++ , 

described by Jenkins (45) , entails t he use of sodium diethyl

dithiocarbamate as a complexing agent specific for Cu++. The 

complex f ormed in this method is colored and is found to absorb 

in the ultraviolet range of the spectrum. A calibration curve 

was prepared by plotting absorption versus concentration of 

C ++ 
u . Then, solutions of known concentration of enzyme were 

dialyzed for various lengths of time at constant temperature 

1 E. H. Sargent & Company , Chicago, Il l inois. 
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and the dialysate ana l yzed spectrophotometri cal l y f or free 

Cu++. To detect possible absorption of the metal ion on the 

dialysing membrane, dialysis studies were made using cupric 

ion solutions of known concentration in the absence of enzyme. 

Chelation Studies 

The a cid dissociation constants for all three ligands 

were determined potentiometrical ly according to the method of 

Chaberek and Martell (23 ) . To be consistent with subsequent 

inhibition s tudies , these constants were determined at 30°c . 

:!: 0 . 1°C. in solutions of 0.162 ionic strength adjusted with 

sodium chloride, with a s tream of nitrogen passing over the 

solution to exclude carbon dioxide . A Beckman Zeromatic pH 

Meter1 was used to follow the titrations. The dissociation 

constants were determined directly from the titration curves 

t aking mid- point values in the usual manner. 

The extent of chelation of AOH, AH, and HP with cu++ 

was followed potentiometrically by recording equilibrium pH 

values after addition of increments of standard base to the 

ligand- meta l mixtures . The conditions for these determina tions 

were the same as those described for the determination of dis-

sociation constants . The ratio of ligand to metal in the che-

late was analyzed by titration of ligand-metal solutions of 

various ratios (i.e ., 1- 1, 2-1, 3-1, etc.)--see Results. 

1 Beckman Instruments Inc., 2500 Harbor Boulevard, 
Fullerton, California. 

17 
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Enzyme Inhibition Studies 

In all inhibition studies, one ml of the enzyme stock 

solution was added to a solution of the chelate preset to the 

pH of the experiment. The adjustment of pH before the addition 

of the enzyme was essential since the composition of the chelate 

mixture is pH dependent. If, for example , the initial pH of 

the chelate solution were l ow , excessive amounts of free cupric 

ion might be available for attachment to the enzyme surface. 

A glass, jacketed vessel of approximately 20 ml volume 

was used to contain the reaction mixture and the temperature 

of the system was controlled with a Labline circulating water 

1 
bath • The reaction mixture was constantly stirred using a 

Magnestir. A plexiglass cover , fitted to the top of the reaction 

vessel, contained openings for the Beckman combination electrode, 

the nitrogen gas inlet, and the plastic extension from the ti-

trator burette. The final volume of the reaction mixtures was 

adjusted to nine ml with diluent. 

The enzyme and chelate were allowed to remain in contact 

for fifteen minutes at the preset pH of the experiment (except 

during time dependence studies) before the substrate (acetyl-

choline) was added. The final concentration of acetylcholine 

was 1.22 x 10-3M for all experiments except those concerned 

with the determination of the "competitiveness" of the inhi-

bition (see Results). 

1
Labline Instruments Inc ., Chicago, Illinois. 
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The values of Vo/V, (velocity with no inhibitor)/(velocity 

with inhibitor), were taken as the relative times necessary to 

consume 0 . 30 ml of base during which the hydrolysis was linear 

as a function of time. 

The velocity of the hydrolysis reaction corresponded to 

the time required to use 0.30 ml of base, provided the relation

ship between base used and time remained linear . In certain 

cases, where the velocity was very slow, it was necessary to 

extrapolate the line to 0.30 ml of base. The value of Vo was 

checked at the beginning and end of each series of experiments 

to ensure that enzyme activity remained constant . 

Derivations and Calculations 

The dissociation constants for all three ligands, with 

the exception of the dissociation of the ethanolic hydrogen 

in AOH , were obtained directly from the titration data. (The 

special situation in the case of the OH group in AOH will be 

discussed in detail in the Results . ) 

By titrating solutions containing various ligand-metal 

ratios with standard base , it was possible to calculate the 

chelate stability constants for all three ligands according 

to the method described by Bjerrum (29) . A brief description 

of this method for a diprotic ligand-metal interaction, with 

successive formation constants corresponding to 1-1 and 2-1 

chelate species, is as follows (disregarding the charge of 

the species). The acid dissociation constants and the chelate 
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stability constants are defined as f ollows: 

( 1 ) 

HL~=~· L+H (2) 

M+L~=~ML (3) 

ML+ L ==~ML2 (4) 

where H2L represents undissociated ligand and M represents metal 

ion. 

Also, 

LT = (L)+(HL )+(H2L)+(ML)+2(ML2) 

and ~ = (M)+(ML)+(ML2) 

where LT represents total ligand in the system and 

~ represents total metal in the system. 

(5) 

(6) 

Let ~ represent moles of OH added/mole of ligand. Then a(LT) 

will equal the number of moles of base added and (2-a)(LT) will 

equal the number of moles of titratable H+ remaining in solution. 

(7) 

Substituting Equations 1 and 2 into Equation 7, yields: 

(8) 
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So l ving Equation 8 for (1) yields: 

(1) (9) 

The use of Equation 9 allows the calculation of free ligand 

species present in solution (at a known pH after a known addi-

· tion of base) during the titration. 

Now, let n r epresent the average number of ligand molecules 

bound per mole of metal. 

Then, 

ML+2(ML2 ) 
n = 

Mrr 
( 10) 

Rearranging Equation 5 yields: 

( 11) 

Substituting Equations 1 and 2 into Equation 11 and dividing 

both sides by~ yields: 

(1) 
(ML)+2 (ML2) (12) 

~ 

The left side of Equation 12 is equal to n. 

Therefore, 

( 13) 

n 
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It is possible to obtain the values of the consecutive forma

tion constants by plotting n versus ·log (1). K
1 

is approxi

mately equal to the-log (1) value at n 0.5 and K2 approxi

mately equal to the-log (1) value at n 1.5. It should be noted 

that this method is only va l id if the numerical difference be

tween K1 and K2 is large. In the case of a small difference , 

an iteration procedure is required (see Appendix A). 

The problems involved in a study of this type are formid

able since the chelation solutions contain an equilibrium mix

ture of several species, i.e., free ligand, free metal, 1-1 

and 2-1 chelate species. It was possible to measure the inhibi

tory effects caused by free ligand and free cupric ion by using 

the pure components. However, it was not possible to prepare 

chelate solutions containing either of the two chelate species 

in the absence of the other (except in the case of AOH where 

only a 1-1 species formed). It was necessary, therefore , to 

design an experiment which would identify the species present 

in the equilibrium chelate mixtures which was responsible for 

inhibition. The first step in this approach was to calculate 

the concentration of individual species present in the equi

librium mixture of ligand and metal under fixed conditions of 

concentration and pH . The following is a description of these 

calculations. 

In the AOH system, where only a 1-1 chelate species formed, 

the following expression was derived. The symbols have the same 
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meaning as those described in the explanation of Bjerrum's 

n function . 

M+L==~ML 

HL==~HL+H 

(ML) 
(M) (1) 

Combining Equation 5 with Equations 1 to 4 yields: 

And, 

~=M+ML 

And combining Equation 6 with Equations 7 and 1 yields: 

23 

( 1 ) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 
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Rearranging terms to obtain the quadratic form yields : 

(9) 

With a knowledge of (!\J , (LT) K1 s ka1 , ka2 , ka
3

, and 

(H), Equation 6 and 9 could be solved for (L) and (M) with the 

1 aid of a computer The concentration of (ML) could then be 

obtained from Equation 7 and K1 solved from Equation 1. 

In the AH and HP systems, the calculations were further 

complicated because of the presence of a 2-1 chelate. The 

following expression was derived following the original method 

outlined by Bolton (34). 

M + L • ..... ==~ML 

ML + L •--.==~...._~ ML 
2 

HL ~=='~ H + L 

1 IBM 1410; Fortran IV Language. 

( 1) 

(2) 

(3) 

(4) 

(5) 

24 
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Combining Equation 5 with Equations 1 to 4 yields: 

And, 

Setting '1 + kH + k H: J equal to C<( l · a2 a1 a2 

And combining Equation 6 with Equations 1, 2, and 7 yields: 

Rearranging to obtain the cubic form yields : 

0 

With a knowledge of(~)? (LT); K11 K2 ? ka1 , ka2 , and 

(H), Equations 6 and 9 could be solved for (1 ) and (M) by a 

(6) 

(7) 

(8) 

(9) 

method of approximations . The computer programs used for the 

solution of these expressions are shown in the Appendix, (see 

Appendix B and C). 

25 
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III. RESULTS AND DISCUSSION 

Free Cupric Ion Determinat ions 

In the polarographic studies, a calibration curve of dif-

fusion current (iD) versus cupri c ion was prepared (Figure 1). 

It was anticipated that very small concentrations of Cu++ could 

be detected by extrapolating the calibration curve to very low 

Cu++ values. Unfortunately, the total concentration of Cu++ 

invol ved in the enzyme-Cu++ interaction was too small for accu-

rate measurement by this method. Repeated efforts to detect 

these small Cu++ concentra tions were unsucc·essful. 

The col orimetr ic method for cupric ion determinations 

(see Experimental) also presented problems. It was found that 

although a suitable calibration curve could be made by plotting 

absorption versus concentration a t relatively high concentrations 

of metal (Figure 2), attempts to analytically reproduce the 

minute quantities of Cu++ apparently associated with enzyme 

binding were unsuccessful. Several modifications of the litera-

ture procedure were tried including dialysis of large vo l umes 

and subsequent evaporation techniques to increase the per cent 

concentration of Cu++. The major difficul ty encountered was 

color fading. The co l ored complex formed between the complexing 

agent and Cu++ was found to be relatively unstable. Attempts 

were made to carry out the complexation directly in the spectra-

photometer cuvette, but the results obtained using this technique 

proved to be unreproducible. 
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Figure 1. Calibration curve f or free cupric ion versus diffusion current (iD) 
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Figure 2. Calibration curve for free cupric ion versus absorbance (mu). 
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Although the results of these studies were inconclusive, 

certain observations of interest were noted. It appeared that 

the amount of cupric ion bound to the enzyme or capable of bind-

ing was extremely small. Although the actual quantities of 

metal ion involved were not determined, they were found to be 

less than 1 x 10-6M. Further, when relatively large amounts 

of cupric ion were added to the enzyme and the mixture dialysed, 

++ analyses for Cu were not reproducible. This lack of repro-

ducibility could have been due to metal adsorbance on the di-

alysing membrane, but attempts to determine the actual concen-

tra tl. on of Cu++ bl f d b. th b capa e o a sor ing on e mem rane were un-

successful. 

Liga~d Dissociation Constants 

The dissociation constants for all three ligands deter-

mined by potentiometric titrations with standard base are shown 

in Table I . Literature values are indicated when available . 

Differences between the literature values and experimental 

values may be attributed to differences in ionic strength and 

the temperature at which the determinations were made. 

With the exception of AOH (see below), the acid dissocia-

tions were determined from the pH at the mid-points in the 

titra tion curves for each ligand. 

Stabil ity Constants 

A summary of the chelate stability constants for all 

three ligands appears in Table II. Literature values are in-
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TABLE I 

LIGAND DISSOCIATION CONSTANTS 

Ionic Temp. 
Ligand pKa1 pKa2 pKa

3 
Strength oc Reference 

AOH 8.01 9.58 14 . 20 0.162 30 

AH 8.50 10.24 0.162 30 

HP 2. 20 9 . 36 0.162 30 

( 
Literature Values 

AOH 8.23 9 . 68 0.100 20 39 

AH 8.88 10.64 0.100 20 46 

HP 1.92 9. 73 0.100 20 47 

( 
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TABLE II 

STABILITY CONSTANTS FOR LIGAND INTERACTIONS WITH Cu++ 

Ionic Temp. 
Ligand log K1 log K2 Strength oc Ref. 

AOH 18.40 0.162 30 

AH 9.29 6.96 0.162 30 

RP 8 .88 7 . 21 o. ·162 30 

Literature Values 

( AOH 

AH 9.62 7.00 1.000 30 53 

RP 

( 
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dicated when available. In general, the formation constants 

for all three ligand-metal interactions were determined by ti-

trating several ligand-metal ratios with standard base. Because 

each ligand exhibited different chela ting properties, their 

interactions with cu++ will be discussed separately. 

AOH. Titrations of Cu++_AOH(HC1) 2 mixtures as well as 

free amine di-HCl are shown in Figure 3. AOH-Cu-i + ratios of 

1- 1 and greater, all yielded exactly three equivalents of H+ 

per metal ion (Figure 4). This could only be explained on the 

basis of formation of a 1-1 .terdentate chelate with simultaneous 

release of the ethanolic proton. That a 2-1 chelate did not 

form was evident from a comparison of curves A, B and C in 

Figure 3 ; curve C wasfound to be a summation of curves A and 

B. Since a 2-1 chelate did not form, the possibility that the 

third proton came from Cu++_bound water was excluded. 

The system was also analysed according to the method of 

Job (48 ), utilizing the peak at 623 mu exhibited by the Cu++ 

chelate . Unfortunately, mixtures containing a mole fraction 

of amine less than 0.5 precipitated at the pH of the experiment . 

Therefore, no maximum could be observed in a 1-1 ratio system, 

but solutions containing larger ratios of amine (at constant 

total concentration) showed decreasing absorption which is 

corroborative evidence of only 1-1 chelate formation . 
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a 

Titration of 1, 3 diaminopropanol- 2(diHCl) in the absence of, 
and i n t he pres ence of, cu++. A, titration of 1 x 10"-2M AOH 
wi t h NaOH; B, equimolar am01mts of cu++ and AOH ; C, 100 per 
cen t exces s of AOH; a denotes moles of base added per mole 
of AOH. 
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Figure 4. 
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m 

Tit ration of 1, 3 di_aminopropanol-2 (diHCl) in the absence of, 
and in the presence of, Cu++ . A, titration of 1 x 10-2M AOH 
wi th NaOH; B, eQuimolar amounts of cu++ and AOH ; C, 100 per 
cen't excess of AOH ; m denotes moles of base added per mole 
of metal. 
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Since the ethanolic hydrogen was released during the 

chelation of AOH and Cu++, evaluation of the stability constant 

for this 1-1 species required the evaluation of the ka of this 

ethanolic group . It seemed reasonable to believe that this 

ka value could be determined spectrophotometrical ly. Ideally, 

two distinct peaks corresponding to the dissociated and undis-

sociated species would appear. 

Unfortunately, the necessity of using systems of very 

high pH introduced solvent effects which prevented clear- cut 

resolution of the peaks. Instead one peak appeared which con-

tinually shifted toward higher wavelengths with a corresponding 

lowering of absorption as the pH was increased. Then at pH 

14 . 06 the absorption began to increase while the peak continued 

to shift as before. This incTease in absorption was attributed 

to (-0)- formation and the pH of the solution when this was 

first observed was considered to be the pKa of the ethanolic 

hydrogen. 

Admittedly, the method was only an approximation and 

some corroborative evidence was needed. A theoretical calcu-

lation of the pK of the ethanolic hydrogen was made using 
a 

the method of inductive effects outlined by Hine (49). 

For a series of substituted aceti c acids (50), Yj 

the measure of electron donation or acceptance, was +3. 651 . 

When this value was used in the expression derived for substi-

35 

tuted alcohols and corrections were made for carbon chain lengths 



and the presence of two positively charged nitrogens (51), the 

pK was calculated to be 14.35. The estimated pK value of a a 

14.06 found in the spectrophotometric method appears, there-

fore, to be of the correct order of magnitude. 

Our calculation of the stability constant for the (CuAO)+ 

chelate (K1 ) agreed well with the log Ks value of 3,57: 0.17 

obtained by Bertsch, Fernelius, and Block (52,53), if the fol-

lowing relationships are considered: 

Then, 

K ~ CuAO+} ~H+} 
s (Cu++) (AOH) 

but 

K1 = 
(cuA0+2 

(cu++) (Ao-) 

And, because 

then, 

the value of K1 is depencent on the ka. Using our estimated 

18 ka we found an average value of 2.5 x 10 for K1 . 

AH. Preliminary examination of the titration curves of 

several ligand-metal ratios of AH and M++ indicated the for-

( 1 ) 

(2) 

(3) 

(4) 

36 
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mation of both a stable 1-1 and a stable 2-1 chelate (Figure 5). 

As can be seen, in Figure 6, four protons were titrated 

per mole of metal corresponding to 2-1 chelate formation. The 

numerical values for the t wo successive stability constants 

(K1 and K2 ) were calculated using the n relationship derived 

earlier in this thesis. Table III contains the results of 

calculated free ligand species at various n values. Since the 

K1 and K2 constants exhibited a large numerical difference, 

the log values of free ligand species at n = 0. 5 and 1.5 were 

taken as the actual values of K1 and K
2 

respectively. 

HP. Potentiometric titrations of the ligand salt and 

2-1 HP-M++ mixtures with standard base are shown in Figure 7. 

Titration curves of ratioB greater than 2-1, indicated no higher 

chelates and preliminary examination of these curves indicated 

the formation of a 1-1 chelate and a relatively stable 2-1 

chelate. Further, the absence of a strong inflection corres

ponding to 1-1 formation appeared to indicate a close proximity 

between the stability constants for the 1-1 and 2-1 chelate 

species. Further evidence supporting 2-1 formation was noted 

when pH was plotted versus moles of base per mole of metal in 

Figure 8. The end-point occurred when t wo protons were titrated 

per mole of metal ion indicating the attachment of two ligand 

molecules per metal ion. Calculations of free ligand species 

at various n values is shown in Table IV and preliminary eval-
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Titration of 1,3 diaminopropane(diHCl) in the absence of, and 
in the presence of, cu++ ion . A, titration of 1 x 10-2M AH 
with NaOH ; B, ligand-metal ratio of 2-1; C, ligand-metal ratio 
of 3- 1 ; a denotes moles of base added per mole of AH . 
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Figure 6. Titration of 1, 3 diaminopropane(diHCl) in the presence of 
Cu++ion. A, ligand-metal ratio of 2-1; B, ligand-metal ratio 
of 3-1; m denotes moles of base added per mole of metal. 
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TABLE III 

CALCULATED FREE LIGAND SPECIES AT VARIOUS n VALUES FOR THE 

AH-Cu++ INTERACTION 

pH (L-) - -log (L) n 

5.39 1.85 x 10-10 0.250 9.73 

5.55 3. 70 x 10-10 0.402 9o43 

5.66 5.18 x 10-10 0.500 9.23 

5. 81 9.17 x 10-10 0.650 9.04 

6.75 3.62 x 10 -8 ·1.250 7.44 

6.88 5. 54 x lO -8 1. 360 7.26 

7.08 1.08 x 10-7 1.472 6. 97 

7.33 2.28 x 10-7 1. 640 6.62 

40 
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Figure 7. Titration of hydroxy-1-proline(HCl) in the absence of, 
and in ~he presence of Cu++ ion . A, titration of 
1 x 10- M free amine with NaOH; B, titration of 1 x 10- 2M 
mono-HCl salt with NaOH; C, ligand-metal ratio of 2-1; 
D, ligand-metal ratio 3-1; a denotes moles of base added 
per mole of HP. 
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Figure 8 . Titration of hydroxy-1-proline(HCl) in the presence of 
Cu++ ion . A, ligand-metal ratio of 2-1; B, ligand-metal 
ratio of 3-1; m denotes moles of base added per mole of 
metal. 
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TABLE IV 

CALCULATED FREE LIGANil SPECIES AT VARIOUS n VALUES FOR THE 

KP-Cu++ INTERACTION 

(L-) - -log(L) pH n 

2.04 6.67 x 10-10 
0.303 9.18 

2 .1 2 8.31 x 10-10 
0.383 9.08 

2.21 1.07 x 10-9 0.461 8,97 

2. 31 1.39x10-9 0.539 8.86 

3. 36 1,51x10 -8 1. 061 7,82 

3.88 3.72 x 10 -8 1. 314 7,43 

4.28 6 -8 .75 x 10 1,504 7 .17 

4.52 9. 37 x 10 - 8 1, 602 7.03 

43 
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uation of K1 and K2 at n = 0.5 and 1. 5, respectively, indicated 

a small numerical difference between the two successive forma-

tion constants. In order to obtain more accurate values for 

44 

K1 and K2 , it was necessary to use the iteration procedure 

referred to in the introduction of this thesis. A brief descrip-

tion of this procedure, using actual values necessary for the 

evaluation of K1 and K
2 

for the interaction of HP-Cu++, is 

shown in the Appendix. Figure 9 shows the results of plotting 

n versus the negative log of free ligand concentration (pL) for 

the AH and HP systems. 

Inhibition Studies 

As was mentioned earlier, the chelate solutions contained 

an equilibrium mixture of several species. The questions to be 

resolved were which species acted as inhibitors and how did 

they exert their inhibition. In the case of the AOH ligand, 

free ligand, free metal and/or 1-1 chelate could be responsible 

for inhibition. With the AH and HP compounds, the addit ional 

possibility of inhibition by the 2-1 chelate species was also 

considered. 

Inhibition by Free Cupric Ion. The influence of free 

cupric ion on the hydrolysis of acetylcholine by acetylcholin

esterase, has been reported by Bolton (34). The results of 

this study indicated that concentrations of free cupric ion 

below 2 x 10-5M did not exert a significant inhibitory action 



( 45 

10 

9 

8 

pL 

7 

6 

5 

4 
0 0 . 8 1. 2 1. 6 2 . 0 

n 
Figure 9. Formation functions of copper chelates of AH and HP; n 

average number of ligands bound per mole of metal ion ; 
pL = negative logarithm of L. 



on the acetylcholinesterase system, although this value was 

somewhat dependent on the concentration of enzyme. Further, 

it was found that inhibition by free cupric ion was usual ly 

accompanied by a time dependence. When the concentration of 

free cupric ion was relatively large, the measured velocity 

of the inhibited enzyme-substrate reaction changed as a function 

of time, whereas, when the concentration of free cupric ion 

was relatively small, the observed velocity remained constant 

for periods of time up to one hour. Because of this poss ible 

interference from cupric ion , all chelate solutions used con-

-6 tained less than 1 x 10 M free cupric ion at the experi mental 

pH values used in this thesis . The concentration of cupric 

ion was controlled by a careful choice of the pH, the concen-

tration of chelate solution, and the ratio of ligand to metal. 

The individual effects of these three experimental conditions 

will be discussed separately for each l igand. As a further 

check for possible Cu++ interference , time dependence studies 

were performed initially on all systems. Whenever cupric ion 

interference was suspected, the data could not be analysed and 

has been omitted. 

Inhibition by Free Ligand. The contribution of free ligand 

to the inhibition of the acetylcholinesterase system was examined 

by Bolton (34,36). Results showed that within the concentrations 

used in these experiments, free ligand exhibited no inhibitory 
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effects. Studies run with AOH, AH, and HP also showed that 

these ligand molecules exhibited no inhibitory properties even 

when concentrations of total ligand used were far in excess of 

the concentrations normally encountered in our inhibition studies. 

Inhibition by the AOH System. The results of enzyme in

hibition by a 2 .1-1 ligand-metal ratio solution of AOH-Cu++ 

at several pH values, are shown in Table V. The choice of ligand

metal ratio was not critical with this system because the for

mation constant resulting from the terdentate attachment was 

very large. Because of the very large 1-1 formation constant, 

the concentration of free cupric ion was very low over a pH 

range from 7,5 to 9.0. The kinetic data obtained fon this 

system was found to be independent of time. Examination of 

Figure 4 shows a large pH change at the end-point of the titra

tion, corresponding to 1-1 chelate formation. Analysis of the 

equilibrium chelate solution at pH values from 7.5 to 9.0 using 

the computer approximation method described in the Appendix, 

revealed no change in the concentration of 1-1 chela te species 

throughout the pH range used. Also, when the ligand-metal 

ratio was changed to 2.2-1 and the equilibrium chelate solu-

tion analysed, it was found that the concentration of cupric 

ion was lowered, but the concentration of 1-1 species did not 

change. 
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TABLE V 

INHIBITION BY 1-1 AOH CHELATES IN A 2 .1 -1 
LIGAND-METAL RATIO SOLUTION 

Molar Molar Molar 
Cone. Cone . ·1-1 Cone. 

pH Chelate Chelate Free cu++ Vo/V 
x 10-3 x 10- 3 x 10-10 

7 . 5 1 0.9 9,3 1. 074 
2 1.9 9 . 3 1. 091 
3 2 . 9 9. 3 1. 104 
4 3. 9 9.3 1 • 111 

8.0 1 0.9 0.45 ·1. 021 
2 1 • 9 0.45 1 .048 
3 2. 9 0 . 45 1 . 072 
4 3. 9 0 . 45 1.096 

8. 25 1 0.9 0. 11 1 . 020 
2 1. 9 0.11 1. 037 

( 3 2.9 0 . 11 1.058 
4 3. 9 o. 11 1.080 

8. 50 1 0 . 9 0.031 1. 016 
2 1. 9 0.031 1.034 
3 2 . 9 0 . 031 1. 057 
4 3.9 0.031 1 . 070 

8 . 75 1 0 . 9 0 . 028 1. 019 
2 1.9 0.028 1. 039 
3 2.9 0 .028 1. 060 
4 3. 9 0.028 1 .080 

9.0 1 0.9 0.003 1.042 
2 1.9 0.003 1. 089 
3 2.9 0 . 003 1 . 134 
4 3. 9 0.003 1. 184 
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Since the concentration of free cupric ion throughout 

the pH range used , apparently, was too low to cause inhibition 

and since the concentration of 1-1 chelate species did not change 

when the pH of the equilibrium mixture was changed, any vari-

ation of inhibition could reasonably be attributed to charge 

changes on the enzyme surface. It was anticipated that if in-

hibition changed as a function of pH, an optimum pH value would 

appear corresponding to the pKa of the group on the enzyme 

surface involved in the binding. 

With the 2.1-1 ligand-metal ratio solution, the inhibition 

of the enzyme system at all pH values except pH 7.5 followed 

a straight line relationship, passing through zero, when Vo/V 

was plotted against 1-1 chelate species concentration (Figure 

10). At pH 7.5, the resultant straight line did not pass through 

the origin but yielded, instead, a positive y-intercept. This 

odd behavior at pH 7.5 could possibly be attributed to a dif-

ferent mechanism inhibition or the presence of significant 

amounts of cupric ion in equilibrium with the enzyme. (It 

should be noted, however, that no time dependence was observed). 

pH values above and below the range of 7, 5 to 9.0 could not be 

used, since the system was too highly buffered at low pH values 

and the chelate dissociated at high pH values. As can be seen 

in Figure 10, the inhibition appears to decrease as the pH is 

increased above 7,5, In the pH range of 8.5 to 8.75, the in-

hibition increases, possibly due to the fact that the pK value 
a 
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Figure 10 . Comparison of inhibition by 1-1 AOH chelate at various pH 
values . The ratio of ligand-metal is 2. 1 ·1. 
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of the ionizing group on the enzyme surface involved in inhibitor 

binding, had been reached. 

In order to substantiate these results, a 2.2-1 ligand

metal ratio solution was used as the inhibitor. This solution . 

has less free cupric ion but the concentration of 1-1 chelate 

species was the same as that present in the 2.1-1 mixture . It 

seemed reasonable to expect less inhibition with this ratio 

compared to the 2.1-1 ratio, if free cupric ion was contributing 

to the inhibition . The results of the inhibition studies at pH 

8 and 8.5 are shown in Figure 11. The inhibition , expressed as 

Vo/V, was found to be the same , within experimental error, as 

the data obtained using the 2 . 1-1 ratio, under the assumption 

that the 1- 1 species is the inhibitor . Thus , the possibility 

that free copper ion is contributing to the inhibition , seems 

unlikely. 

In an attempt to elucidate the nature of the inhibition 

by the 1-1 chelate species, the 2.2-1 ratio solution (at pH 

8.5) was used to observe the inhibition of the enzyme at various 

substrate and inhibitor concentrations . (The choice of both 

the ratio of ligand to metal and the pH were arbitrary in this 

system, since the concentration of 1-1 species did not change 

throughout the pH range under consideration , and free cupric 

ion concentration was negligible.) This procedure followed the 

general method of Michaelis and Menten (13) and the numerical 

results appear in Table VI. Graphical analysis of this data 
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1. 14 

1 . 12 
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Figure 11. Comparison of inhibition by 1-1 AOH chelates at pH 8.0 and 
8.5. The ratio of ligand-metal is 2.2-1 . 
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TABLE VI 

INHIBITION BY 1-1 AOH CHELATE IN A 2.2-1 LIGAND-METAL RATIO 
SOLUTION AT pH 8.5 WITH VARYING SUBSTRATE CONCENTRATIONS 

Molar Molar Cone . Molar Cone. 
Cone. of of Chelate of ·1-1 Reaction 
Substrate Mixture Species Velocity 
~ 10-3 x 10-3 x 10-3 (1/v) 

1. 22 0 0.0 49! 
1 0.9 49 3/4 
2 1. 9 51 

3 2.9 52 

4 3. 9 53! 

0.99 0 o.o 50! 
1 0.9 52 
2 1. 9 53 

3 2.9 54! 
4 3.9 57 

0.73 0 o.o 53 3/4 
0. 9 55! 

2 1. 9 57! 
3 2.9 58! 

4 3.9 62 

0.49 0 0.0 58 3/4 
1 0.9 61.l.. 

4 

2 1. 9 6}~-

3 2. 9 66 

4 3.9 69 
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according to the general procedure out l ined by Friedenwald, 

et al. (18) appears i.n Figures 12 and 13. In this method , 

values of KI' Ks and o< can be determined (see Appendix A). 
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When o< i.s equal to infini.ty, the inhibition is termed complete ly 

"competitive " and when o< equals uni.ty, the inhibition is termed 

completely "non-competi ti. ve". Intermediate values of .::>( i.ndi.cate 

a combination or mi.xture of both types of i.nhibi.tion. The 

derivati.on and signi.ficance of the o( value are shown in the 

Appendix. 

A multiple regression approach was used to fit the data. 

This approach was used in all o< determination studies and the 

mathematical equations used appear in Appendix A. 

Analysis of Figures 12 and 13 indicates that the 1- ·1 

chelate of AOH inhibits the enzyme in a "competitive " manner. 

Unfortunately, the overall inhibition by this 1-1 chelate species 

was relatively weak and, therefore, the experimental error was 

relatively l arge . Possible reasons for this weak inhibition 

are: (1) The 1-1 chelat e species has only a single plus charge 

and (2) the terdentate attachment involved in the formation 

of the 1-1 chelate species leaves only one available coordina

tion site on the metal. The lack of avai.labili ty of coordina

tion sites is probably an important factor, accounti..ng for the 

weak inhibition properties ; it had been previously reported 

(34,36) that 2-1 chelate species of Cu++ , where there are no 

coordination vacancies, did not appreciably inhibit the enzyme. 
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Figure 12 . 
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Analysis of i nhibi tion by 1- 1 AOH chel ate at pH 8.5 using 
1/S values. Key : 1, (I ) = 3. 9 x 10- 3 ; 2 , (I)= 2 . 9 x 10- 3; 
3, (I)= 1. 9 x 10- 3 ; 4, (I) = 0.9 x 10- 3 ; 5, (I)= O. 
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Analysis of inhibition by 1-1 AOH chelate at pH 8.5 using 
(I) values. Key: 1, (s) = 4 . 9ox10-4M ; _2 , (s) = 7.3ox10-4M; 
3, (s) = 9. 9ox10-4M ; 4, (s) = 1. 22x10-~. 
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Inhibition by the AH System. Analysis of the AH system 

was more complicated than the AOH system because of the presence 

of a stable 2-1 chelate species. Furthermore, the ligand-metal 

interaction of this chela te was much weaker than the AOH system 

(compare Figures 4 and 6), and, consequently, the selection of 

ligand-metal ratios and equilibrium pH values was restricted. 

Initially, pH 8. 0 was selected as the equilibrium pH for 

inhibition studies because a significant concentration of 1-1 

species was present at this pH. It was found tha t ligand-metal 

ratios of 2.0-1 or less, could not be used a t pH 8.0 because 

of the presence of relatively high concentrations of free cupric 

ion. In fact, a t lower ratios, cupric hydroxide precipitation 

was observed when the solutions were allowed to stand for several 

days. When the ligand-metal ratio was raised to 2.1-1 at pH 

8 . 0, it was found that no precipitation occurred and no time 

dependence was observed during inhibitory s tudies . For the 

above reasons, a2 .1--1 equilibrium chelate solution at pH 8.0 

was chosen for the initial inhibition analysis of the AH sys tem . 

It was found that the concentra tion of 1-1 che late species 

could be linearly correlated to inhibition, by plotting Vo/V 

versus 1-1 concentration at pH 8.0. Figure 14 shows the results 

of this analysis. The 2-1 species did not seem to contribute 

to the inhibition. 

Because of the f a ct that the 1-1 chelate species seemed 

to be solely responsible for inhibition, under the above con-
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ditions, an analysis to determine values of KI and o(was attempted 

in a manner s~mi lar to that described for the AOH system. The 

graphical results of this study appear in Figures 15 and 16 

and the concentrations of all species present in the equilibrium 

mixtures are shown in Table VII. Analyses of this data appeared 

to indicate a primarily "non-competitive" type of inhibition. 

To further elucidate the nature of inhibition by the 1-1 

AH chelate, the inhibition by solutions containing ligand-metal 

ratios of 2.2-1 and 2 . 3-1 was examined at pH 8.0. At these 

higher ratios , less free cupric ion and smaller amounts of 1-1 

species were present but the concentration of 2-1 species in

creased. The results of these studies, including concentrations 

of species present in the equilibrium mixture, are shown in 

Table VIII. The correlation of inhibition with 1-1 chelate 

species was quite good, evenifihevery low concentration of 1-1 

species is taken into account (Figure 17). 

At pH values higher than 8.0, it was not possible to 

correlate either 1-1 or 2-1 chelate concentrations with inhi

bition (see Figure 18). At elevated pH values, the expected 

straight line relationship was not obtained when either the 

1-1 or 2-1 chelate concentration was plotted against Vo/V. 

It was found, however, that plots of the ratio of 1-1/2-1 versus 

Vo/V yielded straight lines. Some possible explanations for 

this behavior are: (1) The double charge present in Cu++ che

lates of AH changes either the site or mechanism (i . e., the 
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Figure 15 . 
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Analysis of inhibiti..on by 1-1 AH chelate at pH 8.0 
using 1/S values. Key: 1, (I)= 3.73x10-4M; 2, (I) 
3. 34x10-4M; 3, (I) = 2.82x10-4M; 4, (I) = 2.06x10-4M; 
5, (I) = O. 
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Figure 16. .Analysis of inhibition by 1-1 AH chelate at pH 8.0 
using (I ) values. Curves 1-4 have the same meanings 
as in Figure 13 . 
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TABLE VII 

INHIBITION BY 1-1.AH CHELATES IN A 2. 1 -1 LIGAND-MEI'AL RATIO SOLUTION 

AT pH 8.0 WITH VARYING SUBSTRATE CONCENTRATIONS 

Molar Molar Cone . Molar Cone . Molar Cone. Molar Cone. 
Cone . of of Chelate of Free of 1-1 of 2-1 Reaction 
Substrate Mixture Cupric Ion Species Species Velocity 

x 10-3 x 10-3 x 10-7 x 10-4 x 10-3 (lfv) 

1 . 22 0 0.00 0.00 0.00 sot 
1 2. 50 2.06 0.79 101 

2 2. 17 2.82 1. 72 124t 

3 1. 96 3. 34 2.67 138 

4 1. 79 3.73 3.63 149 

( 0.99 0 0.00 0. 00 o.oo 53 
1 2.50 2.06 0.79 111 

2 2. 17 2.82 1. 72 133 

3 1. 96 3.34 2.67 148 

4 1. 79 3.73 3.63 161 

0.73 0 0.00 0.00 0.00 57! 
1 2.50 2.06 0.79 125 

2 2. 17 2.82 1. 72 14st 

3 1. 96 3. 34 2. 67 162 

4 1. 79 3.73 3.63 17~ 

0 .49 0 0.00 0.00 o.oo 6~ 

1 2.50 2.06 0.79 142 

2 2.17 2.82 1. 72 169 

3 1. 96 3.34 2.67 192 

4 1. 79 3.73 3.63 211 

l 



TABLE VIII 

INHIBITION BY 1-1 AH CHELATE IN 2.2-1 and 2.3-1 LIGAND-METAL 
RATIO SOLUTIONS AT pH 8 . 0 WITH A SUBSTRATE CONCENTRATION OF 

1 . 22 x 10-3M 

Molar Cone . Molar Cone . Molar Cone . Molar Cone. 
of Chelate of Free of 1-1 of 2-1 

Mixture Cupric Ion Species Species 

x 10-3 x 10-7 x 10-4 x 10-3 Vo/V 

Ligand-Metal Ratio=2.2-1 

0 o.oo 0.00 0 .00 1.00 

1. 73 1. 75 0,83 2.09 

2 1. 34 2.25 1.78 2.39 

3 1 . 11 2.55 2.75 2.67 

4 0.95 2.75 3 .73 2.92 

Ligand-Metal Ratio=2.3-1 

0 0.00 0.00 0.00 1.00 

1 1 . 24 1. 50 0.85 2.04 

2 0.87 1.84 1. 82 2.37 

3 o . 68 2.02 2.80 2 .64 

4 0.56 2.13 3.79 2.80 

l 
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Inhibition by 1-1 and 2-1 AH chelates at pH 8.5 . For 1-1 
species, abs cissa represents 10-4M; for 2-1 species, abscissa 
represents 10-3:M. 
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mechanism no l onger follows Michaelis and Menten kinetics) of 

binding on the enzyme surface at elevated pH values and/or (2) 

the concentration of 1-1 chelate species was so small compared 

to 2-1 chelate that an equilibrium was achieved between the 

enzyme and the chelate solution according to the following 

s cheme : 

) ( 1) 
(ML2 ;;;;;;;;;c===~========'--~ (ML)+ (1) 

(4) +(L) (2) +enzyme 

(Products)+(ML)+enzyme ~--'~=~( "=3 )~= enzyme- (ML) 

Because of this behavior, it was not possible to deter

mane o( and K
1 

values for the AH system at elevated pH values. 
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Inhibition by the HP System . Analysis of the HP system 

was conducted in a manner similar to that used for the AH system. 

Here, again, both a 1-1 and 2-1 chelate species were formed with 

stability constants much weaker than the AOH interaction, (com

pare Figures 4 and 8) . Consequently, the selection of ligand

metal ratios and equilibrium pH values were again restricted. 



Initially, a ligand-metal ratio of 2.0-1 was examined 

at pH 8.0. This ratio and pH resulted in rather large concen

trations of 1-1 species and apparently insignificant amounts 

of free cupric ion in the equilibrium mixture. It was found, 

howeveT, that although the equilibrium mixture at this pH ex

hibited no time dependence, a plot of 1-1 chelate species versus 

Vo/V yielded a straight line with a positive y-intercept. The 

"extra" inhibition, not accounted for by the 1-1 species, could 

possibly be attributed to free cupric ion present at pH 8.0. 

Since possible interference by free cupric ion was suspected 

at pH 8.0, the 2.0-1 ligand-metal ratio was examined at pH 

8.25. At this slightly higher pH, the influence of free cupric 

ion might be eliminated. 

The results of the experiment at pH 8.25 with a ligand

metal ratio of 2.0-1 are shown in Figure 19. Examination of 

this data revealed that, apparently, a critical concentration 

of 1-1 species was necessary before any inhibition occurred. 

Once this critical concentration was reached, the inhibition 

followed a straight line relationship for 1-1 concentration 

versus Vo/V. 

In order to substantiate this unusual observation, ligand

metal ratios of 2.1-1 and 2.3-1 were prepared. These mixtures 

contained less free cupric ion and less 1-1 chelate species but 

more 2-1 chelate species at equilibrium. The result of this 

study, including all pertinent concentrations, appears in 
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Figure 19. Inhibition by 1-1 HP chelate in several ligand-metal rat ios 
a t pH 8.25. 
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Table IX (see also Figure 19). Analysis of this data indicated 

a consistent correla tion between 1 ·-1 chelate concentration and 

Vo/V . among the solutions of different ligand-metal ratios . 

For example, low concentrations of the 2.3-1 ligand-metal ratio 

solution, which contained, at equilibrium, amounts of the 1-1 

chelate species almost identical with the "yield value " or 

critical concentration, showed practically no inhibitory activity. 

When the pH was increased to 8.5, not only did the "yield 

value" disappear, but, as in the oase of AH, correlation of 1-1 

species and inhibition could not be made. Possibl y another 

mechanism of binding to the enzyme surface or an actual physio

chemi cal change of the enzyme was responsible for this odd 

behavior. It should be noted that previous studies of the 

acetyl cholinesterase system by Bolton (34,36) were conducted 

at pH values of 7.0 and 8.0 and, consequent ly, none of the 

unusual behavior observed in our studies at equilibrium pH 

values of 8. 5 and higher, had been encountered . 

Although the reason for the occurrence of a "yield value" 

in this study is not known, one possible explanation could be 

made on the basis of steric hindrance. The HP ligand was the 

only ring compound studied and the chelates formed were double 

ring structures. Possibly the relatively large size of the 

1-1 chelate prevented easy attachment to the enzyme site involved 

in binding. At higher pH values the charge of the binding site 

on the enzyme surface might have changed, thereby eliminating 
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TABLE IX 

INHIBITION BY 1-1 HP CHELATE IN SEVER.AL LIGAND-METAL RATIO 
SOLUTIONS AT pH 8. 25 WITH A SUBSTRATE CONCENTRATION OF 

1. 22 x 10-3M 

Molar Cone . Molar Cone . Molar Cone. Molar Cone. 
of Chelate of Free of 1-1 of 2-1 

Mixture Cupric Ion Species Species 

x 10-3 x 10-7 x 10-4 x 10-3 Vo/V 

Ligand-Metal Ratio = 2.0-1 

0 0.00 0.00 0.00 1.00 
1 1. 699 0.85 0. 91 1. 22 
2 1. 701 1. 22 1. 88 1. 41 
3 1. 702 1. 50 2.85 1.56 
4 1.703 1. 74 3.83 1. 68 

\ 

Ligand-Metal Ratio= 2 .1-1 

0 0.00 0.00 0.00 1.00 
1 0.570 0.502 0.95 1. 05 
2 o. 391 0. 59.5 1.94 1 0 10 
3 9.500 0.641 2. 94 1 . 13 
4 0.245 0.670 3,93 1 . 16 

Ligand-Metal Ratio = 2.2-1 

0 0 . 00 o.oo 0.00 1.00 
1 0.242 0 . 240 2.97 1.004 
2 0 . . 140 0.250 1. 96 o. 97 
3 0.099 0.256 2 . 96 1 . 01 
4 0 . 077 0.258 3.96 1. 03 
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this steric effect, resulting in the disappearance of the "yield 

value ." 

Correlation of the Inhibition Studies. In this section, 

an attempt will be made to discuss various factors which may 

affect inhibitory act~vity within each ligand system. Also, 

any deviations from expected results, not previously discussed, 

will be cited. 

Relation of Inhibition to Stability Constants. The chelate 

stability constants for the three ligands under consideration, 

appear in Table X. It is difficult to make a complete comparison 

of the extent of inhibition with formation constants because 

( 
\ of the yield value encountered with the HP system . The AOH 

system exhibited the weakest inhibitory acti'on among the three 

ligands and it had the largest formation constant . If the 

availability of the metal ion is essential for inhibition, the 

weak inhibitory properties of the AOH ligand might be expected 

because of the (1) high stability constant and (2) shielding 

of the metal in the terdentate attachment. Table X also con-

tains the formation constants for the ethylenediamine and gly-

cine ligand systems reported by Bolton (34,36). It would have 

been convenient if all systems could have been examined at the 

same pH, but because of various factors previously discussed, 

this was not possible. Examination of Table X reveals a possible 

relationship between the formation constants (K1) and the in-
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TABLE X 

RELATION OF CHELATE STABILITY CONSTANTS (K1 )TO INHIBITION 
CONSTANTS (K~) 

Ligand log K1 KI K pH Charge 
s 

AOH 14.20 6.95x10-3 1.91x1o-4 1o.8 8 . 5 (+) 

AH 9.29 1.5x10-3 3.39x1o-4 1 . 25 8.0 (++) 

HP 8.00 (+) 

( Literature (342 

Ethylene- 10. 34 1. 9x1o-4 1. 0 8.0 (++) 
di amine 

Glycine 8.20 1.9x1o-4 1. 3 8.0 (+) 
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hibitory constants (KI). ~The calculation of KI values is dis

cussed in the Appendi~ in the section dealing with o< deter

minations.) It appears that high K1 values result in low KI 

values . Bolton, however, calculated identical values for KI 

when he compared ethylenediamine and glycine, although the che

late stability constants are quite different. Thus, although 

there appears to be some relationship between K1 and KI ' other 

factors are undoubtedly involved. 

Relat ion of Inhibition to Charge. Although the charge 

associated with the chelate species may have an effect on bind

ing, it is not possible to measure this effect at a given equi

librium pH . Also, comparisons of charge and inhibition among 

all three ligands at pH 8.0 may not be meaningful, since the 

mechanism of chelate attachment to the enzyme surface may be 

different for each system. It will be demonstrated that charge 

may become a very significant factor in the extent of binding 

at elevated pH values. 
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pH Effects on Inhibition. When equilibrium pH was altered, 

the extent of inhibition changed in all systems studied. In 

the AOH system, where the concentration of 1-1 species did not 

change over a large pH range, studies were made at several 

equilibrium pH values. These results appear in Figure 10 and 

indicate a strong dependence of inhibition on equilibrium pH. 

The data shows a dramatic change in inhibitory activity between 
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pH 8 . 50 and 8 . 75. Possibly the pK of the group on the enzyme 
a 
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surface involved in the binding process occurs in this pH range. 

The overall inhibition noted by the AOH system was quite low 

until elevated pH values were used. Conceivably, the charge 

effect becomes a predominant factor at higher pH values and 

supercedes other mechanisms of attachment which may occur at 

lower pH values. 

It is of interest to note that the 1-1 AH chelate is 

doubly charged and the system was found to be very pH dependent . 

At pH 8.0, a correlation of 1-1 species with inhibition seemed 

evident, but at slightly higher pH values this relationship 

did not exist. For example, plots of 1-1 AH chelate concentra-

tion versus Vo/V at pH 8.5 resulted in curved lines. Because 

of this result, the inhibition data obtained under these con-

ditions could not be analyzed. As was mentioned earlier, attempts 

to run studies at lower equilibrium pH values resulted in free 

cupric ion interference. 

The possibility that a different mechani sm of inhibition 

or a change of binding site is involved at elevated pH values 

s eems reasonable . The fact that this curvature was not obs erved 

in the AOH system, at elevated pH values, may possibly be attrib-

uted to the single positive charge on the 1-1 AOH chelates as 

compared to the doubly positive charge on the 1-1 AH chelates. 

Furthermore, the fact that the concentration of 1-1 species 

is quite small in comparison to the 2-1 species at elevated 
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pH values may cause a significant equilibrium shift (see 

page 66 . ) 

Examination of the HP system at different pH values was 

not possible . At pH values below 8.25, free cupric ion inter-

fered and at pH values of 8.5 or higher the stability of the 

chelates was questionable. The results obtained at pH 8.5 

have not been included because they were not reproducible. 

The rather unique behavior of the HP system at pH 8 . 25 was 

reproducible and will be discussed later. 

Relation of Coordination Vacancies and Inhibition. The 

fact that coordination vacancies must be present on the metal 

ion in order to observe inhibition, was observed in all three 

systems. + The weak inhibitory activity of the AO-Cu chelate 

could be attributed to the presence of only one coordination 

vacancy on the Cu++. The absence of inhibitory activity by 

the 2-1 AH and HP chelates may be attributed to the absence of 

any coordination vacancies. It is possible, however, that if 

the metal ion itself is attaching to the enzyme surface, the 

2-1 chelates present a sterically blocked cupric ion and pre-

75 

vent the attachment from occurring (except at elevated pH values 

with doubly charged chelates, sic AH system). 

Relation of Configuration and Inhibition. The strained, 

terdentate attachment of the AO-Cu+ chelate has been described. 

The large formation constant calculated for this che late would 
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probably result in very little rotation within the mol ecule 

and, consequently, the metal ion would not be readily avail

able for attachment to the enzyme surface. 

The AH system presented an unstrained six member chelate 

ring in the 1-1 species. Thus, the copper ion in this compound 

was available for attachment to the binding site on the enzyme 

surface. However, this availability of copper ion was super

ceded at elevated pH values, probably because of the double 

charge on the chelate molecule. 

The HP system was interesting in that it is the only ligand 

examined which contained a ring. This ring configuration may 

be the basis of a possible explanation for "yield" value (or 

critical concentration requirement) observed at pH 8.25 . When 

the 1-1 HP chelate forms, a double ring compound results which 

could present a steric hindrance in attaching to the enzyme 

surface. Possibly, a critical concentration of the 1-1 HP 

species was necessary to overcome this steric effect, before 

any inhibition could be observed. Initially, the configuration 

of the hydroxy group in HP was thought to be of possible value 

in increasing inhibition because it could be directed towards 

the esteratic site on the enzyme . Unfortunately, the limited 

pH range in which this compound could be studied, prevented 

the design of experiments which could possibly have elucidated 

effects of this hydroxy group. 
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IV. SUMMARY 

An a ttempt at the systematic analysis of a cetyl cholin

esterase inhibition by copper chelates , is presented. Previous 

analyses of enzyme-chelate interactions have been limited to 

pH values of 7 . 0 and 8 . 0, resulting in "non-competitive " in

hibition by 1-1 chelate species . 

It is shown that the 1-1 chelate species of 1,3 diamino

propane di- HCl inhibits in a "non- competitive" manner at pH 

8.0. At higher pH values , the relationship between enzyme re

action velocity and concentration of 1-1 species is no longer 

linear, indicating a different mechanism of inhibition is 

occurring. 

It is shown that the 1-1 chelate species of 1,3 diamino

propanol-2 inhibits in an essentially "competitive" manner at 

pH 8.5. Further, a relationship between inhibition and pH is 

developed for the 1,3 diaminopropanol-2 system resulting in 

increased inhibition in the pH range 8 . 50-8.75. Analysis of 

data indicates a change in charge a t the binding sites on the 

enzyme surface in this pH range . 

It is shown tha t 1-1 copper chelates of hydroxy-1-proline 

inhibit the enzyme at pH 8 . 25 , after a critical concentration 

of 1-1 species is reached . At lower pH values , free cupric ion 

interfers and the chelate species dissociates at pH values above 

8.25. The yield value encountered in the hydroxy-1-proline 

system precludes the us e of first - order enzyme kinetic theory 
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to analyse the data. The yield value may be attributed to 

steric factors resulting from the formati on of a double ring 

system in the 1-1 chelate . 

The effects of free cupric ion are examined in all systems. 

Results indicate the concentration of free cupric ion is depen-

dent on the formation constant and the pH of the equilibrium 

mixture. It is further shown that concentrations of cupric 

ion below 1 x 10-6M exhibit no inhibitory properties. 

The relationship between inhibition and coordination 

vacancies is examined in all systems. In agreement with pre

vious results, the presence' of vacancies on the metal ion is 

essential for inhibition. The AOH chelate, with only one co-

ordination vacancy on the metal ion, is a weak inhibitor. 2-1 

chelates of both AH and HP, with no coordination vacancies on 
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the metal ion, did not appear to inhibit the enzyme significantly. 

The effect of chelate charge is examined in all three 

systems. The charge on the 1-1 AOH chelate, (a single positive 

charge) is analysed as a function of pH and the data has been 

discussed earlier. The instability of the 1-1 HP chelate (also 

with a single positive charge) did not allow equilibrium pH 

changes and consequently no correlation between inhibition 

and charge can be made. The 1-1 AH chelate (with a double 

positive charge) is shown to exhibit non-ideal behavior at 

elevated pH values. The presence of the double positive charge 

or a change in the mechanism of binding to the enzyme surface 

may be factors responsible for this behavior. 
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APPENDIX A 

Multiple Regression Approach (AOH} 

The equation used to determine the constants describing 

the inhibition is of the following form: 

K Ks I 
ljvo = ljv + vs (1/s) + 1/ KIV (I) + -K v (-s) 

m m m I m 

This may be rewritten for convenience as follows : 

y a + bx + cz + dw 

where 

Considering y as a linear function of x, z, and w~ the 

usual least squares multiple regression approach can be used to 

obtain the best estimates of a, b, c, and d. 

The normal equations are: 

(y-y)x 
_ 2 2 

x(w-w) 2 b (x-x) + c x(z --z-) + d 

(y-Y)z b (x-x)z + c (z-z)2 
+ d (w-w)z 

(y-y)w b (x-x)w + c (z-z)w + d (w-w)
2 

(x-x)z 0 in the present case . 

Using the data of Table VI, the following estimates were 

obtained: 

a= 41.9 -3 b = 8.00x10 2 
c = 5.57x10 d 1 . 15 

Solving for the approximate constants, we obtain ; 

1/v =41. 9 
m 

K =1.91x1o-4 
s 

-3 K
1
=6.95x10 c.<=1 0.8 
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APPENDIX B 

Fortran IV Listing for Quadratic Solution 

REALMT 
DIMENSION.ANAME(10),MT(20),AT(20) 

00026 FORMAT(14HNO CONVERG.ANCE) 
00013 FORMAT( 10A8) 
00014 FORMAT( 15X,1 0A8) 
00016 FORMAT( 15X,3HH+=E12.6) 
00100 FORMAT( 6E12.6) 
00105 FORMAT( 15X ,4HAT =F7.5 , 6X,4HMT =F7.5) 
00110 FORMAT( 3F10.2 ) 
00149 FORMAT( 12) 
00150 FORMAT( 2F10.6) . 
00200 FORMAT(1PE17.7) 
00250 FORMAT(1PE17 .7, 4E17 .7 ) 
00350 FORMAT(1PE17.7, 3E17.7 ) 
00010 FORMAT(1H1) 
00012 FORMAT( 15X,4HM++=E12 . 6,6X ,3HMA=E12.6//) 

WRITE(3, 10) 
01001 READ(1,13).ANAME 

WRITE(3,14).ANAME 
READ(1,100)FKA1,FKA2,FKA3,FK1,FK2, FK3 
READ(1, 149)N 
READ(1, 150) (AT(I) ,MT(I ) ,1=1 ,N) 
READ(1,110)STPH,FPH,DELPH 
Z=STPH 

00152 CONTINUE 
H=1./(1.*(10.**Z)) 
WRITE(3,16)H 
AL=1.+H/FKA3+H**2/(FKA3*FKA2)+H**3/(FKA3*FKA2*FKA1) 
D01000I=1,N 
A=O 
B=1 
C=(AL+FK1*(MT(I)-AT(I)))/ (FK1 *AL) 
D=-AT(I)/(FK1*AL) 
X=1.0E-05 

00040 FX=B*X**2+C*X-D 
FPX=2.*B*X+C 
FPPX=2. *B 
X=X-FX/FPX 
CON=FX*FPPX/(FPX**2) 
IF(CON.LT.1.)GOT020 
WRITE(3,26) 
GOT01000 

00020 ER=FX/FPX*X) 
IF(ABS(ER).GT •• 00001 )GOT040 
WRITE(3,105)AT(I),MT(I) 
WRITE(3,250)AL,A,B,C,D 
WRITE(3,350)X,FX,ER,FPX 
AM=MT(I)/(1.+FK1 *X) 
AMA=FK1*AM*X 
WRITE(3,12)AM,AMA 
STOP 
END 
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APPENDIX C 

C THIS PROGRAM USES THE BOLZANO BISECTION METHOD TO FIND THE POSITIVE 
REALMT 
DIMENSIONANAME ( 10) ,MT (40) ,AT (40) 

00013 FORMAT( 10A8) 
00014 FORMAT( 15X,10A8) 
00016 FORMAT( 15X,3HH+=E12.6) 
00100 FORMAT( 6E12 .6) 
00105 FORMAT( 15X,4HAT =F7.S,6X,4HMT =F7. 5) 
00110 FORMAT( 3F10. 2 ) 
00149 FORMAT( ·12) 
00150 FORMAT(2F10.6) 
00100 FORMAT ( 1 PK17. 7) 
00250 FORMAT(1PE17.7,4E17.7) 
00350 FORMAT(1PE17.7,2E17.7 ) 
00010 FORMAT(1H1) 
00012 FORMAT( 15X,4HM++=E12.6,6X, 3HMA=E12.6,6X,4HMA2=E12.6//) 

WRITE(3, 10) 
01001 READ(1,13)ANAME 

WRITE(3,14)ANAME 
READ(1,100)FKA1,FKA2,FK1,FK2 
READ(1, 149)N 
READ(1 ,150)(AT(I),MT(I),I=1,N) 
READ(1,110)STPH,FPH,DELPH 
Z=STPH 

00152 CONTINUE 
H=1./(1.*(10.**Z)) 
WITE (3, 16 )H 
AL=1.1H/FKA2+H**2/(FKA1*FKA2) 
D01000I=1,N 
A=1 
B=(AL+FK2*(2.*MT(I)-AT(I)))/(FK2*AL) 
C=(AL+FK1*(MT(I)-AT(I)))/(AL*FK1*FK2) 
D=-(AT(I))/(AL*FK1*FK2) 
CALLREGFAL(B,C,D,X,FX,ER) 
WRITE( 3,105 )AT(I),MT (I ) 
WRITE(3,250)AL ,A,B, C,D 
WRITE(3,350)X,FX,ER 
AM=MT(I)/(1.+FK1*X+FK1*FK2*X**2) 
AMA=(FK1*AM*X) 
AMA2=(FK2*AMA*X) 
WRITE(3,12)AM,AMA,AMA2 

01000 CONTINUE 
IF(Z .GE.FPH)GOT01001 
Z=Z+DELPH 
GOT0152 
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SUBROUTINEREGFAL(A ,B, C,X,F ,ER) 
H=1. 0E-05 
EP3=1 . OE-1 5 
X=O . O 
NPATH=1 
F=((X+A)*X+B)*X+C 

00003 Y=X+H 
F1=((Y~A)*Y+B)*Y+C 
IF(F*F1)5,5,4 

00004 X=X+H 
F=F1 
IF(NPATH.EQ . 1)GOT03 

00005 H=H/2 . 
NPATH=2 
IF(H-EPS)1,1,3 

00001 ER=F1 I ( (3 . *Y+2. *A}*Y+B) 
RETURN 
END 
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APPENDIX D 

a(_ Determinations Accord~ to the Method Described by Maengwyn-

Davies and Friendenwald (18) 

The Michaelis-Menten theory is based on the assumption that 

the enzyme forms reversibly dissociable complexes with substrate, 

activator, and inhibitor. Equilibrium of such complex formation 

is presumed to be reached instantaneously. The theory in its 

simples t form is established by the fo llowing argument : (a) The 

total concentration (ET) of potentially active enzymatic Loci 

for a given enzyme can be expressed as the sum of the concentra-

tions of those Loci that are coupled with substrate (ES) and 

thos e not so coupled (E). 

( 1) 

(b) The velocity V of enzymatic catalysis is proportional to the 

concentration of the enzyme-substrate complex (ES) and reaches 

a maximum Vm when all available enzyme Loci are so coupled. 

V .- (ES) v 
v 

m 
(2) 

( c) The enzy.,ie-substrate coupling is a reversible association, 

subject to first - order mass law equation: 

(ES )~(E)+(S ) K =~ 
s ~ 

(3) 

Using these assumptions, Michaelis-Menten obtained the equation : 



( 

(4) 

Lineweaver and Burk pointed out that this equation is linear 

f or 1/V versus 1/S when the theory is applicable . The inter-

cept of this line with the 1/S axis occurs at the point having 

the numerical va lue - 1/K . s 

In expanding the theory to include the presence of vary-

ing amounts of a dissociable inhibitor , the total enzyme (ET) 

equals: 

(~ ) = (E) + (ES ) + (EI) + (EIS ) 

Applying mass action theory to the various possible dissoci-

ations, one obtains: 

(ES) ~ (E)+(S) 

(EI) (E)+ (I ) 

(EIS) (EI)+(S) 

(EIS) ~ (ES)+(I) 

K jfilJ.§_l 
s~ 

K =(film 
I TEf} 

K =(llifil 
o( s 1EIS) 

aK _(ES )(I) 
7 I- (EIS) 

K 
(E)=(ES )TsJ 

(I)K 
(EI)=(E)(~ =(ES)(S)Ks 

I I 

The evaluat ion of o< can be done as follows: 

(5) 

(6 ) 

Substitut ing into the right-hand side of Equat ion 5, the values 
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(7) 

(8) 

(9 ) 
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indicated in Equations 6 to 9 yields: 

( 10) 

( 10a) 

[ 
K ] [ _ill (S )+o<K ] 

= 1+Ts") 1 -1 o< KI • T§")+Ks s ( 10b) 

When (I)=O , Equation 10 reduces to that of Michaelis-Menten : 

When (I) i s constant , Equation 10 is linear in 1/V versus 1/S. 

From Equation (10b ) i t can be seen that for constant (s ) the 

Equation is linear for 1/V versus (I ) . The first test of the 

appli cability of the theory to a particular set of data consists 

in the demonstration of these linearities . 

1/V 1/V ~easing(S) 

1 
o< K 

s 

0 1 /(s ) 

- K 
I 

0 (I) 



Consider two arbitrary values of inhibitor concentration (I1 ) 

and (I2) . Either of these , inserted into Equa ·ion 10 , yields 

a linear equation in 1/V versus 1/(s). If we equate the right-

hand sides of these equations with each other and solve for 

(S) , we will obtain the value of (s) corresponding to the inter-

section. 

K (I1)K s s 118) +(S)K 
I 

( 11 ) 

( 12) 
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Since (I1) and (I2 ) are arbitrarily chosen and KI is not infinite, 

it follows that at the intersection: 

K 1 s 
0 (SJ + o< = ( 13) 

And , 

1/(S)=- _1 _ 1;v = 1/V [1- ~ ] o< K m s 
(14 ) 

The intersection is independent of (I), consequently , the family 

of lines meet in a point. 

Similarly, on the 1jv versus (I) plot, the family of lines 

corresponding to different fixed values of (S ) will also meet 

in a point (I)=-KI; 1/V=1/Vm(1 ~ ). From these two intersections 

together with a lineweaver-Burk plot in the absence of inhibitor, 

all four constants: Ks, K
1

, o(, and Vm can be evaluated. For 
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the special cases o<' =1 and o( = oo, i.e ., for perfectly non

competitive and perfectly competitive inhibition , the intersec

tions on both plots are shown in the following examples: 

1/V 

90 

e\asing(I) 

Ks 

Non-competitive .( =1 

Non-competitive c( =1 

1/(s) 1 /(s) 

Competitive i:i< = oo. 

1/V 

(I) 

Competitive o( = oo. 
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Solving for K
2 

in terms of K
1 

(~- 1 ) + K (1) 
1 

Using a K2 value of 1.41 x 107 obtained from the data at 

(7) 

n = 1.5, a value for K1 is calculated. This K1 value is then used 

to reestimate K2 and the method is continued until consistent 

values for K
1 

and K
2 

are obtained. After repeated cal culations, 
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K1 = 7.60 x 10
8 

and K2 1.63 x 107 yielded fairly consistent results. 

Since the data is not exact, n is calculated at various free ligand 

values and compared to observed n values. The following tabulation 

contains the results of this check method and indicates that the 

values of K
1 

and K
2 

found are reasonably accurate. 

Calculated n Observed n Free Ligand 

0. 342 0.303 6.67 x 10-10 

0.392 0.383 8. 31 x 10-10 

0 .462 0.461 1. 07 x 10-9 

0. 531 0.593 1,39 x 10-9 

1. 120 1. 061 1. 51 x 10-8 

1.286 1. 314 3.72 x 10-8 

1. 510 1. 504 6.75 x 10-8 

1. 600 1. 602 9,37 x 10-8 
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