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ABSTRACT 

The Introduction to this thesis discussed factors which were 

considered in the selection of the Warburg manometric and pH -, stat 

methods for possible use in the determination of the anti-acetyl- 

cholinesterase activities of some benzotriazinium compounds. 

Developments in the use of these methods in cholinesterase research 

were reviewed. 

The Warburg experiments were mainly concerned, with a critical 

assessment of the derivation and expression of reaction velocities 

for the acetyleholine-acetylcholinesteraBe (AcChE) reaction. The 

precision of these results and their compensation for, potential 

error were investigated. 

A similax investigation with the pH-stat-method led to the 

conclusion that its use afforded advantages over the Warburg method. 

The pH - stat method was thus used to investigate, the derivation of 

kinetic parameters KM and V.. The usefulness of the double- 

reciprocal plot in these derivations was indicated, The method was 

applied to inhibitor studies. 

The benzotriazinium compounds showed anti-AcChE activity at pH 

7-0 and 370C giving P. I 50 values in the range 3.68 - 4-47 

(physostigmine 7-00-7-08). Tests with selected benzotriazinium 

compounds indicated that inhibition was probably mixed but'that 

interpretation of mechanism of action might be complicated by the 

mathematical treatment of data. Experiments with pbysostigmine 

showed that mechanism of action can alter with changes in enzyme- 

inhibitor incubation times. 
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SOME A13BFffiTIATIONS USED IN THIS THESIS. 

AcCh - acetylcholine. 

AcChE - acetylcholineBteraae. 

anti-AcChE - anti-acetylcholinei3terase. 

Benzotriazinium compounds - see Table 1. 

b 
30 value - corrected volum of CO 

Z produced in 30 mins in Waxburg 
manometric experimen s. 

df - degrees of freedom. 

E- enzyme. 

ES - enzyme-subBtrate complex. 

F. F. C. - final flask concentration. 

I- inhibitor. 

50 - concentration of inhibitor giving 5C% enzyme inhibition. 

p1 50 - log 'reciprocal of 1 50 value. 

KM - Michaelis constant; giv 
. 
en by [S]= VMAX 

21 
Ki - enzyme-inhibitor equilibrium constant. 

M. E. S. master enzyme solution. 

v- reaction velocity for enzyme-oatalysed reaction. 

V- maximum reaction velocity for enzyme-catalysed reaction. MAX 

yChE - pBeudocholinegiteraBe. 
[ I- indicateB concentration. 
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2- Alkyl - 1,2,3 - benzotriazinium compounds. 

Some phazmacological properties of four homologous series of 2- 

alkyl - 1,293 - benzotriazinium compounds were investigated by Cull 

(1972). The basic formulae of the four series of compounds axe shown 

in Figure 1 and indicate the possession of a quaternary ammonium ion 

at the 2- position. Such ions are often associated with 

pharmacological activity at cholinergic sites (see Baxiow, 1964). 

Figurel also shows how the four series differ in respect of the 

substituent in the 4 position. Both the general synthetic pathway and 

the elucidation of the structure of these compounds have been described 

by Stevens and Stevens (1970 a; b). 

Table 1 gives a list of the abbreviations assigned to the 

compounds in connection with their ph:; xmacological investigation. 

Cull (1972) showed that the benzotriazinium compounds listed in 

Table 1 could produce a variety of pharmacological effects on isolated 

skeletal muscle preparations. They could cause both initial 

facilitation and subsequent block of the twitch responses of the 

isolated rat diaphragm muscle invoked indirectly by stimulation of the 

phreniq nerve* The four series of compounds showed differences in 

respect of the degree of facilitation produced and in their ability to 

produce facilitation on repeated application. This facilitation was 

blocked by the neuromuscular blocking agents d-tubocurarine and 

suxamethonium. Not only could the benzotriazinium compounds block the 

rat diaphragm to indirect stimulation but they could, alsov at sub-blocking 

concentrations, Potentiate the neuromusculax blocking activity of both 

d-tubocurbLrine and euxamethonium. Additionally pbysostigmine 

reversal of tubocuraxine - induced block of the rat diaphragm was 

axitagonised by the benzotriazinium compounds. Evidence was presented 

which suggested thato on the rat diaphragm preparation, benzotriazinium 

action might involve inhibition of acetylcholine (AcCh) synthesis in the 

terminal of the phrenic nerve. 
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Fig 1 

Chemical structures of the benzotriazinium OOMPOunds. 

I= 4-anilinoý-19ý93-benzotriazinium; 
II'= 4-p-toly; amino-1,2,3-benzotriaziniilyn; 
III= 4-phenothylamino-1,2,3-ýenzotriazinium; 
IV = 4-benzylamino-1,2,3-benzotriazinium; 

= methylq ethylq i-propylt n-propyll 
n-butyl or n-pentyl. 
All compounds were made as the iodides. 
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Table 1 

Abbreviations used for benzotriazinium com pounds. 

(From CU1191972). 

ANILINO SERIES p=ZOLYLAMINO SERIES 

Substituent on Substituent on- 
Quatexnaxy Code Quate=ary Code 

Nitrogen Nitrogen 

Methyl AIMBI Methyl TMBI 

Ethyl AEBI Ethyl TEBI 

n-Propyl AhPBI n-Propyl TnFBI 

iso-Propyl AiPBI iso-Propyl TiM3I 

n-'Butyl A33BI n-Butyl TBBI 

n-Pentyl A5BI n-Pentyl 
ýTPI 

13ENZYLAMINO SERIES FEE =AMIN 6 SERIES 

Substituent on Substituent on 
Quaternazy Code Quatemnaxy Code 

Nitrogen Nitrogen 

Metbyl BMBI Mstbyl PMI 
Ethyl 33EBI Ethyl FEBI 

n-Propyl BnPBI n-Propyl PnPBI 

iso-Propyl BiP. B1 iBo-Propyl pipBI 

n-Butyl BB13I n-Butyl PBBI 

n-Pentyl B5BI n-Pentyl P5BI 
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Members of all four series of compounds produced contracture of 

the frog rectus abdominis muscle which was not antagonised by 

d-tubocurarine at concentrations which would block AcCh - induced 

contractures. It was also shown that members of the 4-phenethylamino 

and 4-benzylamino series' (7-11 and -1V, Fig. 1, ) couldo after 

application to the: musclet cause a subsequent block of AcCh - induced 

contractures but that 4- anilino, and 4- p-tolylamino, derivatives 

G 
_ and 11 Fig. 1 could not. 

The benzotriazinium compounds produced a Blowly developing block 

of the maximal twitches of the chick biventer cervicis muscle stimulated 

through its nerve. This block was associated with a contracture of the 

slow fibres of the muscle. An investigation with the 4- anilino series 

suggested that the compounds were acting at a post-synaptic site in 

this neuromuscular preparation. 

Experiments were perfo=ed to examine the nature'of the 

-relationship between structural changeB in the benzotriazinium molecule 

and potency in producing contractures in both the frog rectus and the 

chic hiventer cervicis muscles. It was shown that, in both, chick and 

frog preparations, in three series of compounds potency increased to a 

maxinr= with the 2-n-butyl compounds before declining with the 

2-n-peýtyl compounds. In the 4-p-tolylamino series the 2-isopropyl 

I member was the most active homologue. The general order of potency 

between the four series was 4-p-tolylamino> 4-anilino> 4-phenethyl amino> 

4-benzylamino. The results of these experiments were-reported by Cull 

and Scott (1973). Not only was the influence on potency of the 2-alkyl 

groupq and of the substituent on the exocyclic nitrogen at position 

4. investigated but also the inter-relationships between the lipid 

solubilities of the compounds and potency were examined. Of further 

interest was the fact that in alkaline solutions the compounds tested 

would fo= an insoluble zwitterion as shown in Figure 2 

/ 



6 

HN 

N 
N4 N ý, 
I 

*-. X 

.-R N 
OH 

N 
H N+ N%X 

Figure 2 

Formation by4substituted 2-alkyl -19293- 
benzotriazinium compounds of zwitterion 
in alkaline solution. 

Deteminations of pK a values for some of the compounds of t. he 4-anilino 

and 4-P-tolYlamino series indicated that zwitterion formation would 

be negligible at pH values below 7.4. (Oall and Soott, 1973)- In the 

4-anilino series, for compounds whose -DK a values had been determinedo 

the percentage of compound present as zwitterion would be 3-4% at PH 

7.0 and 5-7% at pH7.2. The corresponding percentages in the 

4-p-tolylemino series. would be 1-3% and 2-% respectively. 

Yx'eliminary experiments have suggested that percentage zwitterion 

formation would be much lower in the 4-benzYlamino and 4-phenethylamino 

series and thaty when formedq the zwitterionic form of the compounds 

would be biologically inactive due possibly to its low solubility 

(Cull and Scott, 1973). A knowledge of the ionisation characteristics 

of these compounds is thus clearly of importance-in those biological 

experiments in which the pH of the. experiment may be above the 

physiological range 7.2-7-4- - .1 
It has been stated (Cull91972) that the phannacological effects 

of the benzotriazinium compounds on skeletal im, ale are complex and 

suggest that the compounds may-have more than one mode ofýaction not ., 

only on different tissues but also on the same -tissue. The resemblance 

of these actions on. Bkeletal muscle to those ofýquinine and quinidine 

was ali3o noted. 
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A further factor which may have influenced the activity of the 

benzotriazinium compounds on skeletal muscle was the ability of the 

compounds to inhibit cholinesterase enzymes. Accordingly the present 

author carried out a preliminary test on three of the compounds; the 

2-methyl homologue of the 4-phenethylamino series and the 2-n-Propyl 

homologues of both the 4-anilino and 4-benzylamino series which showed 

that the three compounds produced 50% inhibition of the 

acetyleholinesterase from bovine erythrocytes at concentrations of 759 

250 and 150 [k mol/l respectively. Physostigmine sulphate produced 50% 

inhibition of the same enzyme at a concentration of 0.25 /km0l/l- 

Cull (1972) considered that the anticholinesterase activity of 

these compounds wast: )o feeble to have contributed to their ability to 

cause contracture of the chick biventer cervicis and the frog rectus 

abdominis muscles paxticularly as tubocuraxine did not antagonise these 

contractures. Howeverp in these studies, 4-anilino -2-n-propyl -19293- 

benzotriazinium iodide was used to produce contracture, of the frog 

rectus abdominis at a concentration of 125 mol/l, a concentration 

only half of that required to Produce 50Y6 inhibition of 

acetyleholineBteraBe. Similarly 4-benzylamino -2-n-propyl -1,2,3- 

benzotriazinium ioclide was used on ihe frog rectus abdominis at a 

concentration (125 ý mol/1) very close to the concentration giving 50% 

acetyleholinestenme inhibition. On the chick'biventer cerviciel too, 

the benzotriazinium compounds were used at concentrations which the very 

limited testson acetylcholine sterase indicated might have been 

approximating to their 50% inhibitory concentrations. In the case of 

the rat diaphragm museleg where the actions of the benzotriazinium 

compounds appeared to be particularly complexq Cull did consider that 

a nticholineiterase actions of the benzotriazinillnn compounds might have 

complicated the interpretation of the results from some experiments. 

It was decidedv thereforeq in the present reseaxch to make a more 

detailed study of the antiacetyleholinesteraBe activities of the 
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benzotriaziniinn compounds examined by Cull (1972) but under more 

carefully controlled conditions. 

Of further interest , here 9 is the fact that quinine is also Imown 

to produce some degree of inhibition of cholinesterase enzymes at 

concentrations of approximately 0.1 to 1.0 m mol/1 (Waelsch and 

Na, chmansohn, 1943; Nachmansohn. and ScheenmanW945; Wright -and Sabine, 

1948; Goldstein 9 1951 ). Quinicline, too, will inhibit cholinesterases 

(Nachmansohn and Scheenmann, 1945), and is said-to be'a competitive 

antagonist selective for plasma, as opposed to red cell cholinesterase, 

(Wright ýnd Sabine, 1948). The concentrations- at w1iich quinine and 
.i 

quinidine inhibit cholinesterases axe-. similax, to the concentrations 

of these compounds which were ý used by Cull foi studies on skeletal 

muscle; a situation compaxable to that of benzotriazinium compounds 

which axe said to have -actions similar to quinine and quinidine on 

skeletal muscle. 
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Aims of the present resea=h. 

The aims of the present research have been: - 

1. To review the methods ava-Uable for the determination of 

cholinesterase activity and bearing in mind their alleged precision, 

accuracy, and applications, to select a methodp or methods, for the 

'in vitro' determination of acetylcholinesterme activity in the 

presence of cholinesterase inhibitors. 

2. To assess the limitations of the chosen method(s) by the study 

of the aretylcholinesterase-cata3. yeed hydrolysis of a known substrate v 

acety1cholinev taking due cognisance in turn Of the factors which may 

be influencýng the measurement of such a reaction. 

To repeat the acetylcholinesterase-catalysed hydrolysis of the 

selected substrate in the presence of a known acetylcholine at erase 

inhibitor, physostigmine, in order that a standard for 

acetyloholinesterase inhibition be established. 

To apply the selected method for acetylcholine Bterase 

determination to an investigation into the anti acetylcholine fit erase 

activities of the 2-alkyl-1 . 2,3 - benzotriazinivm compounds whose 

pharmacological actions on isolated skeletal muscle preparations had 

previously been studied by Cull (1972). 

To compare the ant iac etyleholine st erase activitiest and if 

possible the mechanism of anti ar, etyleholine at erase activitY, of Ahe 

benzotriazinium compounds with that of PhYSOStigmine- 
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Some factors' to consider in the experimental investigation of 

cholinesterame activities. 

Nomenclature and classification of enzymes. 

Some properties of cholinesterases. 

Physiological functions of cholinesterases. 

A consideration of enzyme kinetics. 

Influences of experimental variables on the activity of 

cholinesterases. 

Cholinesterase inhibitors. 

Nomenclature and ClassifiabLtion of enzVmes. 

Cholinesterases have been defined by Augustinsson (1963) 'BimPlY 

as enzymes which catalyse the hydrolysis of cholimesters'. 

RXOOCý2. CH 2 N(CH 3)3+ 1120 R-COOH + HO-CH2*72 N (CII 
3)3 

CHOLINE ESTER ACID CHOLINE 

CHOL 

In an elaboration of the above definition Augustineson (1963) 

stated that: 

Tholinesteraseg constitute a group of esterases which hydrolyse 

choline, eaters at a higher rate than other eBtersq when bydrolysis 

rates are compared at optimum conditions regarding substrate 

concentration, pH, ionic strengthq etc. p using preparations free frým 

other esterases. All esterases which show this specificity axe 

inhibited by 10-5M eaerine or the same concentrýtion of neostigmine, 

(Prostigmine)t and are also. much more sensitive to quaternary arnmonium 

ions than are other eateraa6s'. 

In. accordance with the systematic numbering scheme for enzymes 

given in the Report of the Commission on Enzymes of the International 

Union of Biochemistry (Anon, 1961) and in the Recommendations (1964) of 

the International Union of Biochemistry on Enzyme Nomenclature (Anon, 

1965) esterasee were classified amongst the hydrolases (Classification 

3) - 11ydrolases acting on ester bonds were given the 'la'BýficatiOn 3.1 
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the vaxious cholinesterases beingelassified amongst the caxboxylio 

ester bydrolases and numbered in the 3.1-1- series. 
Tahle 2 lists the classifications and nomenclature of the 

cholinesterases and related enzymes (Anon. p 1965) showing that 

cholinesterases included enzymes classified under the numbers 3.1-1.7; 

3.1-1-8 and 3.1.1.9. The use of other names (Table 2) for these 

enzymes has shown variations and was not recommended (Anong 1965)- 

The ways in which the vaxious types of cholinestexase can be 

distinguished from each other and from the related enzymes listed in 

Table 2 include differences in their behaviour towards substrates and 

inhibitors. Some of these differenc'es are presented in Table 3- The 

. cholinesterases have been subdivided according to their preferred 

substrates; that is the substrate which they bydrolyse most rapidly. 

. preferring enzyme is tezmed For example the acetylcholine (AcCh) - 

acetyleholinesterase (AcChE) whilBt the enzyme for which benzoylcholine 

(BzCh) is the preferred substrate was te=ed benzoyleholinesteraae 

(BzChE) (Usdin9l970). 

Sometimes the cholinesterases axe divided simply into AcChE and 

pseudocholinesterase (Y ChE). The latter term covers cholinesterases 

for which AcCh is not the preferred substrate and has included 

butyryleholine esterase - preferred substrate butyryleholiney 

propionylcholinestera, se - preferred substrate propionylcholine and 

BzChE (Usdin, 1970). 

The evolution of the nomenclature applied to cholinesterases and 

related enzyme was discussed by Augustinsson (1963) and Usdin (1970). 

The Recommendations (1972) of the Cormaission on Biochemical 

Nomenclature ('Enzyme Nomenclature' (1972); Amsterdam: Elsevier, 1973) 

discontinued the classification, 3.1-1-91 and-included BzChE in the 

classification 3-1.1-8. 

Some properties of cholinesterai3es. 

. 
K. ChElB AB that in general tile A diBtinction between AcChE and- * 
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former shows inhibition with excess substrate whilst-the latter do not. 

In their reviews concerning cholinesterases Augustinsson (1963)9 Cohen 

and Oosterbaan (1963) and Usdin (1970) discussed the questions Of 

substrate specificity and subst: pate inhibition. Where there is 

inhibition oflan enzyme by. excess substrate an optimum substrate 

concentration for that enzyme will exist. ' In reppect of AcChE the 

optimum concentration of AcCh was generally said, to lie in the range 

2.5 m mol/l to 3m mol/1 (Cohen and 0OBterbaantl963)- Nabb and Whitfield 

(1967) compared the relationships between AcCh concentration and both 

plasma cholinesterase activity and erythn3yte AcChE activity in humails, 

dog, rabbit and rat, finding somewhat, lower optimum concentrations 

(0.88 to 1.76. m mol/1) for AcCh in respect of the-red cell AcChE than 

those quoted before. By contrast Goyer (1968) found an optim= AcCh 

concentration of approximatelY 5M mol/l for the cholinesterase of rat 

skeletal muscle whilst Coppage (1971) showed that 10 m mol/l was the 

approximate optimi-an AcCh concentration for fish brain AcChE. 

Usdin (1970) reviewed mahy of the properties of oholinesterases 

which could influence their activity nnd- stated thatv despite certain 

generalised differences between them, there was no shaxp*line of 

demarcation between the properties of'y ChE and AcChE- He pointed, out 

the marked differences in cholinesterases from different species or 

from different-organs within the same animal having regard to their 

reactions with particular substrates. i Further he reviewed the wide 

vaxiety of species and tissues reported as having chollnesteraze- 

activity and stated that levels of cholinesterase activity may vaxy 

from species to species and organ to organ and may also vary from strain 

to strain within a species; between male and female, and between 

newborn and-adult* The com'plication*of the existence of genetically 

determined vaxiants of V ChE having different enzymatic activities 

was also considered. Purification of cholinesterases, with attendant 

alterations in enzyme activity and the comm rcial availability of , 
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cholinesterases of both the AcChE and -y CbE type were further points 

covered by this review. Sources for commercial AcChE include the 

electric organ of electric eel and bovine erythrocytes whilst V ChE 

may be obtained commercially from horse serum. 

Beman (1973) has shown that it is possible for AcCbE to show 

considerable differences in structure when enzyme from erythrocytes 

is compared with that from electric eel despite general similarities 

in the kinetic properties of the enzymes. 

It will be cleax from the foregoing dii3cussion that the properties 

of a cholinesterwe may have a profound effect on the qualitative and 

quantitative results obtained in experiments with the enzyme. Thus care 

should be exercised in the selection and-reporting of the cholinesterase 

used in a given experiment whilst, in turn, the choice of enzyme may be 

governed by the requirements of. the experiment. 

Physiological functions of cholinesterases. 

A further distinction between AcChE and Y ChE may be made in 

respect of their physiological functions. 

Amongst reviews relating to the physiological functions of AcChE 

may be mentioned those of Koelle(1963), Kaxczmax (1967) and Usdin (1970)- 

AcChE is known to be involved in the hydrolysis of AcCh at cholinergic 

synapses both in the nervous system and at neuroeffector junctions. 

This enzyme, as paýt of the AcCh/AcChE systemp has also been, 

implicated in the process of axonal conduction (Nachmansohn. 1959; 1963 

and 1966). Howeverv Ehrenpreisj Pleisch and Kittag (1969) discussed the 

evidence against involvement of an AcCh receptor system in axonal 

conduction and coneltded, 'that such a receptor system was not present in 

the nerve axon. i, 

Ehrenpreis 6t al (1969) have also considered the claims that 

clioline st erase I Particularly AcChE, and the cholinergic pharmacological 

tissue'receptor have a common identity. Attention was drawn to two 

concepts. One was that a small fraction, of the active sites on the 
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enzyme, when incorporated into membraneev represent cholin6rgic 

receptor molecules. The second was the possible importance of 

allosteric sites on the enzymes in the binding of cholinergic agents. 

Investigations into this concept have continued., For example Katop 

Yung and Ihnat (1970) in a nuclear magnetic resonanceýstudy on AcChE 

binding sites concluded that it remained to be shown whether or not 

AcChE functionedg physiologically, as the poet-synaptic receptor for 

AcCh. Zupancie (1970) presented results of a kinetic study which 

suggested that the anionic centres of AcChE,, built into excitable 

membranes of mouse diaphragms, were identical with nicotinic 

cholinoreceptive sites on the same macromolecule. ýAs a result of 

experiments on the ventricle of frog heart Zupancicq Majeen and Stale 

(1972) stated that'AcChE was identical with the muscaxinic 

cholinoreceptive protein. In turn Jaing Mehl and Cordea (1973) 

considered that AcChE may be able to function in the same way as the 

cholinergic_receptor with regaxd to the formation of ion-conducting 

channels in membranes. 

Involvement in the control of membrane permeability has also been 

proposed as a physiological function, of AcChE (see Koelle, 1363). 

In contrast to AcChE, a physiological -function for Y ChE is less 

clear. The many varying proposals conceming Y, ChE have again been 

reviewed by Usdin (1970). These include protection of AcChE against 

inhibitors; proýection of the body against BuCh; maintainance of the 

correct choline/AcCh ratio in the plasma; involvement in slow nerve 

conduction processes; involvement izi lipid metabolism and in the control 

of membrane permeability. 

It may be that some of the proposals axe linked by factors in 

commom - Clitherov, Mitchaxd and Harper (1963) offered the suggestion 

that Y ChE maY Proteot the body against BuCh fori4ed under the -- 

influence of the butyryl co-enzyme A produced by lipogenesis. Again, 

Ballantyne (19684 discussed the possible role of cholinesterases'in the 
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metabolism of lipids and considered that BuChE by acting on'the lipid 

componeritof the cell membrane might regulate cell membrane 

pe=eability for the transport of aations. 

Work continues in order to elucidate the possible pbysiological 

functions of Y ChE. For example Ileffron (1972) investigated the 

possibility that the enzyme miLht play a contributory role in the 

transmission process at the neuromascular junction of the rat 

diaphragm. 

It. follows that either enzyme studies involving the known or 

possible physiological"functions of cholinesterases or investigations 

into the mechanisms of the pharmacological actions of dxugs which 

interact with cholinesterases will require care in the selection of the 

type of enzyme used in the study. 

A consideration of-enzyme'kinetics. 

There have been many texts of various degrees-of comprehensivenesep 

dealing with enzyme kinetics. They include those of Dixon and Webb' 

(1964) and Zeffren'and Hall (1973) which form the basis of the following 

discussion. 

Dixon and Webb (1964) stated that 'The characteristic' property' 

and function of enzymes is the catalysis of chemical reactions. Any 

fundamental study of this catalytic function must be based on 

quantitative measurements of the rate of the catalysed reaction. ' They 

pointed out that the - progre ss 'curves of most enzyme catalysed reactions 

shoii a reduction of reaction velocity with time and gaAre reasons for 

this reduction. These include the accumulation of reaction products 

which inhibit the enzyme or make the reverse reaction more important 

and a fall in the degree of saturation of enzyme with substrate. 

Therefore study of enzyme reactions usually involves measurement of the 

initial reaction velocity from the first part of the progress curve 

before the reaction rate has fa. 1len off and where the conditions of the 

reaction are accurately known. In this thesis 'reaction velocity' will, 
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unless otherwise specifiedq refer to the initial reaction velocity. 

Variation should be made by only one factor influencing the reaction 

velocity at a time. 

The satisfactory estimation of enzyme activity requires conditions 

in which a linear relationship exists between the reaction velocity and 

enzyme concentration under constant assay conditions. Such a 

relationship would show, for examplet that the enzyme prepaxation did 

not contain inhibitors or, activators whose effects were 
i 
seen at high 

enzyme concentrations and that substrate concentration was greatly in 

e=ess of enzyme concentration. It would also show that the test 

method waB not limited in its ability-to, measure reaction velocitY Over 

the given enzyme. concentration range. 

There generally exists a relationship between initial substrate 

concentration and reaction velocity which is represented by a 

rectangulax hyperbola. This is' seen with a given initial enzyme 

concentration--when-the-initia. 1 concentration-of a single substrate only 

is allowed to alter. In the case of some enzymes (e. g. as described for 

AcChE.. P14)excess substrate may inhibit the enzyme. 

Studies of enzyme kinetics thus require careful consideration of 

enzyme and substrate concentrations, time-9 experiment al'vari able a and 

the initial concentrations of any inhibitorsy activators or co-factors 

present. 

The enzyme (E) substrate (S) reaction was described by Michaelis 

and Xenten (1913) in the'terms of a two stage reaction: - 
kjý k 

E+S r- ES _. 
12ý P+E 

k-I 

ES is an enzyme substrate complex breaking down to reaction products (P) 

with regeneration offree enzyme. k 19 k_1 and k2 axe rate constants for 

the sep, prate reactions. 

The assumption of Michaelis and Menten was that equilibrium 

between E and S was attained so rapidly in relation to the breakdown 
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of ES that ES always remained in equilibrium wit1f. E and S during the 

reaction. Thus k_, ýýk 2 and the equilibrium constant for the 

dissociation of ES was given by ý-l 
K, k1s 

This assumption, in many cases, may. not hold and the reaction may 

be more appropriately described by the steady I state theory of Briggs and 

Haldane (1925). Here the rates of formation and breakdown of ES9 at a 

given moment were regarded is essentially equal. The concentration CES] 

was considered to be constant over the period of measurement'of 

reaction velocity, long term change Is in [ES] with fa. 11 in (S] being 

neglected. 

Short term steady'state conditions axe rehected'by the Michaelis 

equilibrium constant EM where E: _1 +k2. Therefore Kk'and K. are 14 =k 

identical only under certain circumstances. 

It should be recognised that many enzyme substrate reactions are 

thought to b6 more complex than the two stage reaction described. Some 

of the proposals for cholinesterase-catalysed reactions were described 

by Usdin (1970) and included the situation where an acyl-enzyme (EA) 

intermediate is fo=ed: - 
k k k-, E+-S -1- ES -Z? -. 

EA 
-Zj, 

E+P 

ýk_j 

The reaction velocity (v) of the enzyme-catalysed reaction is 

given by: - 

V vmix. is]- KM +[ S1 -- 

(See Dixon and-Webb, 1964) 

VM is the maximum reaction velocityýý 

Factors may alter reaction rate by affecting the rate Of formation 

ofJES) as'expressed in K., or the rate of'product'formation expressed 

by VM. Experimenta. 1 determinations of KM and VMAX will thus give 

kinetic paxameters which characterise the enzyme-oatalysed reaction 

under the stated conditions. Zeffren and Hall (1973) emphasized that 
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I whilst kinetics are a valuable tool in the elucidation of the 

mechanisms of enzyme-catalysed reactions they cannot lead to a unique 

interpretation of a reaction mechanism'but rather provide a rate law 

with which several mechanisms may be consistent. ' , 

Problems of interpretation of results may be increased in the 

'in vivo' situation. Gillette (1971) has pointed out the assumptions 

in the Michaelis-Menten equations. These include the assumption that 

the tota. 1 concentrations of substrate and inhibitors represent the free 

concentrations of these substances near the active site of the enzyme; 

that the products of reaction are released rapidly from the enzyme; and 

that only one substrate molecule is bound to an enzyme site. The 

presence of diffusion barriers around the enzyme site and the binding 

of reagents to tissue protein 'in vivo' or the presence of potent 

inhibitors in small concentrations relative to enzyme concentration may 

invalidate these assumptions. 

From equation 1 it will be seen that when v is half maximal 

ýVMAX) then [S] = Kýr A graphical plot of v against, (S) would 
2 

yield a hyperbolic curve on which the value'of [S] corzesponding to 
VMAX 

v. 2 would give the. value of 1ý,. Because of the p ractical 

difficulty of ensuring the VMAX haa, in fact, been reached 
I 
-lineax,. 

transfo=ations of equation 1 or statistical treatments of 

experimental data have been employed for the measurement of K. and V MAX 

(I)ix6n-and webb, 1964)- 

The plot of 1 against 1 (Lineweaver and Burk. 1934)' for instatice 
v 1'- - Km 1- 1 

utilised a re-arranged* form of equation I in which Tm-Ax S3 + VMAX* f-S 

Alineargraph results having a slope of _KM 
and. intercepts of 

VXAX 

on the ordinate and'absciss'a respectively. V& MAX 
Alternative lineax rearrangements of equation 1 include 

v 'V -Iav MAX I'm 
[S] 

and KM + IS] 
v7- 

MAX 
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v In the first of these caseB v may 'be plotted, hgainst(g]. to give a line 

with a sj9pe equal to -KM and an intercept equal to VMAX on the 

ordinate (Hofstee, 1959)ý In the second case the line resulting from a 

plot of CS] against (S] has a slope of A and an inte=ept on the 
v VMAX 

abscissa of (Hanes. 1932). 

There are claims that the estimate and reliabilityiof and VMAX 

may be influenced by the lineax transformation chosen (Dowd and Riggst 

1965; Colquhoun 1969). 

Influences of experimental variables on the activity of cholinesterases. 

Dixon and Webb (1964) reviewed the effects that pHq the presence 

of inorganic ions and temperature might have on enzyme activity in 

general. Cohen and Oosterbaan (1963) in turn reviewed the effects of 

these vaxiables on the interaction between AcChE and substrates. They 

pointed out how pH might_, influence the degree of dissociation of 

ionizing groups both on the substrate and on the enzyme and this might 

influence the activities of these entities. Results were quoted, for 

instancep which gave the optirm3m pH range (between 8 and 9) for the 

maximum activity of AcChE from the eel as measured by its ability to 

hydrolyse AcCh.,;. 
-The activating effect that certain bivalent (Ba. ++qCe+j 

Xe+, and M3ý+) and univalent (Na+ K +9 Li+) cations might have on AcChE 

was also considered and an optimum ionic medium of 0-15 mol/l NaCl + 0.01 

to 0.04 mol/l Mg. C'2 recommended for experiments involving interaction 

between AcChE and substrates. 

However the effect of inorganic ions is not straightforward. 

Ivanova (1967) showed that NaCl might either activate or inhibit 
I 

erythrocyte AcCbE depending on the relative concentration of Naol and 

AcCh substrate. A similar finding relating to AcChE was reported by 

Brestkin and Ivanova, (1970) in respect of LiCl and CaCl whilet 
I-2 

Brestkint Brikq Volkovagaizel and Rozengart (1970) showed that certain 

concentrations of 101 could cause a reduction in the reactivity of both 
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equine blood 'se: nmn cholinesterase and bovine erythrocyte "AcChE towards 

AcCh. The depressant effect that the ECO - ion might'have on 3 

cholinestera, se activity (Smallman and Wolfe. 1954) is of Particular 

relevance to the Warburg manometric assay of this enzyme discussed 

elsewhere in this thesis. ' 

It is also known that inorganic ions may' alter'the' infliience of 

I that other compounds on cholinesterase activity. Changiux(1966) sh6wec 

the ionic strength of the " reaction medium cou. . ld reduce-the affinity 

of AcChE for both substrate and some'reversible competitive irihibitors. 

Roufogalis and Thomas (1968 a, b) demonstrated that a medium of NaCl and 

MgC'2' in certain concentrations, could 
. 
both reduce the potentiation 

of the AcChE catalysed hydrolysis of AcCh effected by certain 

quaternaxy'arnmonium compounds and modify the influence of tetra- 

alkyla=oniu'm salts on the activity of AcChEwith respect to phenyl 

acetate'as substrate. The importance of both substrate concentration 

and ionic strength in'regaxd to the action of another compound on 

cholinesterase has again been demonstrated by Crone (1973) in relation 

to the action of gallamine on AcChE. 'He alSO Bhowed that 'ionic 

strength could influence the recovery of activity of-phosphorylated 

enzyme. ' 

A need to consider the influence'"that 'ionic strength m4 have both 

on the cOnfo=ation of cholinesterase inhibitor molecules and also on 

- enzyme iI 3tructure was pointed out by Chanývux(1966) whilst Crone (1973) 

stated that cholinesterase may aggregate 'in media -of 'low ionic strength, 

the aggregated enzyme'having low 'esteratic activity. 

The influence that temperature change'3 can - have on cholinesterase 

activities was discussed by Witter (1963) who pointedout the need for 

careful control of the reaction temperature in order to achieve 

accurate results from cholinesterase determinations. " 

A need for the carekul control of the pH and ionic composition of 

cholinesterase reaction media will also be apparent. That the 
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variables affecting cholinesterase determinations may present 

problems to the clinician has been pointed out by Hunter (1970). 

Cholinesterase Inhibitors., 

The types of inhibitor which may-influence the activities of 

enzymes have been described by Dixon and Webb (1964)- TheY PPint to the 

basic division of inhibitors into reversible and irreverible types. 

Reversibility implies a spontaneous return of, activity on removal of -he 

inhibitor, a situation different from reactivation in which free 

enzyme is regenerated by chemical reaction with the inhibited enzyme. 

In turn enzyme inhibition is distinguished from chemical destruction of 

enzyme. 

Revertible inhibitors exist in equilibrium with the enzyme the 

enzyme-inhibitor dissociation constant, K, being related to the 
I 

affinity between enzyme and inhibitor, -iEl thus a measure of inhibitor 

activity. It is often termed the -inhibitor or inhibition constant. Here 

the inhibitor concentration governs the degree of inhibition achieved. 

Irreversible inhibitors . by contrast ,- show, a progressive 

inhibition with time, the inhibition becoming complete provided. that 

inhibitor concentration is in excess 'of enzyme concentration. Inhibitor 

activityg hereo ýs represented by a rate constant. 

Dixon and Webb - (1964) showed how reversible inhibition may be 
, 

competitivep non-competitive or mixed, the type of inhibition being 

judged in kinetic terms ýy the effect of the inhibitor on ýboth the 

Michaelis constant, K. 9 and the maximum reaction velocityq Vt 61 the M 

corresponding enzyme-substrate reaction in the absence of inhibitor. 

Competitive inhibitors effectively compete irith the substrate for 

the enzymep thus V can be achieved if substrate concentration is 
MAX 

sufficiently high relative to inhibitor concentration. Ffirther the 

inhibitor will effectively reduce the affinity between enzyme and 

substrate and thus increase K,. - The extent of'this increase is 

related to Ki for -the particular enzyme-inhibitor complex. % 
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It is considered that in non-competitive inhibition the binding 

of inhibitor to enzyme is such that it does not interfere with 

substrate-enzyme binding. Hence KM is nht affected. TheInhibitor, 

however, serveB "to:, reduce-V -by a factor related to K by altering the 
MAX i 

rate of fo=ation of the products of the enzyme-catalysed reaction. 

The above discussion represents the simplest classification of 

inhibitors. Dixon and Webb (1964) clearly illustrated situations in 

which inhibitors may exert either paxtially competitive or, paxtia-Ily- 

non-competitive actions. The kinetic equational in these. caseag differ 

from those representing the fully competitive or fully non-competitive 

situation. 

Additionally mixed types of inhibition are seen in which an 

inhibitor may affect both KM and V MAX 

It is possible to assess the type-of inhibition produced by a 

compound by graphical treatment of experimental results. T13e, 

experiments may involve variation in substrate concentration at fixed 

inhibitor and enzyme concentrations. Alternatively experiments, may 

involve variable inhibitor concentrations but fixed substrate and 

enzyme concentrations. From such experiments Ki mav be readily derived 

graphically in cases Of fully competitive or fully non-competitive 

inhibition (Dixon and Webb 1964)- 
,-, r 

ItEhould, be noted that the kinetics of enzyýle-inhibitor reactions 

may well change with an alteration in the reaction conditions (Stein and 

Lewis, 1969). 

There is an extensive literature on the inhIbitors of 

cholinesterases. In 1963 the Handbuch, der, Experimentellen 

Phamakologie (ed. Koelle, 1963) contained numerous papers which 

illustrated three main areas of interest in anticholinesterase,,, 

, 
(a nti-ChE) reseaxch. These areas, were concerned with: - 

(a) The chemical classification axfd biochemical reactions of - 

anti-ChEls-. 
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(b) The systematic phamacology of anti-ChEls which is linked 

with the functioning of the body cholinergic systems and 

(c) The toxicology and therapeutic applications of anti-ChEls. 

The first of these areas covered not only the active site of 

cholinesteraaes (Cohen and Oosterbaan, 1963) but also the structure- 

activity relations amongst anti-ChEfs (Long, 1963; Holmstedt, 1963) and 

the metabolism of organophosbhorus inhibitors. This latter topic 

(Mounter, 1963) was of concern because of the use of these potent', ' 

compounds as pesticides and potentially as chemical warfare agentst 

phazmacological investigation tools and in medicine. Hence- any 

modification of potency as a result of metabolism, may affect their use., 

The consideration of the toxicology and -therapeutic applications 

of anti-ChE's included a contribution on the, reactivation of 

phosphorylated AcChE (Hobbigerq1963)v' again a-reflection, on the potential 

toxicological hazards of organophosphorus, anti-ChE's, --, ', -. 

Development of cholinesterase reactivators and-, their mechanisms of- 

action formed paxt of the review on AcChE by Engelhard, Prchal and 

Nenner (1967). In turn Way and Way (1968) discussed the metabolism of 

these reactivators including the potential toxicologica. 1 implications 

due to cyanide liberation during their metabolism. 

Karczmar (1967b)reviewed the pharmacological, toxicological and 

therapeutic properties of anti-ChE agents. The role of anti-ChEls in 

investigations of possible central cholinergic mechanisms was discussed 

as were the experiments with anti-ChEls. which have led to knowledge of 

a, spects of the physiology and pharmacology of the neuromuscular junction, 

the autonomic ganglia and autonomic effector sites. Therapeutic uses 

to which ýnti-ChEls had been put included use as miotics; employment in 

-situations requiring an increase in smooth muscle tone; counteraction of 

the effect of curare-like muscle relaxants used in ýonjunction with 

ana, eBthetics and use in the diagnosis and treatment of myasthenia gravis, 

a condition associated with skeletal muscle weakness. 
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Structure-activity relationships amongstý cholinesterase inhibitors, 

and the light that such studies might shed on the -structural features of 

cholinesterase receptor sites constituted part of a text on 

relationships between chemical structure and pharmacological 

activities by Cavallito (1968). 

A further comprehensive treatise'on anti-CbEage I nts may be 

mentioned, (ed. Karozmar, 1970). Its Introduction gave the history of the 

anti-ChE'sv--includink'the role"of studies on physostigmine in this 

history. - The other major topics dealtýwith were"the reactions of 

cholinestera, ses' (Usdin91970Y and the, toxicity of anti-ChEli3 (Wills9197O)- 

Recent reviews -concerning cholinesterase inhibitors as pesticides 

include those published by the World Health Organisation (1971) and the 

review, by Corbett 9(1974)0 

It will be seen that both established' inhibitors of cholinesterase 

and compounds newly, discovered to possess'this' type of action may have a 

usefulness in situations as diverse'as'the experimental lab'oratoryg the 

clinic, and as pesticides. 
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Methods for the detection and detemination of cholinesterases. 
I 

Methods for the detection, of cholinesterases and determination of 

cholinestera, se ac, tivity have been reviewed on numerous occasions. Some 

reviews, (Nar-hmansohn and Wilson, 1955; Witter91963; Augustinssontl957; 

1971) haveýbeen devoted primaxily to such methods whilst in others these 

methods have been paxt of a more comprehensive, survey of cholinesterases 

(Augustinsson, 1963; Usdinv1970). 

--Augustinsson (1971) classified available methods into four main 

types bamed on the bydrolysis of cholineg or thiocholineg eaters as 

substrates under the I 

(CH 
3)3 14 CH2 Cý2 0 

Choline ester 

(Cil 
3)3' N Cý2 CH 2S 

Thiocholine ester 

2fluence of cholinesterases: - 

CO R+ ý20 ---0' (CH3) 
3'' 11 Cý2' Cý2 0H+ HO CO R 

Choline Acid 

CO R+ 11 20 -'-* (CH3) 
3- 'N CH2 CH2 SH+ HO CO R 

.,, Thiocholine Acid 

1. Methods based on, the chemical detennination of, the 

disappearence of ester by measuring that ester remaining at given 

times after the start of the, reaction. .1 1ý 

2. Methods based on the production of choline. 

ý 1- 3-'- Methods based on the production of thiocholine. 

1 Methods based on the production of acid. 

Additionally other methods were reviewed'which employed non-choline 

esters as substrates. 

Cholinestbrase activity was originally detemined by biological 

assays involving incubation of cholinesterase with AcCh for a given 

period of time before stopping, the hydrolysis andýestimating the 

residual AcCh pha=acologic ally (see Augustinsson 1957).. The 

phaxma, cological estimation of, the AcCh might be perfo=ed on a variety 

of tissues including the longitudinal muscle of the leech and the frog 

rectus abdominis muscle (Chang and GaddumP1933)- Such methods were 

replaced by more convenient and accurate chemical determinations of 

activity although relatively recently a microbiological determination 
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of choline formation based on the growth-promoting action of this 

compound in a choline - less mutant of the fungus Neurospora crassa was 

proposed (Schatzberg-Poratho Zahavy and Gitters 1963). Biological tests 
I 

for c'holinesterase activities may still be of use. Heffron (1972) for 

instance made use of the frog rectus abdominis muscle to detemine the 

AcCh, and BuCh concentrations of solutions as part of an assessment of 

cholinesterane levels, in rat diaphragm muscle treated with a selective 

organophosphorus . cholinesteraae inhibitor, 

The experimental techniques involvedýin chemical,, deteminations of 

cholinesterases, vary widely. Methods involving measurement of acid 

production have included gasometric techniques, of which the beat known 

example is the Waxburg manometric-. technique--(Ammonp'1933); measurement 

of pH change with time (Michel. 1949); titration of, the released acid 

with alkali to, a fixed end point (Stedmang Stedman and- Eassonv 1932) 

and radiometric -estimations of acetic acid _ 
14C (Raed, Goto and Wangp 

1966).,, 
--Measurement of, ester disappearance has involved colorimetrio 

(Hestrin, 1949); ultravioletýspectrophotometric (Kalow and Lindsayv1955) 

and radiometric techniques (Winteringham. and Disney91964). In turn 

thiocholine production has been estimated polaxographically (Kramer, - 

Cannon and Guilbault, 1962); iodometrically (Augustinsson, 1955a)and by 

colorimetry (McOsker, and Daniel, 1959;, EllmangCourtney, Andres and, 

Featherstone, 1961). 

Factors which may influence the choice of method. 

Selection of a method is not without difficulty. Amongst factors 

which might be considered when making the choice are the following: - 

1. Situation in which the method is to be employed*, 

2. ý Suitability of the method for a particular, type of study. 

Availability of apparatus and the developments of new 

- techniques and methods. 

'Considerations of accuracyp precision, speed of, ý, 

dete=ination and sensitivity in the chosen method, 
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5. Suitability of the method for automation. 

6. Ability to alter and control variables. 

1. Situation in which the method is to be employed. 

Witter (1963) discussed the suitability of methods for use in field 

tests for cholinesters eýin which there is a requirement for methods 

which are easy to perform with simple equipment and with a minimum of 

manipulations and reagents. He also indicated-ways in which the 

techniques for the collection of blood samplesp-their transportation 

from the fieldv and the handling of samples in the laboratory could 

influence the subsequent cholinesterase 6terminations. - Problems 

peculiar to the determination of cholinesterase. in autopsy specimens 

were also. discussed. Augustinsson and Holmstedt-(1965) examined the 

collection, of blood samples in the field under tropical conditions by 

collecting- such, samples on filter paper prior to laboratory estimations 

for cholinesterase activity. 

2. Suitability ofi-the methodýfor a-partidular type of study. 

Somelmethods are more, suitable forIcertain investigations than, axe 

other m6thods. The automated recording technique, for titrating acid 

released. by cholinesterase-catalysed hydrolysis of substrates, the so- 

called P11 - stat , methodg was said to be of great value for studying the 

kinetics of the initial stages of such reactions as rate curves, can be 

produced in as little as two minutes (Witterj1963 ; Augustinsson, 1971). 

The histochdmica. 1- techniques involved for the cytological 

localisation of cholinesterases were outlined by Koelle - 
(1963) and 

It 11 Erankb (1967). Many of these techniques employ non-choline esters as 

substrates which when hYdroly6ed give reaction products, easily detected 

by colorimetric or other methods. - 
In the use of non-choline eater 

substrates the specificity of the enzyme under study, for-, the 

particular 
Isubstrate'phould 

be known . 
(Augustinsson, 1971). 

A radiometric method capable of detecting both cholinesteFase 

and choline acetylase activity simultaneously in single tissues was 
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employed by Buckley and Heaton (1970). The suitability of radiometric 

determi nation for the 'in situ' assay of cholinesterases in intact 

tissue's to which AcCh had been exte=ally applied in comentratIons as 

low as nanomolar has been described by Ehrenpreisp Mittag and Patrick' 

(1970). - This-latter study stemmed from conce= with the use of 'in 

vitro' tests ýemploying relatively large substrate concentrations to gain 

ideas' as" to the nature of events at cholinergic' sites' I in vivo 

A final example of the sýuitability of a partIcular method-of 

cholinesteraBe determination for a'particular type of study is'the claim 

that the colorimetric method of Ellman'-et al (1961) can be used aB Part of 

a simple demonstration designed to illustrate to, students the nature and 

fundame . ntal properties of enzymes (Pried and HowseP1971). 

Availability of apparatus- and the developments of new techniques 

and m6thods. 

Of the methods in use for cholinesterase determinations some, 'for 

example the automated pH - stat and the Waxburg manometric methodst 

require the provision -of relatively elaborate apparatus (see pages 36,40 et se 

a factor which may impose a restraint on the choice of method. 

By contrast the' avail ability of new experimental techniques inay 

lead to new methods which "Inay, in turn, lead to applications' in which 

the de-C6xmination'of cholin6steras-e activity may be of value. A 

comparison 'of the 3: ýviews of Augustinsson (1957; 1971) reveals that the 

latter contains'descriptions of the polaxographic method of Kramer et al, 

(1962) and of the colorimetric method of Ellman et al (1961) both for the 

detection of thiocholine production and both methods developed since 

the time of'the first review. Gas chromatograplýy (Cranmer andý Peoples, 

1971) has been applied to the dete=ination of plasina and red blood cell 

cholinesterame whilst Kato (1968; 1972a; 1972b) and Kato et-21 (1970) have 

employed nucleax magnetic resonance spectroscopy to study se: m, Tn 

cholinesterase kinetics'and to I investigýte thý binding sites 'of-', 

acetylch6lineeteraBe. Baum (1971) reported'the use of a liquid membrane 
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electrode having a high selectivity for AcCh over choline and various 

inorganic cations and which thus allowed a continuous electrochemical 

determination of the rate of change of substrate ooncentration in the 

presence of the active enzyme. This method, was subsequently applied to 

a kinetic analysis of the interaction of blood cholinesteranes with 

three choline esters (Baum, Ward and Yauerbaumq 1972). Gel 

electrophoresis has been used for separating cholinesterase isoenzymes 

prior, to their aBsay by spectrophotometric scanning, a technique 

pemitting stAdy of the kinetics of enzyme catalysis and inhibition 

(Chiu. 
9 Tripathf and O'Brien, 1912), Recently Goodson, Jacobs and Davis 

(1973) have immobilised horse serum cholinesterase. on the surface of, 

open pore urethane foam and used the resulting product for the 

monitoring of air and water for the presence of insecticide enzyme 

inhibitors. 

Considerations of accuracy,, precision, speed 2f determination 

and sensitivity in the chosen method. 

Augustinsson (1963) classified the precision of methods 

recommended for the assay of cholinesterases as high (2-3%). 
l-moderate 

or lowq the Waxburg manometric and pH -stat methods being-considered 

the methods of high precision. Indications of the precision and 

accuracy ofwxious methods were again given by Augustinsson (1971). 

Here he claimed that the Waxburg manometric technique was one of the 

most accurate and reliable methods for assaying cholinesterase, the 

accuracy being possibly of the order of ± 21/6. Additiona. 11y the - 

titrimetric method was -stated to be one of the most convenient and 

precise methods known wheream, by contrast, fieldtestainvolving 

indicator methods probably have an error of 10 - 25%. (Augustinsson, 

1971; see also Witter, 1963)- 

It is likely that claims for different assay methods will vary 

as the methods are modified. Usdin (1970) stated that amongst reasons 

for modifying techniques is the attempt to increase eeneitiVity and 
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speed of assays particularly in the study of reversible inhibitors 

where there is a necessity to maintain steady inhibitor and substrate 

concbntrations during the course of the assay. Mention has already been 

made of the radiometric method of Ehrenpreis et a-1 (1970) for the 

#in situ' assay of choline ste rase s,, the method. being, sensitive to 

nanomolax concentrations of AcCh. Buckley and Nowell (1966) used a 

spectrophotometric method for, the microcolorimetric determination of 

cholinesterase activity'in rat diaphragm motor end plates which detected 

cholinesterase activity of the order of 10-11 moles substrate 

hydrolysed per end plate per hour. The colorimetric method of EUJýan 

et'al'(1961) is also said to be sensitive, requiring blood samples of 

the order of only 10 til for assay purposes; similarly Aldrich, Walker 

and Patnoe (1969) modified the pH - stat method to handle capillary", 

tube samples for blood chplinesterase assay, whilst Uete, Tsuabila, a and 

Hoshida, (1970) reported a fluorimetric assay of blood cholinesterase 

requiring less than 0.05 ml of serurn or plasma. 

5. Suitability of the method for automation. 

The automation of a method of detezmination can greatly increaae: 

the convenience in the use of that method. The description by 

Nielands and Cannon (1955) of 'automatic recording pH instrumentation 

led to the use of automated pH - stat equipment in the measurement. of 

cholinesterase activity. Other methods for determining cholinesterase 

activity have also been automated some of which. are described by 

Witter (1963) and Augustinsson (1971). An example of the use of an 

automated method may be seen in the use by-Stein and Lewis (19 69) of 

a system based on the, principle of continous flow dialysis forthd 

investigation of the inhibition by physostigmine of 

acetylcholine at erase. Here the acetic acid produced by enzyme 

substrate reaction in the presence of physostigmine, sampled, from a 

programmed turntable, was fed 'into a dialyzer where the acid was 

pickedup in an indicator stream and analysed colorimetric ally. -- 



I 
33 

A fumther example is-seen-in the automated colorim9tric assay 

developed by Boutin and Brodeurr(1970) for the determination of human. 

se: m, Tn pseuodocholinesterase variants. , 

Ability to alter and-control vaxiables. 

The detemination of cholinesterase may be ir3f3uenced by variables 

including temperature, pE, ionic-strength of the reaction medium and the 

concentration of the reagents. Hence it is important that in a chosen 

method such variables should be, readily controlled'and, if-ýnecessary, 

altered. Sometimes this, may present difficulties. For example in the 

Warburg manometric technique the normal working-pH of 7-4 can be 

varied only over a relatively small range (Nachmansohn and Wilsong 1955; 

Augustinsson, 1957; Witter, 1963). The problems of contoolling, or 

correcting for, temperaturev the instability of reagents and standards 

and the problems of assessing colour chxiges resulting from reactions 

in the field were-discussed by Witter (1963). 

General considerations concerning methods for detecting and 

determining cholinesterame. 

It has been stated (Witter, 1963) that-there are, two prerequisites 

for a satisfactory assay proceedure for, cholinesterases: - 

1. The-rate of reaction measured must be proportional to the 

amount of enzyme-present. 

2. The enzyme measured, under the conditions of assay must be a 

cholinestera. se. 

Meeting the first of these prerequisites dependsupon an 

appropriate choice of enzyme-and substrate concentrations, preferably 

the measurement of reagent appearance or disappearance over several 

time intervals and control of the pH9 the ionic strength of the 

reaction medium and the temperature (Witter91963)- 

Establishing the identity of the enzyme under assay may depend 

upon the use of selectivel specific, substrates and inhibitors 

(Auguatineson, 1949; 1957; 1963; 1971). The arailability of purified and 
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stable cholinesterase prepaxations facilitates assay proceedures in 

which a standard of cholinesterase activity is required (Augustinsson, 

1957). ' Furthermore" purified enzyme prepaxations may, be free'of 
I 

endogenous substanceeg such as salts, which may be present in, tissue' 

homogenates and which may influence cholinesterase activity 

(Augustinsson, 1963). Methods of purifying cholinesterases have been 

reviewed by Augustinsson (1957; 1963) and Usdin (1970)- Hereq as with 

the methods of assay themselves, the application of new experimental 

techniques may prove useful. Recently affinity chromatograpby has been 

employed for the purification of acetylcholine sterase from electric eel 

(Ashani and Wilson, 1972; Rosenberry, Chang and Chen91912) and from, 

both electric eel and bovine erythrocytes (Berman and Young, 1971). 

Other factors may have an important bearing on the results of a 

cholinesterase determinatiow. Tor example Pavlic (1967) showed'that 

TRIS buffer solution could inhibit cholinesterases -and warned that this 

should be taken into account when appropriate. Ellin (1972) and Ellin, 
I 

Groff and Kaminskis (1972) reported on the introduction of an error into 

the measurement of blood cholinesterase consequent upon the use of a 

secondary reference standardl glutathione, in preference to thiocholineg 

a primary standaxdq in the use of the colorimetric method of Ellman. 

Witter, (1963) pointed out the potentia. 1 inhibition of cholinesterases 

by ionic detergents which may be used to clean glassware involved in 

enzyme determina Ions. These examples should serve to show that all 

a, spects of the method chosen for cholinesterase determination should 

be given careful consideration. 
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Choice of methods for the present research. - 

It was decided to use both the Waxburg manometric technique and the 

automated pH - stat technique for acetylcholinesterase determinations 

in the present research. The former method was chosen because of its 

potential accuracy and reliability and the*latter method for its 

potentially high precision and its convenience (Augustinsson, 1971). 

Additionally the choice of methods was influenced by the existing 

availability of the equipment required in the use of the two techniques. 

The facility with which alterations could be made-to the'pH at which 

the acetyleholinesterase determinations, were performed and the 

facility for performing kinetic studies were further factors leading 

to the selection of the pH - stat method,, since, it was envisaged that 

the-present research would give rise to a need to study, 

acetyleholinesterase activity in the presence of enzyme inhibitors-at 

different pH values. 

#I 
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The Warburg manometric method for the detexmination of 

cholinesterme activity. 

This method estimates the acid produced by cholinesterase- 

catalysed hydrolysis of ester substrates by causing the'- acid to " 

liberate carbon dioxide (CO 
2) from a bicarbonate (NaBCO 

3 
)- oaxbonic- 

acid buffer in which the'reaction takes place. Thus the measure of 

liberated CO 2 is equivalent to the production of acid which in turn 

relates to enzyme activity under the giveýn conditions. The reaction 

takes place in a closed vessel attached to a manometerg the volume of 

CO 2 produced being estimated from the change in pressurev at constant 

gas volume and constant temperature, over a period of time (often 

thirty-minutes). Passage of CO 2' in nitrogeng through the reaction 

vessel during the experiment serves to fix the concentration of 

carbonic acid. As with the titrimetric methoda'described (Eree pages 40 et si 

correction of resultst produced by manometric methods, "should be made 

in respect of acid liberated by. non-enzyme-catalyi3ed mechanisms, 

Additionally corrections should bý made for thermobaromotric 6hanges 

during the experiment. The reactions may be run in the presence of 

enzyme inhibitors. 

Manometric techniques have been applied to the estimation of 

exchnnge of gases in both chemical and biological reactions. Warburg 

(1926) reviewed the history of the observation 'of gas reactions by 

manometric methods. In the case of biological reactions thermanometric 

instr=ents, often termed respirometers, have been used for 

measurement of the oxygen uptýke or CO 2 production associated with cell 

and tissue respiration. (Warburg, 1926; Dixony 1952; Umbiiiit, Burris and 

Stauffer, 1964). The principles of manometry, types of manometerp 

variations in experimental technique'and*some applications of manometric 

methods have been reviewed by Dixon (1952) and Umbreit et al (1964). 

Essentially the Warburg manometric technique utilises-s. reaction 

fla'sk, with one or more side axms'and often a centre well in which can 
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be placed alkali for CO 2 absorption in those experiments requiring 

measurement of o3grgen uptake uncomplicated by CO 2 production. The 

flask is connected to a manometer containing a, liquid of known density 

and temperature control is*achieved by immersing the reaction flask in a 

the3mostatically controlled water bath. The, manometer is fixed outside 

the water bath so that readings of pressure changes can be taken ,. 

during the course of the reection after adjusting-the fluid in the 

manometert prior to each reading, to ensure constant gas volume in the 

reaction system. To, facilitate gas production and uptake the flask 

is shaken in the water bath between readings. 

In the case of cholinesterase determinations the reaction medium 

is placed-in the main part of the flask whilst the enzyme preparation, 

substrate solution or inhibitor solution may be placed either in the 

main part of the flask or in the side arm depending on the- 

requirements of the experiment (Augustinsson, 194809570971). At the 

appropriate time the reaction flasks are tilted to mix-the previously 

seperated enzyme and substrate solutions toýstart the reaction; 

readings of CO 2 production, with time, are then taken. 
, 

- Other types of manometric technique have been applied'in studies 

of cholinesterases., A, well known example was the application of. the 

Baxoroft differential, manometer (see Dixonp1952; Umbreit at al, 1964) 

by Stedman and Stedman (1935) to the determination of the relative 

cbbýinesterase activities in blood cells and senim. 

The-first application of the Warburg technique to cholinesterase, 

detexminations was made by Ammon(1933)-- Ile investigated various ý 

tissues for wholinesterase activities and showed that certain compounds, 

notably physostigmine and prostigmine, already shown by biological 

methods to inhibit the enzymatic hydrolysis of AcCht exhibited 

inhibition towards cholinesterase under the 'condition of the test. 

Since then detailed descriptions of the use of Warburg manometry 

I in cholinesterase studies have been given by Augustinsson (19480957), 



38 

Mendel and Hawkins (1950)9 Witter (1962) and Bockendahl and A=on (1965). 

The review of Augustinsson (1957) showed that, asýwith other 

methods of cholinesterase determination, the Waxburg method, has been 

used with many variations in the experimental conditions. It was also 

shown by Smallman and Wolfe (1954) that the presence of NaHCO 3 in the 

Warburg method reduced both the absolute activity of the cholinesterase 

and its. relative activation by other salts which may be present in 

the reaction medium. Sodium chloride should be added to the reaction 

medium to overcome the effect of NaIICO 3 on the enzyme (Witter91963)- 

These factors can render a comparison of results from different sources 

potentially difficult. 

Usdin (1970) claimed that the major disadvantages of the, method 

were the inability to control pH during the reaction;. the ability to 

rm only a few samples at a time; and its. inapplicability when rates 

must be determined within a short-Aime of enzyme-substrate mixing. 

However, the automated pH - stat method can only handle, one 

determination at a time on any one set of apparatus whilst warburg 

instrilments can handle several samples. at a time (see Pages 48, et seq) 

Hardegg and Schaefer (1952) by designing apparatus which allowed 

enzyme-substrate mixing with the reaction vessel remaining in the water 

bath were able to avoid disturbing the temperature equilibrium of the 

system. This allowed inmediate recording of reaction velocities. 

Further Baxont Casterline and Orzel (1966) were able to abbreviate the 

Warburg technique, by taking readings as often as every fifteen seconds 

for as short a time as two, -and-a-half minutes. This was in connection 

with the study of cambamate inhibitors of cholinesterase which rapidly 

. dissociate from the enzyme in the presence of certain substrates. 

Witter (1963) and Augustinsson (1971) stated that the rate of 

hydrolysis of - substrates cannot be studied by the Warburg method at 

concentrations below about 0-4 m mol/l because insufficient gas is 

liberated. Myers (1952) has shown that the ability to detect gas 
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production, and thus to measure hydrolysis rateaq in the presence, of 

low substrate concentrations, is governed not only by the concentration 

of substrate but also by the total amount of substrate present and the 

frequency of manometer readings. If necessary use can be made of 

extrapolations when it is desired to determine the gas volume which 

would have been produced under these circumstances in longer periods of 

time (e. g. in thirty minutes). 

A point of contrast between the Warburg and pH - stat methods may 

be seen by comparing the reviews of Augustinsson (19570971). Between 

these dates the general Warburg method had not been improved-in any 

important'detail and the automatie'recording possibilities mentioned in 

the first review had not received further study'(Augustinsoont 1971)-" 

By contrast the method of continuous titration had been automated and 

the resulting system well utilised during thisý period. 

The Warburg manometric method has, neverthelessl, found widespread 

application in a number of areas of cholinesterase research., , Hummi- 

blood cholinesterase activity, for example, has, been studied by 

Augustinsson'(1955b)whilst Augustinsson and, Ho2jistedt, (1965) used the 

method on blood 'samples originating in field tests. -- Witter (1962) made 

a study of the conditions necessary foi-the quantitative manometric 

assay of blood cholinesterases in the rat'and in 1963 referred to the 

use of the method in the analysis of autopsy'specimens for' 

cholinesterase activity. Assessments of cholinesterase inhibitors have 

employed the Warburg method (for example Baron et al, ý1966; Dubois, 

Kinoshita and Frawley, 1968). 

This method has also had applications as diverse as' studies of 

the rel , ationships between erythropoiesis and cholinesterase erythrocyte 

levels (Bhatnage? rv 1968) and in studies'concerning the-stability of 

serum cholinesterase (Beckett, Vaughan and. Mitchard. 1969). 
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The PH - stat method for the determination of oholinesterase 

activity. 

This method involves continuous titration of acid, liberated by the 

enzyme-catalysed hydrolysis of an eater substrate, with standard alkali 

in a suitable reaction vessel at a known and constant pH and over a 

given period of time. Correction of the result is madet if necessary., 

for acid released by. other mechanisms such as by the spontaneous, or 

non-enzymaticg hydrolysis of the substrate. Measurements may alsoýbe 

made where the cholinesterase-catalysed reaction takes place in the- 

presence of enzYmeinhibitors., The amount of alkali used is related to 

the production of acid and hence to both the hydrolysis of the substrate 

I and the activity of the enzyme under the given experimental conditions. 

An ability to measure, conveniently, enzyme-catalysed bydrolysis as a 

function of time makes the method very suitable for kinetic studies 

involving these reactions. 

Renshaw and Bacon-(1926) measured the rates of non-enzymatic 

hydrolysis of certain choline esters at pH7.8 and, 37 0C by determining 

the rate at which dilute alka. 1i (Ba( OH)2 ) needed to be added to, keep 

the reaction mixture at PH 7.8 as judged by the use of cresol-red as 

indicator in both the reaction mixture and in a colour-standard. 

Stedman,, Stedman and Easson (1932) utilised this technique, of 

continuous titration for the determination of choline ester hydrolysis 

catalysed by an enzyme in horse blood serum for which they proposed the 

name choline-esterase. This experiment involved control of the 

reaction temperature (30 0 C) and the recording every five minutes, for 

a pe#od of twenty minutes, of the buxette readings as alkali was run 

in dropwise to maintain pH at the predetermined end point. Amongst 

points noted were the buffering action of the serum proteins; the fact 

that the colour of the serum could modify the colour of the indicator 

and that at PH 7-4 spontaneous hydrolysis with both acetylcholine and 

butyryloholine was almost negligible. In a subsequent paper (Stedman, 
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Stedman and White 91933), in which the activity of blood serum 

cholinesterase was determined in various species, an early attempt is 

seen to measure enzyme activity in small samples (1 ml. ) of blood. 

Hall and Lucas (1937) employed an indicator method of continuous 

titration to investigate whether there was any correlation between 

various physiologica-I parameters and serLm cholinesterase levels in both 

no=a. 1 humans and those suffering from a variety of pathological 

conditions. This study involved the use of an automatic microburette in 

the titration. 

Glick (1937) introduced ihe 
use of the glass electrode to the 

titrimetric meazurement of cholinesterase-catalysed hydrolysis thus 

obviating the need to use indicators. This represented an improvement 

in technique as different. indicators and buffers would be needed when 

the pH of an end point required to be altered; such. indicators and 

buffers might affect enzyme activity. Further the use of the glass 

electrode sought to 'allow study of enzyme-substrate reactions without 

the introduction of a foreign substance into the reaction mixture. The 

reaction rate was measured by recording the number of drops of titrant 

(0.02 or 0.01 N NaOH) added in each five minute period for a total of 

thirty minutes. A linear relationship. was shown between enzyme- 

concentration and activity at PH B-4 whilst activityýpH relationships 

were studied over the pH range 5 to 10. Scoz and Cattaneo (1937) also 

used an electrometric technique but employed a quinhydrone electrode 

instead of a glass one. 

It was claimed-by Alles and Hawes (1940) thatq of the chemical 

methods then available for cholinesterase dete=ination, continuous 

titration with a glass electrode was the technique of the greatest 

precisiont simplicity and versatility with the least danger of 

interference from added reagents or manipulation. Readings were made 

of the times required to use measured amounts of alkali during the 

course of the reaction and the reaction rates calculated as the volumes 
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of 0.02N NaOH used in twenty Iminutes with due correction for alkaline 

hydrolysis. Above pH 8.0 it was considered that the accuracy of the 

titrations decreased rapidly because the correction for alkaline- 

hydrolysis became a large fraction'of total hydrolysis and because the 

unavoidable slight fluctuations of pH about the'ableated, end point have 

a more marked effect on alkaline than on'enzymatic hydrolysis. " 

Yet a further variation of-titrimetrie'technique was the use by 

Delaunois and Casier (1946; 1948) of an antimony electrode rather than 

a glass one. .I 

Brown and Bush (1950). found electrometric titration of value 
ýn the 

monitoring'of blood cholinesterase levels in workers exposed to the 

insecticide parathiong an organophosphorus, cholinesterase inhibitor., 

Kaiifman (1954) utilised electrometric ýtitration'in a study designed 

to evaluate serum cholinesterase activity as a test of-liver function. 

Chouteau, Rancien and Karamanian (1956) calculated-reaction ratesp 

determined electrometrically in the presence of blood serum 

cholinesteraBe, directly from the BlopeB Of Btraight-line graphS Bhowing 

the imte of hydrolysis of substrate. 

The micromodification of such electrometric titration methods may 

be illustrated by the paper of Radouco and-Frommel (1952). Here a small 

reaction vessel was described incorporating a c'ombined electrodep a 

magnetic stirer and a microburette, thus permitting a reduction in the 

volumes of reogents used. 

An important advance in the development of electrometric titration, 

techniques came with the design of automatic recording instruments thts 

increasing the potential usefulness of these techniques. Nielands and 

Cannon (1955) described appaxatus for the automatic determination of 

the volume of titrant added as a function of time at a constant pH. 

The usefulness of their apparatus in enzyme research was illustrated by 

experiments with acetylesterase from orange "peel and with lactic 

dehydrogenase. It was thus shown that the use of the apparatus was-not 
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restricted to hydrolytic enzymes and that it was suitable for use with 

rapid reactions. 

Both Jensen-Holm, Lausenj Mthers and Miller (1959) and Jjrgensen 

(1959) described the use of, a commercially uvailable automatic 

recording titrator (Radiometer; Copenhagen). Such instruments 

incorporate a burette which automatically delivers titrant-in response 

to fluctuations of pH from the preset end point as detected by the pH 

electrodes in the reaction medium. In the case of reactions producing 

acid it is the, fall in-pH below the end-point which activates the 

burette to add alka. 1i. Addition of the, titrant is shown either on a 

digital display, a chart recorder, or on both. Jensbn-Hoilm et al (1959) 

employed the instrument to determine the cholinesterase activity in 

blood and in a variety of animal tissues.: Before the substrate was 

added the enzyme preparation was titrated-for some minutes to check for 

the non-specific liberation of acid, by the tissue prepaxation. After 

substrate addition, titration of the enzyme-catalysed reaction then 

proceeded for about four minutes or more. It'was shown that whilst 

non-specific acid liberation was rare with fresh blood it could be 

significant with other tissues, possibly influenced by the storage of 

the tissues'post-mortem, -. This could lead to serious error in 

cholinesterase determinn ions and must be corrected for where 

appropriate. It was recognised that the initial part of the titration 

curve might be unduly steep when a substrate solution having an acid p1l 

is added to the reaction medium. Such a substrate solution might 

reduce the pH of the reaction medium below the pre-set end point'and 

cause addition of alkaline titrant to restore the-pH before the enzyme7 

catalysed reaction can be recorded under the predetermined conditions. 

Automatic recording titrators have become recognised tools for the 

titrimetric monitoring of reactions involving cholinesteraseB. 

Delaunois (1962) and Nabb and Whitfield (1967) have reported on the use; 

of such instrumentse, Nabb and Whitfield (1967) applied their instr=ent 
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to gain a well defined and precise measurement of the effects ofý 

organophosphorus insecticides upon cholinesterases. They claimed 

that the automated procedure should be capable of application for 

cholinesterase determinations in most situations', 

The use of the term IpH, - Btat', to-deBaribe methods involving 

continuous titration to a fixed end point with, automatic recordJmg 

titrators has become accepted (Nabb and Whitfield9l967; Serat and 

Mengle, 1973 for example). 

At the present time. automatic titration of acid released by 

I cholinesterase catalysed hydrolysis-is generally perfomed in an, 

atmospherý of nitrogen. Ballantyne (1968b) has shown that uptake, by 

the reaction media in electrometric titrationt of acidic substances 

from the air can occur causing alkaline titration and leading to false 

estimates of enzyme activity. The existence of air pollution with its 

regional and temporal variations can add to the prob lem. It was shown 

that titration, in an inert atmosphere of nitrogen overcame the problem 
i 

and it is now usual to pass nitrogen through the reaction vussel close 

to the surface of the reaction medium. 

Many of the variations in non-automatic indicator and electrometric 

methods of titration involving cholinesterases have been listed in the 

review of Augustinsson (1957). Similarly some variations of the 

titrimetric method employing an automatic recording titrator have also 

been reviewed(Aýgustinsson 1971). Such variations include differences 

in the volume of the reaction medium; pH of the end point of the 

titration; ionic composition of the reaction medium; source and type of 

oholinesterase; substrate; reaction time; and normality of the titrant 

(NaDH). Hence comparison between results of cholinesterase 

determinations derived by the use of titrimetric techniques may be 

difficult. 

Serat and Mengle (1973) recognised that one of the most serious 

considerations in assessing damage to persons exposed to pestioides was 
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the confidence which could be placed on laboratory determinations of 

cholinester., u3e activity. Problems encountered included he 

involvement of many laboratories of varying degrees of competance in 

such deteminations and ahýequent lack of knowledge concerning the 

sensitivity of the assay methods used and the exercise of quality 

control. They conducted a survey of interlaboratory variation in theý 

cholinesters e activitied detezmined in blood samples using the pH -stat 

technique of Nabb and Whitfield (1967). 

Problems in the interpretation of results arising from the use 

of different combinations of variables and from an attempt to compare 

results from different laboratories may therefore be met in the use of 

the pH - stat method. 
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EMRIMMS USING TEE WARBURG 

MANOMETRIC NETHOD TO DETERMINE 

ACETYLCHOLINESTERM (AcChE) ACTIVITY. 
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In investigation into the use of the Waxburg manometric 

method for the determination of acetyleholinesteraBe actvitV. 

It waB decided to investigate the use of the Warburg manometric 

method for the determination of acetyloholinesterase activity by 

applying the method to a study of the interaction between AcChE and AcCh. 

Principle of the method 

This method as described in the Introduction (P36-39) depends 

upon the measurement of CO 2 liberated from an a queous bicarbonate- 

oaxbonic acid buffer medium consequent upon the reaction of the 

bioaxbonate with acid produced by the enzyme-catalysed hydrolysis 

of an eater substrate (here a choline, ester). The CO 2 liberated is 

measured as a pressure change at constant volume. The pressure change 

is then converted to a volume change ( ý' C02 ) by the use of a flask 

constant which relates to the volume of the paxticulax reaction vessel. 

In turn this CO 2 volume change is related to the time elapsed since the 

start of the reaction. A frequently used expression of activity for an 

enzyme reaction system is the f4i co 2 produced in a reaction time of 30 

minutes. Several such reaction systems will be utilised to'determine 

the activity and kinetic parameters of an enzyme-substrate or an 

enzyme-inhibitor reaction. 

Apparatus. 

The appaxatus (Fig 3) used in the present study was the Waxburg 

appaxatus (Braun Type V85) having a circulax water bath capable of 

supporting up to 14 manometer-reaction flask systems. The conical 

reaction flasks were of approximately 13-15 ml volume and were 

supported within the water bath with their manometers on its outside. 

One limb of each manometer was open to the atmosphere. Each reaction 

glask had a side arm, which allowed the enzyme and substrate to be 

kept separate until it was desired to mix them in order to start the 

reaction. All manometer and flask joints were greased with yellow soft 

paraffin. 
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6 

Fig 

-1 

I 

Manometer and reaction flask. 

4 

1. Manometer. 
2. Brodies Solution. 
3. Reference point for readings. 
4. Screw for adjusting level of 

Brodie's Solution. 
5. Reaction flask. 
6. Side arm of reaction flask. 
7. Manometer stopcock. 
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Each flask was assigned to a, manometer (Fig 4) which contained 

Brodie's manometer solution having a density of 1.0339/cm3, such that 

10,000 mm Brodie's solution corresponded to 760 mm. Hg. ýThe volume 

of each manometer from the junction with its reaction flask to a 

reference maxk (the mid-point) on the manometer was known. The 

reference maxk was on the manometer limb neaxest to the-reaction flask 

and indicated both the initial level of the Brodie's solution and ýlso 

the level to which the Brodie's solution had to be readjusted from a 

reservoir prior to a pressure reading during the course of the reaction. 

The readjustment ensure&, that the pressure changes were read at constant 

volume. 

The volume of a reaction flask and its manometer, as described 

above, together constituted the 'total' volume for that flaak and 

manometer. The total volume of the solutions placed in any one 

reaction flask comprised the fluid volume (Vf) in the flank. The 

difference between the total volume and Vf constituted the 'gas volume' 

(Vg) for that particular ranometer/flask system. ý These volumes were 

used in the calculation of the flask constant. 

Each manometer had a stopcock and each reaction flask a gaa vent, 

ouch that'both the portion of manometer from the flask to the start of 

the Brodie Is fluid and also the reaction flaak could be open to -the 

atmospherev and could be saturated with 5/16 CO 2/950/0 N2 to fix the 

concentration of carbonic acid in the reaction medium. 

Control of the temperature of the water bath was by a heater 

working in conjunction with a contact thermometer preset at the required 

temperature of the experiment. Heating of the bath was by conduction, 

electrical current being passed between two concentric heating 

electrodes and an earth electrode through a conduction medium comprising 

distilled water containing a prescribed amount of'sodium chloride. The 

speed of heating was governed by the use of one, or both, heating" 

electrodes (Inormall and1boostf, Fig 3) and the concentration of 
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the salt solution., Achievement of an even-temperature throughout the 

water bath was aided by the incorporation of an electrically driven 

sti=, er within the bath. The vaxiation in the bathptemperature was 

within the limits <t0.610C. Cooling and heating periods in the 

temperature control cycle were indicated by lamps on the apparatus. 

The shaking mechanism of the appaxatus was adjusted to give 80 

oscillations per minute with a travel of approximately-5'cm- per 

oscillation. It was possible to rotate the apparatus'so that any 

single manometer was in front of the operator. This facilitated the 

reading of the manometers, 

Solutions. 

Reaction Medium (B) 

This medium had the following composition: - 

Naol 0.15 mol/l 

mgci 2 0.04 mol/l 

NaHco 3 0.034 mol/l 

The salts which were kept as stock solutions were of Analar 

gracle (B. D. H) the medium being prepared in deionised water. The 

composition of (B) was such that when the solution was saturated with 

5% C02 /95yo N2 at 370C it had a pH of 7-4-- 

The gas mixture , 51/6 CO 2/95Yo N2' was obtained commercially from the 

British Oxygen Co. Ltd. 9 
(B) was' prepared in batches of 1 litre and stored in the dark at 

40C between experiments. it was 
. fregassed' with 5Y6 C02/95% N2 prior 

to each experiment. 

Enzyme Solutions (E) 

The enzyme used in the investigations was AcChE from bovine 

erythrocytes, obtained commercially aa a Iyophilized powder in 50 unit 

quantities, from Sigma Chemical Co. One unit of AcChE would hydrolyse 

1 fLmole AcCh to choline and acetate per minute at pII 8.0 and 37 OC. 

This preparation, as received, contained gelating NaCl and 
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sodium phosphate buffer. A master solution of enzyme was prepared 

containing 1.25 units/ml by dissolving 50 finits in 40 ml. of (B) 

containing 1% partially hydrolysed gelatin made by digesting 

gelatin in deionised water on a steam bath for 8 to 10 hours as 

described by Kay (1968). The purpose of the gelatin was to stabilise 

the master enzyme solution which was stored in the refrigerator, in the 

dark, at 40C between experiments. Prior to each experiment a fresh 

dilution of the master enzyme solution was made in (B) 'gassed! with 

5% C02/95% N2 to give an enzyme solution of the concentration required 

for the experiment. 

Substrate solutions (S) 

The substrate used in the studies was AcCh perchlorate (B. D. H. 

Biochemical Grade). This salt was used in contrast to other salts, 

particularly the chloride, because the perchlorate of AcCh is 

non-hygroscoPic (Carr and Bell 1947)- For each experiment, a fresh 

master solution of substrate wasprepared in deionised water. This was 

diluted in Igassed, '- (B) to give the concentrations [S) required by the 

experiment. 

Temperature. 

The temperature at which the experiments were conducted was 37 0C 

0.01 0 C. 

Reaction systems for enzvme-substrate studies. 

In order to measure the enzyme-catalysed hydrolysis of substrate. 

at a given enzyme concentration [ E] and at a given substrate 

concentration [S] four. reaction systems were thought to be necessary 

for accuracy. 

These were: - 

1. A the: rmobaxometer (TB) to compensate for effects of 

fluctuations in temperature and atmospheric pressure on the, gas 

measurement. 

2. An enzyme-buffer blank (EB) to allow for any. evolution of CO 2 
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caused by the enzyme preparation. 

A blank (SB) containing substrate and reaction medium . 

to measure spontaneous hydrolysis of substrate. 

A flask containing enzyme, substrate and reaction medium (ESB). 

From four such reaction systems was derived a compensated reaction rate 

under stated conditions. 

An experiment involving more than one concentration of substrate 

S11 [S21 [S I etc. ) but a single concentration of enzyme [ E] 3 

was able to utilise one TB flask and one EB glask, with pairs of flasks 

(S 
1 B19 ES1Bv S2B, ES2ý etc. ) to compensate for spontaneous hydrolysis at 

the different concentrations IS11 
I 

IS2 I etc. 

The flasks ESB contained 0-5ml. (E) 1.0 ml. (S) 1.0 ml. (B) 

-The flasks SB contained 1.0 ml. (S) 1.5 ml. (B) 

The flask EB contained 0.5 ml. (E) 2.0 ml. (B) 

The flask TB contained 2.5 ml. deionised water. 

Thus Vf was always 2.5 ml 

Experimental protocol for enzVme-substrate studies. 

The reaction flasks were loaded according to their designated 

use as outlined above, the required volume of (E) being pipetted into 

the side arm where appropriate, and the required volume of other 

reagents being pipetted into'the main body of the flask. Care was 

taken to avoid getting reagents in. the centre well of the reaction 

fla, sks because use of this well was not required for the experiments 

and reagents trapped therein might have been effectively removed from 

the reaction under investigation. 

Each reaction flask was attached to its manometerv the vol=e of 

both flask and manometer being recorded to give the 'total' volume of 

the reaction system. 

With the manometer stopcock and reaction vessel gas vent open to 

stmospheret each reaction flask was placed in the water bath with its 

manometer supported on the outside of the water bath. A fifteen 
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minute period of equilibration ensued during which the reaction flask 

assumed the temperature of the water bath. During this time 5% co 2/ 

95% N2 was passed through the open stopcock of the manometer, through 

the attached reaction flask, and out to atmosphere through the gas vent. 

This 'gassing' of the reaction flasks brought the pH of the medium to 

its predetermined value, as governed by the concentration of NaBCO 3 and 

the temperature of the experiment. The process of equilibration for 

temperature and pH was facilitated by shaking the reaction flasks in the 

water bath during the period of 'gassing'. 

After temperature and p1l equilibration, the level of the Brodie's 

solution in each manometer was adjusted by a screw control to the 

reference ma3* and any difference in the heights of the limbs was noted, 

so that subsequent Pressu. 37% readings could be corrected for this 

discrepancy. 

The stopcocks of the manometers and the gas vents of the reaction 

flasks were closed and the side a= enzyme contents of each flask mixed, 

where appropriate, with the contents of the main compartment of each 

flask. 

In order to mix the contents of the reaction flasks the flasks and 

their manometers were removed from the water bath and the mixing 

effected by a tilting movement. Throughout this period the end of the 

limb of the manometer open to the atmosphere was covered by a finger. 

This prevented the Brodie ts solution being sucked from the manometer 

into the reaction flask due to the temperature change in the flask 

consequent upon its remova. 1 from the water bath. Again oaxe was taken 

not to get solutions into the centre well of the flasks. 

This was the start of the reactiong the shaking mechanism of the 

apparatus being switched ong and the time noted. The shaking now 

served to facilitate the enzype -sub st rate reaction and the resultant 

evolution of CO 2 from the reaction medium. * * 
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Reading of manometers. 

At given times (e-g- 5910915 minutes etc. ) after the'start of the 

reaction the shaking was stoppedq the manometer fluid was adjusted to 

the reference mark and the difference (h. mm), if any, in the heights 

of the limbs of the manometers was noted. ' This reading was corrected 

for any initial discrepancy in the height of fluid in the'two limbs. 

The pressure of gas evolved by any reaction system at any time 

was converted to give the'volume of CO 2 evolved: at; that time. For any 

given manometer/flask system - this conversion involved multiplying the 

h(=. )reafflýz'at a stated time by the 'flask constant' (k) for that 

manometer/flask-system. 

Thus - h(mm. ) -xk 

Flask constants. 

- 'Vol rl ) 0r C02 

The flask constant takes into account the faotors which depend 

on the reaction system (manometer and flask volUmes) and the paxticular 

experimental conditions. 

For any manometer/flask combination: - 

V, 273 + Vf c< 
k9 

-T 

Po 
when V9 in the 'gas volume' 

Vf is the 'fluid volume' ý1) 

PO is standard pressure (lOvOOO mm B'rodie's fluid) 

T is the temperature at which the experiment is 

conducted (0 K) 

CK is the gas solubility in the reaction medium under 

stated experimental conditions. It is expressed as 

/ii gas/ýA liquid and its value, which depends on the 

gas , here C0 2' the liquido and the experimental conditiori 

is derived from tables (Dixon, 1952; Umbreit et al, 1964). 

For convenience the flask constants were, prior to the experiments, 

calculatýd for 26 combinations of manometers and flaake for a 
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temperature of 370C and for values of, Vf equal to 2500ttl (for enzyme- 

substrate studies) and 3500 ýl (for possible enzymei-substrate-inhibitor 

studies). 

Calculation of results., 

For each of the flasks ESB, EB and SB the measured volume change 

had to be corrected for the volume changes, if any, in the 

thermobaxometer. 

Thus Vol. ESB-- Vol. TB represented the total volume change due to 

eneyme catalysed bydrolysis of the substrate. 

Vol. EB - Vol. TB represented the correction for any CO evolution 2 

due to the interaction between E and B. 

Vol. SB - Vol. TB represented the further correction for any 

spontaneous hydrolysis of the substrate. 

The corrected volume change (71 111C02 ) at any given time, for 

interaction between the stated concentrations [E] and (S] was given 

by: - 
i 

y= Vol. (ESB - TB Vol. (EB -TB Vol. (SB - TB) 

Thus y= Vol. ESB - Vol. EB - Vol. SB + Vol. TB 

For a given experiment a graph of y against time was plotted. The 

resultant points were examined to ascertain the nature of the 

relationship between these variables. Where this was a straight line 

(most case 
I 
s) a regression analysis waB perfOlMed &nd the b 30 value 

(Augustinssonq 1948) derived, by extrapolation if necessary. 

The b value wan the chosen expression for reaction velocity and 30 

was the number of P-1 of CO 2 produced in 30 min. after correction of 

the results as described. 

It should be understood that the b 30 value was a measure of the 

t redation velocity resulting from a given concentration of substrate 

reacting with a given concentration of enzyme. under stated 

experimental conditions. By varying the concentration (S] at fixed 

enzyme concentrationg and under fixed experimental conditioneg a series 
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of b- values could be ohtained andfrom this-the kinetic parameters 30 
'ý4 and V. derived. 

An example of the calculation of b- valuesq KM and V is given 30 MAX 
in the Appendix(p.,, 118-123). 
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Initial experiments-involving'the Warburg manometric technique 

for the measurement of AcChE activity. 

The effect of the relative concentrations of enzyme [ij- and 

substrate (S] 'on the measurement of reaction velocity for the AcChE 

catalysed hydrolysis of AcCh was investigated. Infomation was also 

sought concerning both the frequency of the manometric readin6 

required during an experiment'and the total duration of the experiment 

necessaxy to achieve reproducible reaction velocity measurements at 

st I ated concentrations (E] and [S] 

Six experiments were performed in which the'- final concentration 

of substrate in the reaction flask, F. F. C C S] . varied within the rar4; e 

0.125 t04-00 m mol/1 in each experiment and the final flask 

concentration of enzyme, F. F. C- [E] was either 0-05 or 0.10 units/ml. 

A single batch of enzyme was used for the six experiments. In each 

I experiment manometric readings' were, "in general, made every ten minutes, 

the total duration bf the experiment-being forty minutes. The'results 

ýai, ý * shown in" Tables 4 and 5. 

A further five experiments were perfomed with a fresh batch of 

enzyme in which the concentration [E] was equal to 0.025 units/ml and 

[S'j varied within the range 0.25 to B-0 m MOO in each experiment. 

It was considered that'here, where the concentration [E] was lower 

relative to [S] compax I ed with the previous experimentsp, the initial, 

linear relationship between CO 2 production and time would persist for a 

longer period as the substrate would not be used'up so quickly. Thus 

the regression analyses involved in'the derivation of the b 30 values 

should have been more accurate. To this'end the period for which each 

experiment was run was lengthened from forty to ninety minutes but a 

time interval of ten minute's'was still'generally retained between 

readings. These results axe summaksed in Tables 6 and 7. ' 

Results iand Discussion. 

Table 4 shows the b 30 values (Augustinesont 1948) from the six 
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experiments derived for the reactions between stated concentrations 
(Sj 

and E] 

For a given combination of [S] and [E] in each experiment the 

b 30 value was derived by the application of regression analysis to 

those correct ed calculated CO 2 volumes (y rl ) which, by inspection, 

bore a rectilinear relationship to tdn-e. Derivation of b 30 values 

involvedq alsop correction for the corresponding extrapolated values of 

y at zero time (see Appendix ). In some instances (marked *in Table 4 

regression analyses were not applied as the values of y appeared to 

be linearly related to time only over two readings. Here an estimate of 

b 30 was made by extrapolating a line drawn through the two points and 

correcting for the value of y-at zero time. 

Table 4 showed that in many instances the linear relationship 

between y and time did not obtain for the whole experiment. This 

represent ed the situation where [S] was low relative to [E] and where 

most of the substrate had prol? ably been hydrolysed before,. the end of the 

experiment (MYers 1952). When CE] was 0.05 units/ml. the initial 

linear relationship between y and time had ceased before the end of the 

experiment at values of [S] equal to 1.0 m mol/l or less. When [ E] 

was raised to 0.10 units/ml. the same phenomenon was observed at values 

of [S] equal to 2.0 m mol/l or less. Thus where [E], was increased 

relative to [S] the period of the initial linear relationship between 

y and time shortened. 

It is seen from Table ý- that the errors of the slopes of the 

regression linesp Y on time, could vary widely for a given 

combination of LE] and [S] and could be very large. The large errorI3 

possibly reflected the small numbers of values involved in the 

individual regression analyses as manometric measurements-were. only 

made at ten minute intervals for a maximum of forty minutes. 

In Table 5 the mean b 30 va-lues de 
. 
rived from the results are given. 

There was a tendency for the mean b 30 value to increase as [ S1 increazeý 
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This tendency was more marked at the higher value of [E] 
. The mean b 30 

values, for a given value of [S] 
, were also generally higher at the 

higher enzyme concentration. The coefficients of variation for the b 30 

values could be large and tended to increase as [ S] decreased relative 

to 

b 30 values calculated from a further five experiments in which[ E) 

was reduced to 0.025 units/ml and the duration of the experiments was 

increased from forty to ninety minutes are given in Table 6- Here the 

production of CO 2 appeared, in most casest to bear a rectilinear 

relationship to time over the ninety minutes of an experiment. This 

allowed regression analyses of CO 2' production on time to be performed 

for each combination of [E] and [S] used, in contrast to the previous 

experiments (Table 4 ). Additionally, in each experiment, the regression 

analyses were based on a larger number of values than previously. - 

Despite these improvements it was seen that the errors of the slopes of 

the regression lines could be unacceptably large at the lower 

concentrations [ S] 

The means of the above b values are given in Table7 - The mean 30 

b 30 values decreased and the coefficients of vaxiation amongst the b 30 

values tended to rise as [S] was reduced for a given concentration [E] 

At [S] equal to 0-5 m mol/l the coefficient of vaxiation was very 

large. By comparison with the results given in Table 5 , howeverg'there 

was a tendency for the standard error of the mean b 30 value to be lower 

at a given value [S) than previously. 

From each of the five experiments the kinetic paramet&rs KM and 

V were calculated by the use-of a double reciprocal plot W 
(Lineweaver and Burkv1934) of against These results are b 30 

IS] 

given in Table8 . The values for I'm were much higher than those 

expected for the reaction between AcCh and AcChE (0.1 - 1.0 m*mol/l; 

BarlOW91964) and they varied widely. 

When the mean b 30 values were plotted against (E] for each 
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Table 

Analysis of b values from Table 4 at different concentrations 
30 

AcChEl El and AcCh rSI and at ý 70C. 

F. F. C rS] m mol/l 0.12 0.25 0.50 1.00 2.00 4.00 

F. F. CrEYO-05 units/ml 

Mean b 30value 25-00 23-87 27-46 32.13 -52-36. 52-51 

Number of 
detenminations. 3 3, 4 4 2 

Standard error of 
mean b 30 value- 9.05 13-18 8.09 2.95 6.90 

Coefficient of 
variation for b 30 
v4ues % 65.69 83.12 50-37 11.27 18-58 

F. F. C-[EI 0.10 units/ml 

Mean b 30 value 23-75 45-50 77-10 108.68 

Number of 
determinations 2 2 2. 2 

Standamd error of mean 
b value 30 3.75 8.50 9.52 0.73 

Coefficient of 
variation for b 30 
va3. ues % 22-33 26-42 V-45 0-94 

F. F. C - final flask concentration. 
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Table 

Analysis of b., O , values from Table 6 at a concentration AcChE 
-CE 

of 0.025 units/ml. various concentrations AcCh [Sland at 37o C. 

F. F. C [S] m Mol 0.25 0.50 1.00 2.00 3.00 IMOO, 8-00 

Mean b 36value 1.66 6.19 12.67 23-01 23-01 30.20 31.68 

Number of , determinations 14 4 5 3 41 

Standard error of 
mean b value 30 2-35 1-94 1-30 0.97 2.15 

. Coefficient of 
variation amongst 
b values % 76.13 30.63 12.65 7-32- 14.27 

30 

F. F, C - final flaBk concentration -; ", ."II 

Table 8 
1 

and V values detived, from plots of U' 'ý4 Mkx ýO 
1 

against - for 

experiments 15 (Table 6 

Experiment E: 11 
(m, inol/l v MkX 

(tl-02 
-30 M'n') 

1 7-75 80.00 

2 344 55-87 

3 2.90 58-48 

4 0.87 29-59 

5 0.97 33-90 

Me an Value 3.22 51-56 

Standard error of mean 1.25 9-13 

Coefficient of variation 
amongst results. % 87 40 
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concentration [S] 
, it was seen that a linear relationship over the 

three concentrations [E] obtained only whe4 [S] was 4-0 m MOO (Fig 5) 

It appeared that, with this exception, a prerequisite for a satisfactory 

enzyme assay - the rate of reaction being proportional to the amount of 

enzyme present (Witter, 19639 Dixon and Webb, 1964) - had not been 

fulfilled. 

It may have been that a concentration tE)equal to 0.10 unit/ml the 

enzyme was not saturated with substrate when the concentration of the 

latter was less than 4.0 m mol/l. Henop the apparent curvature of most 

of the graphs of b 30 on [E]. 
. Alternatively a rectilinear relationship 

between b 30 and: [E] might have been obscured at the lowe3ý 

I 
concentrations [S] by the large standazxi errors of the mean b 30 values 

when [E] was either 0.05 or 0.10 units/ml. 

In order to attempt to reduce the errors of the regression lines 

from which the b 30 values were derived and the errors amongst tho b 30 

values at given concentrations [E] and, [S] it was decided to repeat 

the experiments after reappraisal of the expbrimental technique. ' By 

this means it was also hoped that the relationships between b 30 values 

and [E] would become less equivocal and that values of a more usual 

magnitude for Y-M would be obtained. 
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Further investigation nto the use of the Warburg 

manometric technique for the measurement of AcChE activity. 

Modification of Ibmerimental Technique. 

The following modifications of technique were incorporated in the 

experiments which were perfoxmed in order to reinvestigate the , 

measurement of'AcChE catalysed hydrblysis of AcCh. 

Preparation of reaction medium (B) 

In the previous experimentsq (B) was ' prepared in one. litre 

quantities from stock solutions of salts and used over a period of time, 

0 
being stored between-experiments in the dark at 4 C. 

prior to each experiment. 

It was 'regassed' 

It was'decided that henceforth a fresh batch of (B) would be 

prepared prior to the sta=b of each experiment using NqRCO 3 as solid 

Bait ifind both NaC1 and XgCl 2 
61120 from stock solutions. ' The- pH of the 

resultant solution (B) was checked at the time'ofprepaxation prio= to 

each experiment. 

2. -Use of reaction flask/manometer combinations. 

An attempt was made to reduce any systematic error axisingýfrom the 

possible consistent assignation of any one flask/manometer combination to 

any-given'reaction system. This was achieved by assigning flask/manometer 

combinations to reaction systems (TB9 EBI S1 B9 ES I B9 S2 BO ES 2B etc. ) by 

the use of random numbers. 

It"was also thovght that the thermobarometer (TB) compensation 

would-be more accurate if the flask-(TB) contained 2-5ml, (B) rather 

than the 2-5ml. deionised water as in the previous experiments. 

Saturation of reagents with 5% C051950 
$1- 2 

In order to-more confidently achieve'saturation-of the reagents 

with 5/'0 C0219%N2 it was-decided that in tloading'*flasks with reagents, 

the solution (B) would be'added last, just after it had been 1376gassedt, 

and just prior to the period of temperature and pH equilibration., 

Furtherg it was decided to extend the latter period from the fifteen 
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minutes used previously to twenty minutes. 

'Reading of manometers. I 

Results from the previous experiments performed with a F. F. C [ E] 

of 0.259 0.05 or 0.10 units/mi. (Tables 4and6 ) suggested that at the 

BLigher concentrations [E] and the lower concentrations [ S] 9 the 

initial linear reaction velocity (y) might only obtain over a period 'of 

20-30 minutes. Here a ten minute interval between manometer readings 

was not thought to give enough results for adequate regression analysis. 

Hence the manometers were read over forty minutes andl to improve the 

accuracy of the subsequent regression analysesp the frequency of reading 

was every five minutes when P. P. C [S] was 4-0'9 3.0 or 2.0 m, mol/l or 

every two and a half minutes at the lower (1.0 and 0-5 m mol/1) 

concentrations [ S] . 
Nine experiments were performed; two experiments at each pf the 

three concentrations [E] equal to 0.01259 0.025 and 0.10 units/ml and 

three experiments with [E] equal to 0.05 units/ml. The experiments used 

a single batch of enzyme. 

The experiments utilised five concentrations *[S] namely*0-5t 1-0, 

2.09 3.0 and 4.0 m mol/l. This ranee of concentrations was chosen 

because previous experimehts (Tables 5 and 7) had suggested that 

reaction velocity might have been approaching a maximum when the P. P. C 

(E] was 0.025 or 0.05 units/ml and [S] was 4.0 m mol/l. Below a 

concentration [S] of 0.5 m mol/l it was thought that the reaction. 

-% rate might have been too low for accurate detexmination when the lower 

concentrations [E] were used. 

Results and Discussion. 

Table 9 shows the slopes of the lines relating the prbduction of 

CO 2 to time at all concentrations [E) and [S] in the nine experiments. 

These slopes were calculated by regression analysis in all cases and 

the'errors of the slopes are also shown. The ability to perform such 

regression analyses reflected the adjustments made to theft-equency 
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of manometric readings at different concentrations [S] 
. This 

represented an improvement over some of the initial Warburg experimefits 

(Table 4) where not enough manometric readings were obtained for 

regression analysis. The results of the initial Warburg experiments 

concerning the period of time over which CO 2 Production bore a linear 

relationship to time for given concentrations [E] and [S] werev however, 

generally confirmed. It was concluded that when [ Ej was either 0.0125 

or 0.025 units/M. 1 and [S] was within the range 0-5 - 4.0 m mol/l then 

the linear relationship was maintained for at least fOrtY minutes. 

When [E] was 0.05 units/ml, this relationship may have ceased after 

fifteen minutes when (S] was 1.0 m, mol/1 or less. At [E] = 0.10 units/ 

mi this relationship may have ceased after ten minutes when [S] was 0.5 

m, mol/lp after fifteen minutes when [S] was 1.0 M mol/1 a3id after 

twenty minutes when [S] was 2.0 m mol/l. Table 9 also shows the b 30 

values calculated from the regression lines. The errors of the b 30 

values are given in Table 10 whilst the values 1ý4 and V derived from 

six of the nine experiments are shown in Table 14. 

Mean values for the errors of the regression line slopes at given 

concentrations 
[E] and (S] were derived from Table 9 They were. 

comparedt where possiblep with the corresponding mean values for error 

derived from Tables 4 and 6 by the application of It I tests (Saunders 

and Flemingy 1966). The mean values for these errors, the standard 

errors of such means and the calculated values of it' are shown in 

Table 11 . 

Table 11 showed that in all cases the mean values of the errors 

o -the regression line slopes were numerically less in the nine later ft 

experiments than in the initial Warburg experiments. However only when 

[E] was 0.10 unita/ml, and [S] was 4.0 m mol/l was this reduction 

significant (P = 0.95). The general lack of significant reduction of 

mean error when[ E] wall 0-10 Or 0-05 units/ml mazy well have reflected 

the large standard errors associated with some of the means in the 
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initial experiments at these enzyme concentrations and the few degrees 

of freedom in the comparisons. I 

Examination of Table 10showed that the b 
30 values were more precise 

(e. g. coefficient of variation <10%) over a greater range of the ciosen 

substrate concentration, when [E] was equal to 0.025. or 0.05 units/ml, 

than when (E] wan equal to 0.0125 or 0.10 units/ml. It was possible 

that when [E] was 0.0125 units/ml the reaction rates were too low to 

be determined with precision as evidenced by the relatively large 

errors aBsociated with soL of the regression lines from which these b- 30 
valueswere derived. In contrast, when [E] was 0.10 units/ml, there may 

not have been adequate saturation of enzyme at lower substrate 

concentrations for precise determination of reaction rate as the release- 

of CO 2 declined pelatively quickly at these concentrations. 

Compýrison'of Tables 5i7 & 10 showed that at given concentrations 
[E] and [S], 

, coefficients of variation amongst the b values were 30 
numerically less on most occasions (eight out of twelve) when the later 

results (Table 10 ) were compared with those of the initial Warburg 

experiments (Tables 5 and 7 Conversely the mean b 
30 values were 

numerica-11y greater at all but one concentrations [E] and [S] in 

the later nine experiments although this difference was only significant 

(P = 0.95) in one comparis9n (Table 12 ). 

The relationship between the mean b 30 values and [E] was 

examined for each of the five 6hosen substrtite concentrations (Fig 6 

Particular attention was paid to the results obtained at the lower 

values of [S] 
, when [E]was 0.10 units/ml. am the initial Warburg 

experiments had suggested that at such concentrations the relationship 

between mean b 30 and [E] 
might diverge from linearity. 

Two regression analyses of b, on [E] were performed at each 30 
concentration [S] One onalysis, included the mean b 30 value when 
[E] was 0.10 units/mi. whilst the other analysis excluded this 

result. Thý errors of the regression lines calculated under these two 
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circumstances may be compared in Table. 13. This Table showed that in 

four of the five comparisons the error of the line was numerically 

3esslwhen the mean b 30 value at [E] 0.10 units/ml was exZluded. Thiis 

it appeared that for the range of AcCh concentrations 0.5 to 4-0 m mol/l 

assays with AcChE mav be better performed within the range of enzyme 

concentriations 0.0125 to 0.05 units/ml than 0.0125 to 0.10 units/ml- 

Km and V. values calculated from the results of six of the nine 

Waxburg experiments are given in Table 14. They were obtained from the 

double reciprocal plot of 
1 

on in thoeb experiments where these ! U30 '91 

paxametersy by inspection, were rectilinearly related over the range of 

substrate concentrations employed. It will be seen thats as expected, 

the V. values increased with increase in [El'. The K. values 

obtained were, in contrast with those previously reported (Table 8 ), of 

a more usual order (0.1 - 1.0 m mol/1) for the interaction between 

AcCh and AcCbE. 

The. results df the Waxburg experiments reported above gave I 

S 

information concerning the inte=elationships between the relative 

concentrations [E] and [S] and the frequency and duration of manometric 

readings required for the detemination of AcChE 'activity. Numerically 

the er rs Of slopqs of regression lines of CO 2 Production ontime and 

the errors of the b 30 values have shown general improverldnt compared 

with the errors in. the initial Warburg experiments. However the few 

degrees of freedom involved in these compaxisons ? nd the large errors 

of many of the results from the initial experiments meant that the 

improvements could generally not be claimed as statistically 

significant. This lack of statistically validated improvement in error 

and literature claims that the accuracy and precision of cholinesterame 
I 

Warburg determinations could be within limits of 1; 3/16 (Augustineson, 

195709630971; Witter 1962; 1963) led to an examination of the 

influence of certain factors on the errors associated with the results 

from s=h determinations. 
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Table 13 

AcChE (E ) catalysed hydrolysis of AcCh (S) 

Errors(Mbl)x 100% of regression lines relating mean 

b values to [El at stated concentrations CS 
ý'-30 

[E] = 0.0125; 0.025; 0-050 and 0.100 units/ml. 

Is] Error(2! Nx 100%. when result Error(Ehl)x 100% when result 
m mol/i -% 

bi b 
Lt[E] = 0.10 units/m at [E] 

= 0.10 units/ml 
included. excluded. 

0-5 18-04 10-73 

1.0 23-39 19-93 

2.0 4-03 5-36 

3-0 11-57 3-54 

4-0 10-17 B-15' . 

Table 14 

KM md V against values derived from plots of-! b 30 
for experiments shown in Table 9 

[E] units/ml Km (m MOO) tL i co 2 
produced/30mins)- 

0.0125 0.54 19.01. 

0.0250 0.63 35.21, 

0.0500 0.38 73-53 

0.0500 0.31' 74.63 

0.1000 0.53 111.11 

0 . 1000 0.24 114-94 
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An 'examination of the influence of some factors on the results 

and associated ermrs from the determinations of AcChE activity by 

Warburg manometry., , 

An initial assessment of the accuracy and precision with which 

determina ions of AcChE activity may be achieved by the use of Warburg 

manometry was made in the experiments previously reported, This 

assessment involved calculations of the errors both of b 30 values and of 

the slopes of regression lines from which the b 30 values were derived. 

It was shown that such errors could be high but that results with lower 

errors were to be expected with the use of certain concentratioAs [E] 

and [S] Therefore it was decided that an assessment of the, 

influence of certain factors on the results 2nd associated errors from 

the manometric determination Of AcChE ar-tivitY using AcCh as substrate 

might be best made by a study of results generated with selected, single, 

fixedo concentrations r-'l and A fresh batch of enzyme-was. used Lrij 
[S] 

- 

for this purpose. 

The chosen conomtrations [E] and [S], were 0.05 units/ml and 

2.0 m mol/l'F. F. C respectively. Past results had shown that both the 

magnitude-of the b value and the errors associated with-the results 30 

at these concentrations were of a'reasonable order. (Tables. 5 and 10). 

Too high a comentratiori [S] 
, for the chosen concentration [E] 

p was 

avoided to prevent-the results being complicated by enzyme inhibition 

effected by excess substrate. 
I 

To make doubly sure that the reagent solutions'were fully 

saturated with 95Yo K 215Y CO the following preoautions were adopted 02 

prior to the period of temperature and pH equilibration. The 

reaction medium (B) was 'gassed' with 5% CO. /9ý% N2 for a fixed 

period of five minutes prior to being used to prepare the required 

dilutions [E] and [S] 
. Further, each of the solutions (B)j(E)9 and 

(S) were also gassed for a fixed period of two minutes before being 

loaded into reaction flasks. The remainder of the experimental 
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protocol was that of the preceding nine experiments (Pages 68 to 79). 

On each of eight (not consecutive) days three experiments were 

performed each utilising a set of reaction systems comprising TB9 EBP SB 

and ESB components. Three b 30 values, one from each set, were therefore 

generated on each day. Thus the b 30 values and the slopes of the 

regression lines from which they were derived on a single day could be 

analysed and compared with the results derived on different days. The 

study was also designed to test whether or n6t the order of reading 

the manometers of the TBO EB, SB and ESB components within each set of 

reaction systems affected the results. 

The contribution that the results 
ýrom 

the Iblanks (EB) and (SB) 

made to the calculated reaction velocity and its error was examined. 

Additionally information was sought concerning the relative merits of 

using the b 30 value as the expression for the reaction velocity, as in 

the previous experiments, or the slope of the corresponding regression 

line from which it had been derived, 

The experimental design is given in Table 15. In the design 

manometer/flask systems-were'assigned both to functions (TB, EB, etc) as 

before, and to sets of reaction systems by random numbers. In addition 

the order of reading manometers within a given set was altered over 

succeeding experiments. By this means in each of sets 2 and 3 the 

alteration in the reading order involved a repetition of a Latin 

Square design over the period of the experiments. In set 19 the 

reading order was the same in all experiments. 
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Table 15 

Design of experiments to investigate the results from the AcChE 

catalysed Ixydrolysis of AcCh at a fixed concentration of both enzyme 

[E] and-substrate [S] 

The3nobaxometer (TB) A 

Enzyme/buffer blank (EB) B 

Substrate/buffer blank (SB) C 

Enzyme catalysed reaction (ESB) 

[E] =_0-05 units/ml F. F. C 

[S] 2.0 m mol/1 

DAY Sets of Reaction systems. 
i, 1213 

Reading order for manometers 

ABCD CADB 'D 0BA 

2 ABCD DCBA BDAC 

3 ABCD BDAC ABCD 

4 ABCD ABCD CADB 

5 
r- 

ABCD CADB 3) CBA* 

6 ABCD DCBA BDAC 

7 ABCD BDAC ABCD 

8 ABCD ABCD CADB 

Latin Square design. 
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Results. 

In all twenty-four experiments carried out on the eight different 

days, the production of CO 2 was, by inspectiong rectilinear with respect 

to time for the whole of the forty minutes during which the reaction 

was measured. This was in agreement with the earlier work at the same 

concentrations 
[E] S[S] (Tables 4 and 9 ). 

Table 16 shows the values for the errors of the individua. 1 

calculated regression lines relating CO 2 production to time. These 

values axe shown in relation to day of experimentp sets of reaction 

systems p. and the order of reading manometers within sets of reaction 

systems. The mean value for all the errors was 1 4.29% (range 1.82% - 

The b 30 values derived from these re gression lines are given in 

Table17 again in relation to day of experiment and aets of reaction 

systems. Results of It' testEr per: formed between the mean b 
30 -values 

obtained on different days are shown in Table 18and between the mean 

b 30 values obtained in different sets of reaction systems in Table 19 

The mean b 30 values were significantly different in ten of the twenty- 

eight 'between-dayl comparisons. There were no significant differences 

in the mean b 30 values obtained in the'different sets of reaction 

systems. It will also be seen(Table 20) that there were no 

significant differences between the mean b 30 values obtained when the 

order of reading manometers within sets of reaction systems was taken 

into account. 

An analysis of variance was ca=ied out to compare the variance in 

b 30 values obtained 'within experimental days' with the variance in b 30 

values 'between days'. The method of analysis given by Saunders and 

Fleming (1966) was used. The 'between days' variance was 120-85 and 

'within days' variance 21.67, the ratio IF' being 5-58 for 7 and 16 

degrees of freedom (df) respectively. The theoretical value of IF' 

for 7 and 16 df at P=0-95 was 2.66. Thus the 'between days' 
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I 

Reaction between AcCh--( 

Table 16 
2.0 m mol/1) and AcChE 0.05 units/ml at 37 0C 

Errors of individual re g-ression lines used to derive b values 
shown in Table 17 30 - 

Error 411) 
x 100% where b = slope of regression line 

-, Sb = standard error of regression 
coefficient. 

DAY Sets of reaction system Mean error % 

1 2 3 
1 3-09 3-79 4.38 3-75 
2 2. -99 3.10 5-31 3-80 
3 4-79 4.16 8-45 5-80 
4 . 

4-91 2.18 3-09 3-39 
5 3-80 4-01 4-38 4. o6 
6 6.29 3-48 8.41 6. o6 
7 3-44 2-52 6-39 4-12 
8 1.82 3-56 4.63 3-34 

Mean error 3.89 3-35 5.63 

Readin g order of manometers within sets of reaction systems. 
ABCD CADB I)CBA BDAC 

3-09 3.79 4.38 5-31 
2.99 3-09 3-10 4-16 
4.79 4-01 4-38 8-41 
8.45 4.63 3-48 2-52 
4-91 
2.18 
3-80 
6.29 
3-44 
6-39 
1.82 
3.56 

Me an 
error 

4-. -31 3-88 3-84 5-10 

Mean error for all regression lines = 4.25P/o 

Coefficient of variation amongst all errors = 39.68% 

A= Thermobaxometer (TB) B= Enzyme/buffer blank (EB) 

C= Substrate/bilfer blank (SB) 3) = Enzyi; e catalysed reaction (ESB) 
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Table 17 

b values ( I-L 1 CO /30 min. ) obtained from interaction between ýý30 -I. 
AcCh (2.0 m mol/1) and AcCh E (0.05 units/ml) at 370C 

DAY Set of reaction system 

2 3 

1 52-87 60.49 - 64-74 

2 53-12 57-03 52.09 

3 61-54 55-01 59-85 

4 47-79 47-92 54-13 

_5 
59-75 55-41 61.61 

6 50-03 43-49 46.81 

7 35.20 40-53 51-19 

8 55-44 60-72 51-94 
Mean 30 _51-97 

52-58 55-30 

coefficient of 
Variatio 

. 
76 -15-75 14-59 11-05 

Column i9 10 11 

Mean 30 Coefficient Column 
value of 

variation 
59-37 10-13. 
ý4-08 4-82 2 

58, -80 5-76 
.3 

49-95 
_7.25 

4 

58.92 5-40 5 

46-78 6.99 6 

42-31 19.24 
,7 

56-03 7.89' 8 

Mean b value from all results-shown in Table 53.28 30 

Coefficient of variation amongst all results in Table = 13-52% 
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Table 18 

Reaction between AcCh (2.0 m mol/1 ) and AcCbE (6.65 units /ml)at 370C 

Results of It' tesV performed on b ,O values obtained on different 

day s and listed in Table 17 (Columns 1-8) 

P 0-95 4 deg -rees of freedom (df) t (theoretical), 2-78 

t test t(calc Difference t test t(caj: c). bifference 
betwee significant betweem 

' significant 
column - 201;;; ýS 

1 and 2 1-40 No 3 and 4 3-09- Yes 

1 and 3 0-14 No 3 and 5 0: 05, No 

1 and 4 2-32 No 3 and 6 
ý4-42 

Yes 

1 and 5 0-11 No 3 and 7 3.24 Yes 

i and 6 3-19 Yes 3 and 8 0.86 NO 

1 and 7 2.92 Yes 4 and 5- 3.22 Yes 

1 and 8 0-77 No 4 and 6 1.22 No 

2 and 3 1.91 No 4 and 7 1.48 No 

2 and 4 1.60 No 4 and 8 1-84 No 

2 and 5 2-04 No 5 and 6 4.61 Yes 

2 and 6 3.03 Yes 5 and 7 3.29 : Ybs 

2 and 7. 2-39 NO 5 and 8 0.92 No 

2 and 8 0.66 No 6 and 7 0.88 No 

6 and a 2.92 Yes 

7 and 8 2-57 No 
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Table 19 

Reaction between AcCh (2.0 m mol/1) and AcChE (0.05 units/ml) 

Results 6f It' tests perfdrmed on b 30 values obtained in 

different sets of reaction systems and listed in Table 17 

fcolumns 9-11) 

P=0.95 14 ýLf t (theoreticEll = 2-14 

t test between columns t(calc) Difference significant 

9 and 10 0.15 No 

9 and 11 0.92 No 

10 and 11 0.78 NO 

I 
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Table 20 

b values (t&l CO. 130 mins) obtained from AcCh/AcChE interaction and ; -30 1 
related to the order of reading manometers within sets of reaction 

systems. b values previously given in Table 17 
- ý'-30 

A= Themo'parometer (TB) B= Enzyme/buffer blank (EB) 

C= Substrate/buffer blank(SB) ID = Enzyme catalysed reaction (ESB) 

Reading orders of manometers within sets of reaction svstems. - 

ABCD CADB DCBA 33DAC 

52-87 60-49 64-74 52.09 
53-12 54-13 57-03 55-01 
61-54 55-41 61.11 46.81 
59.85 51-94 43-49 40-53 
47-79 
47.92 
59-75 
50-03 
35.20 
51-19 
55-44 
60-72 

Mean 
ý30 52-95 55-49 56-72 48.61 

Coefficient 
of vaxiation 

14-10 
Column 

t tests between 
columns 

1 and 2 
1 and 3 
1 and 4 
2 and 3 
2 and 4 
3 and 4 

6.54 

2 

t(ca. 1c) 

16.52 
3 

t(theo) df 

0.64 2.14 14 
0.82 2.14 14 
1.94 2.14 14 
0.24. - 2.45 6 
1.88 2.45 6 
1.43 2.45 6 

13-10 
4 

Difference 
Significant P--0-95 

NO 
NO 
NO 
No 
No 
No 



89 

vaxiance was significantly greater than the $within days' variance. 

By contrast there was no significant difference in the variances 

of th 
.eb 30 results obtained within and between different sets of 

reaction vessels. Mcalculated) 1.77; F(theoretical), P ---0.959 2 and 

21 df = 3.47). 

It' tests showed that neither the mean of all the b values from 30 
the twenty-four experiments nor the means of the b 30 values calculated 

in previous experiments (Table5 and 10) using the same concentrations 

[S] and [E] but modifications of the same experimental technique 

were s ignificantly different (P'= 0.95). The results of this 

compaxison are given in Table 21. 

Influence of the use of compensatory 'blanks, on the results. 

It has been seen that each calculation of reaction velocity has 

involved the use of results from three 'blanks' (TB, SB, EB) in equations: - 

ýl C02) = Vol ESB - Vol EB - Vol SB + Vol TB 

It was-decided to ascertain whether the use of -such 'blanks'-contributed 

significantly to the ca. 1culated reaction velocity or to the errors 

assOciated with the result. 

Accordingly the production of CO 2 at given times, in the twenty- 

four experiments, was recalculated using the following simpler equation 

in which the use of two of the 'blanks' was eliminated. 

7( rl C02) = Vol ESB - Vol P 

Regression analyses of the resulting valuesq y, on time were again 

perfo=ed and b values calculated from the regression lines 30 
Values for the errors of these regreision lines and for the 

resultant b 30 values are tabulated according to the day of experiment 

and the sets of reaction systems (Tables 22and 23 )- 

The mean value for all the regression line errors shown in Table 22 

was 3-83% (range 1-879/6 - 5-70%). A It' test carried out between this 

mean and the mean of all the errors shown in Table 16gave a value of t 
r 

of 1-11 (46df and showed no significant difference between the means 
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Table 21 

Comparison of b 
. 100 

v alues 
I 
ýjl CO. /30 mins) obtained from the interaction of 

AcCh (2.0 m iol/l)with AcChE (0-05 units/ml ) using different 

niodifications of the same experimental technique. 

For details of the different techniquEi3see the appropriate 

sections of the text. 

Result previously Table Table Table 
given in 10 

Mean b 30 52-36 58.96 53.28 

No. of experiments. 4 2 24 

Coefficient of 
variation amongst b 30 
values % 11.27 3.86 13-52 

Columns 2 3 

Ca. 1culated It' value t(calc df t(theo) Differen= 
between columns P ----0.95 Significant 

1 and 2 1.46 4 2.78 No 

1 and 3 0.24 26 2.06 NO 

2 and 3 1.09 ý24 2.06 NO 

0 
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Table 22 

Reaction between AcCh (2.0 m, mol/1) and AcChE (0.05 units/ml) at 

Errors of individual reg ression lines used to derive b 30 values shown 

in Table 23 

Error, = (Sb) x 100% where b Slope of regression line 
b 

Standzrd error of regression'' 
coefficient. 

DAY Sets of reaction systems Mean error % 

1 2 3 

1 4-11 2; 92 3.07 -3-37 

2 3.57 2.87 5.04 3-83 

3 3.36 4.21 3.29 3e62 

4 1.87 1.89 2.39 ', 2-05 

5 3.71 3.89 4-19 3.93 

6 4-99 2.70 5.57 4-42- 

7 5.28 3.65-, '4.25 4o'39 

8 5.70 4.63, '- 4-86 -5*'06 

Mean error 4.07 3.35 4oO8 

Mean error for all regression lines 3.83/16 

, Coefficient of: variation amongst all errors 28-56% 
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Table 23 

b values 1 CO /30 mins) obtained from interaction between AcCh 
-: '-30 - -; --ý2 , 

_(2.0 
m mol/1) and AcChE (0.05 units/ml) and from use of the 

relationship Y= Vol ESB - Vol TB at 37 0 a. 

y is volyme CO 2 
(; ILL1) measured at given time during each experiment. 

DAY Set of Reaction Systems Mean b Coefficient Column 

123 value 
30 

of 
vaxiation 

1 49-84 55-74 54.24 53.27 5.76 1 

2 52.65 54. '99 55-32 54--32 2.68 2 

3 '47-81 53-16 52-36 51-11 5.65 3 

4- 46-76 44-40 54-87 48.68- 11.28 4 

5 49.86 58.22 58.02 55-37 8.62 5 

6 43.20 39-39 -50-93 44-51 13.21 6 

7 29.. 31 33-32 44.24 35.62 21.69 7 

8 44-72 53-89 44-17 47-59 11 . 47' 8 

Mean b 30 45-52 49-14 51-77 

Coefficient 
of 
vaxiatio 15-84 18-31 -9-87 

column 9- -10 - 11 

Meanb - from all results shown 30 in Table 48-81' 

Coefficient of vaxiation amongst all results in Table 15.23ya 
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(P = 0.95, t (theo. ) 2.01). It was noted, however, that when the 

twenty-four pairB of corresponding errorB from TableB 16 and 22 were 

examined the regression line e=rs were numerically less when the 

simpler equation was used for CO production in sixteen of the twenty- 
2 

four pairs - Thus it was, possible that the lack of significant , 

differences shown by the It' test between the mean errors may have 

reflected the masking of differences by. the variation in e; =Ors both 

'within' and 'between' days. To check this possibility the null 

hypothesis was proposed that the differences between the corresponding 

regression line errors could ýe attributed to chance and, that they* were 

drawn from a population of differences with a universal mean 

difference W of zero. The hypothesis was tested by calculating a 

va, lue of It' using the expression 

t=; 
--I 

I SX 

where I was the mean difference in the pairs of regression line 

errors 

and Sl was the standard error of this mean difference. By 

compaxison of the calculated value It' with values given in Tables 

(GeigYI1970) the probability,. of the null hypothesis being co at was 

found. The calculated value of it' was 1.25 and the probability that 

the-differences between the corresponding regression line errors were 

due-to chance was > 5% (23df). 
ý It was therefore confirmed that the 

errors in the regressio n lines derived from calculations of CO 2 

production by the two formulae were not significantly different. 

It' tests were performed between the mean b 
30 values calculated- 

for different days and different sets of reaction systems and shown in 

Table 23 The results of the It' tests are in turn shown in Tables 24 

and 25 - It was seen that in only five of the twerity-eight Ibetween- 

da, YI comparisons were the mean b 30 values significantly different. None 

of the mean b 30 values from the different sets of reaction systems 

were significantly different. 
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Table 24 

Reaction between AcCh(2. Om mol/1) and AcChE ( 0.05 units /mi) at 370C 

Results of It' tests performed on b 30 values obtained on different 

da-, vs and from use of the relationship y= Vol ESB Vol TB and 

listed in Table 23 (columns 1-8). 

P= 0-95p, 4 df t (theoretical) 2-78 

t test t(calc). Difference t test t(calc Ddfference 
between Significant between Significant 
columns columns - 

1 and 2 0-53 No 3 slid 4 0.68 No 

1 and 1 0.89, No 3 15 anc 1-32 No 

1 and 4 1.27 NO 3 and 6 1.75 NO 

1 and 5 0.64 No 3 and 7 3.25 Yes 

1 and 6 2.29, No 3 and 8 0.99 No 

1 and 7 3.68 Yes 4 and 5 1-59 No 

1 and 8 1-57 No 4 and 6 0.90 NO 

2 and 3 1-72 No 4 and 7 2-38 No 

2 and 4 1-72 No 4 and 8 0.24 No 

2 and 5 0-36 No 5 and 6 2-48 No 

2 and 6 2.81 Yes' 5 and 7 3-77 Yes 

2 and 7 4-19 Yes 5 and 8 1.86 No 

2 and 8 2.06 No 6 and 7 1-58 No- 

6 and 8 0.67 No 

7 amd 8 2.19 No 
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Table 25 

Reaction between AcCh (2.0 m mol/1) and AcChE (0-05 units/ml) at 37 0C 

Results of It' tests performed on b values obtained in different 
. 00 

sets of reaction systems from use of the relationship 

y Vol ESB Vol TB and listed in Table*23 (Columns 9-1.11 

P 0.95 14 degrees of freedom t(theoretical) 2.14 

t test between Columns t (Calc). Differeýce significant 

9 and 10 0.89 NO 

9 and 11 2.00 No 

10 and 11 0-72 No 
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An analysis of vaxiance amongst the b 30 values in Table, ý3 showed that 

the variance of resultis 'between days' was significantly gre - ater (P--0-95) 

than the variance of results 'within days' ' ('P' (calculated) = 5-09P'P' 

(theoretical) 79 16 df = 2.66). The variances of the results 'between 

sets' of reaction systems were not significantly different (P--0.95) from 

the variances of results 'within sets"Mcalculated) 1.52; F(theOretical) 

3.47; 29 21 df). 

A Itt test between the means of all the b 30 values derived by use 

of the full and simpler'formulae for calculating, the volume C02 

produced at given times gave a vaaue of It' of 2.12 and showed a 

. 13ignificant difference (P = 0.95; 46 dft t(theo. ) = 2.01). The mean 

b 30 value derived from experiments- where the simpler foxmula'was used-, 

was significantly less than when the full foxmula was employed. This 

result was'confirmed by again proposing the null liypothesis that the 

differences, betf7een corresponding b values were due to chance and were 30 

drawn from a population of differences 'with a universal mean of zero. 

Calculation of a-value of It' (4-720 23 df) indicated that the 

probability that the differences 'were 'due to chance was less than'0.1% 

and thus the differences were highly significant. 

When similar null hypothes6s were proposed in respeci of 

differences of b 30 values calculated on the same day it was found that 

only on two of the eight days (days 7-and 8) was thd'difference 

significant. On daY 7 the probability that the difference was due to 

chance lay between 091yo and 0.5% (t, 16.55; 2 df). - On day 8 the joame 

probability lay between 1 "and 2% (t=7.20; 2 df). 

An IF' test between the variances'of all the b 30 values'derived 

both by the full and simpler formulae'for reaction velocity gave a value 

of 1.07. 'When compared with a tabulated value of 2.00 for 23 and 23 

and at P= 0-95P it was seen that the variances of, the b3,0 value a 

derived by the two 'calculations were not significantly differe - nt. 
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A further assessment of the influence of the 'blanks' SB and EB on 

the calculated b 30 'values was made. Calculations of C02 volume changes 

attributable both to the enzyme preparation (Vol EB- Vol TB) and due to 

the spontaneous hydrolysis of the substrate (Vol SB - Vol TB) were made 

for each of the twentya-four I experimeýts. ' Regression anýlyses of the 

respective volume changes on time were perfoxmed and the errors of the 

resultant regression *lines tabulated (Table 26 ). Additionally the 

correspondingealculated volume changes over thirty minutes were 

tabulated (Table 27 ). 

The mean value for the errors. of all the regression lines relating 

volume changes due', to the enzyme preparation to time was 43-57Yo (range 

8.17% - 145-47%). 

The mean value for the errors of all the regression lines relating 

volume'changes due-to spontaneous bydrolysis to -time was 152-*91% -(range 

10-909/o ---749.59Yo). 
The mean volume change due to the enzyme preparation calculated 

from. 
l. 

all the regression lines was -3-80 plp the overall coefficient of 

variation amongst the results being 64-74%. 

The corresponding mean volume change due to spontaneous hydrolysis 

was -o. 62 r 1, the overall coefficient of vaxiation amongst the results 

being 530-97%. 

The use of the b 30 -value or the elope of the regression line 

relating C production to time astalternative expressions of 

reaction velocity. 

The results from the Warburg experiments presently under 

consideration were examined to ascertain whether or not the b 30 value 

was a better expression for reaction velocity than the -slope of the 

corresponding regression line relating CO 2 production to time. An 

evaluation of the relative merits of these two expressions for reaction 

velocity was made by a comparison of their errors. The slopes of the 

regression lines (b) and the standard errors of thdir regression 
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Table 26 
Errors In individual regression lines relating Compensated volume 

changes Vol (EB-TB) due to enzyme preparation to time. 

Vol. EB, = Volume change in Enzyme/buffer blank ý1) 

Vol. TB = Volume change in thermobarometer ( t. L 1) 

Error = (DO 
x 100% where b= slope of regression line I 

Sb = standard error of regression coefficient 

DAY Sets of Reaction Systems Mean error 
1 2 3 

1 59-55 25.69 17-84 34-36 
2 23.20 50.28 143-73 72-40 
3 19-14 12.13 52.24 27-84 
4 75-97 29.13 38-85 47-98 
5* 8.17 145-47 41-35 65-00 
6 33-46 40.28 72-53 48-76 
7 36-85 28-33 34.26 33-15 
8 19.60 25.27 12-47 19.11 

Mean error %, 34-49 44-57 51.66 

Errors in individual regre ssion lines -relatin g compensated volume 

changes (Vol SB - Vol TB) due -to spontaneous h ydrolysis of-substrate-tO 

-time. 

Vol. SB Volume change in Substrate/buffer blank u 1) 

DAY Sets of Reaction Systems 
j 

Mean error % 

1 2 3 
1 66-75 59-13 58-90 61-59 
2 46-75 566-87 59-50' 224-37 
3 25-03 36-47 54-77 38-76 
4 749-59 115-42 50.66 305.22 
5 45.69 18-81 103-76 56. og 
6 95.26 255-50 10-90 120-55 
7 27-52 44.22 36-59 36.11 
8 42.20 399-85 699-76 380.60 

mean error % 137-35 187-93 134-36 
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Table 27 

Volume changes due to enzyme preparation (Vol EB - Vol TB 

over thirty minutes. 

Vol EB = Volume change in enzyme/buffer blank 

Vol TB = Volume change in thermobarometer ý1) 

DAY Sets of reaction system Mean Coefficien 

123 change rl) variation' 

1 -2.09 -3-89 -7-79 -4-59 63-48 
2 -2-55 -2-36 +1-36 -1.11 186-31 
3 -5-47 -5.02 -2.01 -4-17 45-15 
4 -o. 96 -2-85 -2.82 -2.21 48-99, 
5 -7-95 -1.11 -2.14 -3-73 98-78 
6 -4-96 -3-74 -3-09 -3-93 24-16 
7 -1-45 -5-52 -3.62 -3-53 57.69 
8 -7-57 -5-58- '-8-00 7.05 1841 

Mean change' 

- 
Yl) 

1 
-4-13 -3-76 -3-51 

over thirty minutes. 

Vol EB = Volume change in enzyme/buffer blank 

Vol TB = Volume change in thermobarometer ý1) 

DAY Sets of reaction system Mean Coefficient of 
1 2 3 change l) variation 

1 -2.09 -3-89 -7-79 

r 

-4-59 63-48 
2 -2-55" -2-36 +1-36 -1.11 186-31 
3 -5-47 -5.02 -2.01 -4-17 45-15 
4 -o. 96 -2-85 -2.82 -2.21 48-99, 
5 -7-95 -1.11 -2.14 -3-73 98-78 
6 -4-96 -3-74 -3-09 -3-93 24-16 
7 -1-45 -5-52 -3.62 -3-53 57.69 
8 -7-57 -5-58- '-8-00 7.05 1841 

Coefficient 
of variation -66-58 42-45 88-04 

Volume changes due to spontaneous bydrolysis-(Vol SB Vol TB 

nvpr thirtv minutpa. over thirty minutes. 

iVol SB = Volume change in substrate/buffer blank( 1) 

DAY,, - 
Sets of reaction system Me an, Coefficient of 

1 -2 3, c ý1) variation % 

1 -1.27 -0-87 -2-70 -1.61 59.63 
2 +2.10* +0-31 ý - +1 . 87 +1-43 68.26 
3 -8.27 +3-18 -5-49 -3-53 169-34 

,4 -0.09 -0.69 '+3-55 +0.92 248-50 
5 -1-94 +3.92 -1-45 +0.18 1840.22 
6 -1-87 -0-36 +7.21 +1.66 293-10 
7 '-4-43 -1.69 -3-31 -3-14 43-83 
8 -3-17 +0-31 +0.23 0.88 226.60 

mean cnan, - 
T- [a) -2 - 37 

Coeff&ci nt 
-Variation 

130.21 

+0-51 -0-01 

387-75 36591-89 
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coefficients (Sb) were already known. Sog too, were the corresponding 

b 30 values. Accordingly the errors of the b 30 values were calculated. 

The b 30 value was the calculated CO 2 volume produced at thirty 

minutes corrected for the ca-Iculated'volume of CO 2 at zero'time*-- 

Thus b Vol. CO Vol co 
7., 30 2 (30 min-) 

2 (o min. 

y (30 min. ) c where c was the y 

intercept of the regression line at zero time. 

The chosen expression for the error of-a give b 30 value (Sb 
30) 

was: - 

Sb 30 S2cS2 Y(30 min. ) where S 2c 
was the vaxiance 

of the intercept of the regression line on the y axis and S2 Y(30 min. ) 

was the variance of the value y at thirty minutes. 

In turn S2c and S2 7(30 min. ) were calculated by- use of the 

following equations (Geig7,1970): - 

s 2c 
= S2 b 

N 

2 S2 2 
X)2- + 

2] 
s 7(30 min. ) -4 b 

1ý 
xN- (30 - i) where the 

values x were the times at which CO production was calculated and W 2 

was the number of points on which a regression analysis was based, 
Sb Sb 30 

.I The corresponding ratios 7- and b 30 
were then compaxed 

(Table 28). In all cases the ratio 
Sb 30 was numerically lbss than 
b 30 

the corresponding ratio 
Sb 

. 
'The null hypothesis that the differences b 

in these corresponding ratios were due to chanCe was proposed, the 

differences being drawn from a population of differendes with a 

universal mean of zero.. The null hypothesis was tested by the 

calculationy fr6m the differences, of a value for From the 

twenty-four sets of differences the calculated value Of 't' was 10-93 

showing that the probability of the differences being due to chance 

ýras < 0.1% and that the differences were highly significant. 

When the differences were tested in respect of results obtained 
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Table 28 
Sb 

Corresponding ratios 

experiments measuring the 

---- Sb 
and 30 for each of twenty-four Warburg 

b 30 

hydroly 
. sis of AcCh (2.0 m mol/1) catalysed by 

AcChE (0-05 units/ml) at 370C. 

b-= slope of regress ion line relating CO 2 proddation'to- time. 

Sb = standard error o f regression coeffic ient. 

b 
30 30 value ( ýl C02 produced in thirty minutes). 

Sb 30 error of b 
30 value (see text). 

Sb 30 
DZY Expt .b 

Sb b 
b 30 Sb 30 b 30 

.1 1 1-7626 0.0544 0.030863 52-87 1-5558 0.029427 
2 M167. 0-0764 0.037883 6o. 49 2-1850 0.036120 
3- 2.1580 0-0946 0.043836 64-74 2-7057 0-04179Q 

2 1 1.7703 0-0530 0.029938 53-12 1-5223 0.028660 
2 1-9011 0-0590 0-031034 57-03 1.6946 0.029710 
3 1.7365 0.0922 0.053095 52.09 2.6481 0.050837 

3 1 2.0513 0-0938 0-047920 61-54 2.8233 0-045877 
2 1.8337 0.0763 0.041610 55-01 2.1914 09039836 
3 

-1-9950 0.1685 0.084460 59-85 4-8398 0.080865 

1 1-5929 0.0623 0.035111 47-79 1-7894 0-037442 
2 1.5975 0-0348 0.021784 47.92 0-9995 0.020858 
3 1-8045 0-0557 0.030867 54-13 1-5997 0.029553 

5 1 1-9914 d-0756 0--037963 59-75 2-1714 0-036340 
2 1-8470 0-0740 0.040064 55-41 2.1255 0-038359 
3 2.0536 0.0899 0.043776 61.61 2-5822 0-041911 

6 1 1.6675 0-1049 o. o62908 50-03 3-0130 0.060224 
2 1-4495 0-0504 0.034770 43-49 1-4476 0-033285 
3 1-5605 0-1313 0.084140 46.81 3-7712 0.080564 

7 1 1.1731 0-0403 0.034353 35,20 1-1575 0-032883 
2 1-3510 0-0341 0.025240 40-53 0-9791 0-024157 
3 1-7o6i 0.1090 o. o63888 53: 191 3-1308 0.061160 

8 1 1-8483 0-0336 0.018178 55-44 0.9647 0-017400 
2 1-9720 0-0702 0.035598 6o-72 M163 0-033207 
3 1-7311 0-0801 0.046271 51-94 2-3007 0-044295 
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on different days the ca-Icul; kted values of It' and the corresponding 

probabilities (P) that the results were, due'to chance were, -as follows: - 

DAY Itt P(2df 

1 8.10 1% <2% 

2 0.41 5% 

3 3.55 5% 

4 4.96 2.5% <5% 

5 19.89 'ý 0.1% <0.5% 

6 3.48 > 5%, 

7 2.89 5Y6 

8 2.90 5% 

. Thus the-differences in the ratios from results on three of the eight 

days were significant, the Sb 
ratio. 30 being less than Sb on these 

b 30 
occasions. 
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Experiments with inhibitors., 

The Warburg manometric technique, as evolved in the present 

reseaxch, was applied to a limited investigation of cholinesterase , 
inhibitors (I). The experiments involved the compound physostigmine 

sulphate an a Imown inhibitor and the compounds 2-methyl-4- 

phenethylamino, -19293 - benzotriazinium iodide (PMBI) and 4- 

benzylamino-2-n-propyl-1 929 3-henzotriazinium iodide (BnPBI) as potential 

inhibitors of the reaction between AcChE and AcCh. 

Before the inhibitors were investigated the enzyme -substrate 

reaction was,. characterised by the determination of the kinetic 

parameters KM and VMA. X. The mean values from four determinations of 

each of these paxameters, with their standard errors were 0.73 ý 0.057 

m mol/1 and 69.15 ý-' 7.83 pl C02 per 30 min. respectively. The mean K M 

value was of the appropriate magnitude for the reaction (Barlow, 1964). 

It was decided to investigate the effect of these compounds on the 

reaction between AcCh (2.0 m mol/1) and AcChE (0-05 units/ml). Theseý 

concentrations were selected because past results had shown that they 

gave a reaction velocity which could be measured oVer forty minutes 

with acceptable precision and which was of sufficient magnitude to 

demonstrate the effect of an inhibitor., II 

Each of the compounds under investigation was tested at various 

concentrations [I] 
. For an experiment with an inhibitor the following 

reaction systems were used: - 

(a) TBq EB9 SBI ESB, from which ab 30 value was derivedgas 

before, for the enzyme-substrate reaction. 

(b) TB9 EB9 ISBv EISB from which ab 30 value was derivedt for the 

enzyme-substrate reaction in the presence of a particulax concentration 

[ 1] by the use of the equation: - 

7( rl C02) 2-' Vol P'ISB - Vol 2B - Vol-ISB + V01 TBO 

The system ISB was included to check the extent of any volume 

change due to the combination of substrate and inhibitor preparations. 
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The EISB system measured the total enzyme catalysed reaction in the 

presence of inhibitor. 

For the experiments'the contents of the different reaction flasks 

were: - 

TB 3.5 ml(B) 

EB 0.5 ml(E) 3.0 ml(B) 

SB 2.5 ml(B) 1.0 mi(s) 

ESB 0.5 ml(E) 2.0 ml(B) 1.0 mi(s) 

ISB 1-5 ml (P) 
. 1.0 mi(s) 1.0 mi(l) 

EISB 0.5 ml(E) 1.0 ml(B) 1.0 ml(S) 1.0 mi(l) 

The effects of veveral concentrations of inhibitors were 
I 

investigated simultaneously with a single enzyme-substrate reaction. 

Vf was 3500 

There waB no incubation of (E) and (I) prior to the reaction as (E) 

was mixed with (S) and (I) simultaneoubly. 

By compaxison of the inhibited reaction velocity with that of the 

uninhibited reaction the percentage inhibition produced by each 

concentration [I] was determined for each compound under investigation. 

These results are shown in Table 29. The Yo inhibition was plotted 

against log [I] for each compound (Fig 7) and from these graphs an 

idea of the molar concentrations giving 50% inhibition (I - values) 50 

was gained (Table 29). In the case of pbyeostigmine the 1 50 value was 

derived from a regression analysis applied to the results at the values 

[I] of 0-19 0-5 and 1.0 ýmol/l- 

These initial results suggested that the two benzotriazinium 

compounds were weak inhibitors of AcChE compared with physostigmine, 

being of the order of 400 - 19000 -times less potent under the 

conditions of the test. The 1 50 value for physostigmine was within the 

range 10 -6 - 10 -8 mol/l quoted by Long (1963). 
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General Discussion on results from the Warburg manometric determination 

of AcChE activity. I 

It has been shown that, as expected from a general consideration 

of enzy I me reactions (Dixon and Webb, 1964)v the'magnitude'of the 

reaction velocity (b for the'AcChE catalysed hydrolysis of AcCh was 30) 

governed by the relative coijeentrations [E]'and [S] utilised. Even in 

the twenty-four more comprehensive experiments with single, fixedl 

concentrations [E] and [S] the magnitude of I the b 30 values cI ould vary 

significantly from day to day. Additionally these values were seen 
I 

to have been significantly influenced by the contribution made to the 

volume changes by the combined effects of the enzyme prep , aration, itself 
I 

and the substrate preparation itself. 

The latter results indicated the separate influences of enzyme and 

substrate preparations on the b 30 values. 'The' volume chang66 due to the 

enzyme preparation (0-05 units/ml)'were'shown in all but one of the 

twenty-four experiments to be negative and though of a generally low 

order to be subject to a high coefficient of variation. An awareness of 
I 

volume changes due to'the enzyrýe Is imPortant particularly in the case 

of crude enzyme preparations. Augustinsson (1948) indicated that when * 

horse erythrocyte haemolysate was used as the source of AcChE carbonic 

anhydrase also present in the haemolysate reacted with the 

bicarbonate solution used by the Waxburg method to liberate CO The 2' 

extent of this liberation was related to the enzyme concentration used. 

Although the liberation was essentially complete in two to three 

minutesfrom the mixing of enzyifie. and the bicarbonate its effect was' 

such as to cause the graph rel ating the production of CO 2 to time to 

intercept the y axis at values greater than zero. In turn this 

created an error in the subsequent b 30 value which had to be corrected. 

The need to correct Waxburg results for the C02 evolved by washed red 

blood cells'in the absence of AcCh was also noted by Witter (1962) in 

a study of the cho'linesterane of rat blood. Mendel and Hawkins (1'950) 
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pointed out that proteins may 'retain' acid and, thus cause less CO 2 to 

be evolved than, the amount*of acid fo=ed. They also pointed out1hat, 

by contrastp tissue homogenateag particularly liverg may themselves 

cause an appreciable evolution of, CO-over a period of thirty minutes. x2 
Augustinsson (1948),. however, showed that of many, tiesue preparations 

used as sources 6f, cholinesterase most gave off no CO 2"Or very small 

(1 to 3--pl) volumest over-thirty minutes. As theseýchanges were 

claimed to, be within the limits of, error of the method he ignored'them. 

The influence of volume changes due-to the substrate preparation 

was mentioned by Ammon (1933). He measured the spontaneous hydrolysis 
0 

of AcCh chloride at, 37-50C and PH 7.4 and claimed that it could be 

disregarded. ' His subsequent results showedl howeverv that it may have 

comprised 1C% Or more of the liberated CO 2 volume at thirty minutese 

In the present experiments such changes were small when[AcChlwas 2.0 

m mol/1 but much more variable than those due to the enzyme 

preparation and included both positive and negative changes., The 

average change in volume due to the substrate itself'in the twenty-four 

experiments indicated that spontaneous hydrolysis was not a significant 

problem under the conditions of the test (PH 7-49 370.0. This might be 

expected from fhe Warburg studies of Augustinsson (1948) on'the'non- 

enzymic hydrolysis of AcCh salts. These showed that of the three 

salts p chloride 9 bromide, and iodide i the chloride was the, most , 

susceptible to spontaneous hydrolysis. At 37-50C even this'salt caused 

an evolution of, CO 2 of less than 10 tLl over thirty minutes at 

concentrations, of 10, m mol/l or less. The mean change'of -o. 62 rl C02 

in the twenty-four experiments with AcCh'perchlorate (2.0 m mol/1) in 

the present experiments may thus be compared with the mean change of 

+4.0 rl C02 in thirty minutes produced by AcCh Chloride (1 
- 10 m M01/1) 

reported by Augustinsson (1948) 
- It, was considered desirable 'to make 

such compensations during, the calculations of ý reaction velooitý. 
Otherwise a full separate investigation would have -to be carried out 
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at all possible concentrations [E] and [S] proposed for study in order 

to ascertain not only the amount of compensation necessary but also 

whether or not this made a significant difference to the calculated 

reaction velocity. This may be, the case with non-enzymic hydrolysis of 

substrate at low enzyme concentrations (Augustinsson, -1948). 

The results of Augustinsson (1948) relating the non-enzymic 

hydrolysis of, AcCh salts at 37.50C to their concentrations were 

examined further. Over the concentration range. 0.1 to 100 m mol/l these 

relationships were described by, curves with the hydrolysis increasing 

markedly at concentrations above 10 m, mol/l. At cqncentrations 0.10 to 

10.0 m mol/1 the spontaneousýhydrolysis was, less-than 7.0 fl/30 minutes 

and. appeared to be rectilinearly related to, concentration. Regression 

nnalyses were performed on these. latter results by the present author 

as they covered the range of substrate concLentrations used in the 

present experiments. The analyses were of the regression on substrate 

concentration of the mean volumes of, CO 2 liberated in thirty minutes in 

an unspecified number of three to six experiments. The substrate - 

concentration ranges were 0-33 to 11.0 m mol/l for the chloridef 0.265 

to 8.84 m mol/1 for the bromide and 0,. 22 to 7.32. m mol/l for the 

iodide. The errors(Mb! 
) 

x, 1000% for the regression lines were 18-50% 

'for the chloridev-18-51% for the ýromide and 33-079A for the iodide 

showing the very approximate linear nature, of this relationship. , 

The method of compensation adopted by Augustinsson (1948) was to 

subtract'.., the mean volume of-CO 2 liberated in thirty minutes by-the 

appropriate concentration of substrate, from, the volume of CO 2 released 

at thirty minutes by enzyme catalysed hydrolysis. -No indication of the 

precision with'which the compensatory volume had-beerk determined was 

given. - This method of compensation was again advanced by Augustinsson, 

in 1955band 1957*- Witter (1962) als6 corrected reaction velocities by 

sub traction of a fixed amount of C02' from the observed thirtY minute 

value . This practice was defended (Witter, 1963) with the claim that 
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the correction was quite reproducible for a given-batch of AcCh. The 

results of the present experiments were not in agreement with such a 

claim. 

The implication in the work of Augustinsson (1948) was that the 

compensatory volume changes for spontaneous hydrolysis had not been 

determined at the same time as-, those due to enzyme catalysed hydrolysis. 

Mendel and Hawkins (1950) and Bookendahl and Amon (1965)9 however, 

stated that controls for non-enzymatic substrate hydrolysis should 

always be included in the experiment. 

Although the b 30 values have been compensatedlor the volume 

changes induced by non-enzymatic mechanismsp the-order in which the four- 

manometers required to give each compensated b 30 value were read 

appeared not to be of importance. 
I 

Just as certain factors have cleaxly influence&the magnitude of 

the b 30 values so such factors. may also, have Influenced the precision 

--of 
these results.. --Ilere-it-was-considered necessary to evaluate. not 

only the vaxiation amongst, the b 30 values but also the precision of 

the regression lines from which they were derived. 

In any discussion of precision it is important to judge and, state 

the criteria by which the precision of -results might be deemed acceptable. 

It is furtherlimportant to distinguish between acceptable levels of 

precision in routine experimental measurements and the 'best' level, of. 

precision seen in results. only exceptionally. Acceptable levels of 

precision will vary according to factors involved in the assay being 

perfo=edl e. g. the complexity of the assay technique, the opportunity 

for repetition or*the method of deriving the results. Further, an 

acceptable precision amongst results may also vary accordingi to the 

use to, which the resulte. are to bd put. 

Robinson (1971) quoting "Tonk's criteria* for desirable, standards 

of analytical performance slaggested that limits of error for any 

analysis should be 
-± 

j of the lno=al range' or ± 10/16 of the best 
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estimate of the true valuep whichever was the lower. ' By "Tonk's 

criteria", the coefficient of variation for an. acceptable assay should 

be less than 

In a discussion of the estimates of kinetic parameters V' and MAX 1ý4 

in enzymology, Col quhoun (1969) considered that a coefficient of 

variation amongst reaction velocities of 4.6 per cent at a given 

substrate comentration was reasonable. ' 

With regard to the manometric determination of cholinesterase 

/ 

activity it is difficult to gauge the acceptable level'of precision, 

which may be -expected routinely. Augustinsson (1948), as evidence of 

the reliability of the technique, gave the mean result of eighteen 

detenainations of activity of a cholinesterase preparation from Helix 

blood as 131.2 V1 C02 with a standard deviation of 2.0. a coefficient 

of variation of less than: 2/116. In 1963 the same author simply stated 

that the precision of the'method was high (2-3yo) whilst in 1971 he 

stated that 'the accuracy can be within ± 2/ol. Witter (1962) 
-in a 

critical analysis of the use of Warburg manometry for determination , 

of rat blood choline st erase said that duplicate analyses usually checked 

within 1 or 2/16. In 1963 Witter made the more equivocal statement that 

the precision and accuracy of the technique can be within ± 1%. 

If the results of the present Warburg experiments axe examined in 

the light of these cciteria for precision it is found that the precision 

of results can be less than 1 or 2/1G. Table iO shows : Bur sets of b. 30 

values with coefficients of vaxiation of 2% or less. Even the 

eaxliest of the present experiments showed that the occasional set ýof 

results (Table 5 ') could have a coefficient of variation of less than 

The results of'the present Warburg experiments were also examined 

on the basis that a coefficient of vaxiation of less than 5% in 

results from an assay was acdeptable (Robinson 
p 1971 ). Table 5 showed 

that of nine sets of repeated b 30 measurements at different 
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concentrations [E] and [S] only -one set had a coefficient of variation 

of less than 5%. In Table 7 none of the five sets of results had less 

than a 5% coefficient of variation. By contrast seven of the eighteen 

sets of results in Tablelo showed a coefficient of less than'5%. - These 

were results obtained after refinement of the experimental technique 

and adjustment of the timing of mýnometric readings. 

In the later Warburg experiments at singlej fixed conoentrations 

C E] and 
[ S] the coefficientwas only less than 5% on one of the 

eig1kt days, although it- was 10% or less on seven of the days. It'was 

shown in these experiments that the carrying out of the experiments on 

different days had, as might be expected, an adverse effect on the 

precision of the b 30 values. 

Previous discussion indicated that in some experiments the accuracy 

of the b 30 values had been shown to be significantly affected by 

compensation for volume changes-due to the enzyme'and substrate 

preparations. It was also noted that-the precision of these 

compensations was very low and was probably only tolerable because of- 

the small numerical value of the compensation compared with the 

corresponding volume change due to the enzyme catalysed hydrolysis. it 

might be considered that this low precision was a facto3ý favnuring, 

the application of compensation in each experiment, aa in this research, 

rather than subtracting a fixed -volume of CO 2 from the uncorrected 

reaction velocities as did Augustinsson (19480957) and Witter (1962, 

1963)- Whilst the evidence from these present experiments wan that 

the compensation had significantly altered the accuracy but not the 

precision of the results there7 may-well be *experimental situations in 

which precision was also influenced by the compensation. - This 

possibility would also be more conveniently allowed for by a 

compensation built' into the experiments than'by a separate investigation. 

The results of the present resea=h have indicated that the 

precision of the regression lines from which the b 30 values were 
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derived vaxied with the concentrations [ E] and [S] and with the 

*equency-and duration of manometric readings. 14yers (1952) clearly 

demonstrated, with AcCh as substrate, that"the reaction time for 

cholinesterases was, limited not only by the concentrations of AcCh, but 

also by the total amount present in the reaction system. He emphasied 

the need to'reduce the time intervals between manometric readingg: at 

low substrate concentrations, particularly when small volumes of 

solutions were employed. Reference to Table 9 showed týat after 

- making adjustment in the timing of manometric readings to yield an - 

adequate number of points for regression analysis there were certain 

concentrations [E] and [S] at which more precise analyses were possible 

than others. The chosen expression for error x 100/16 may be b 

regarded as a coefficient of variation for the slope of the regression 

line and a coefficient of less than, %o regarded as reasonable. ýIt was 

found that most of the lines with such coefficients were at the higher 

concentrations of both enzyme and substrate investigated (0-05-and 0.10 

units/ml and 2.0 to 4-0 m mol/1 respectively). As stated this finding 

influenced the choice of the single fixed concentrations [E] and [S] 

for the later more comprehensive experiments. The choice was apparently 

justified in that the errors were less than 5% in nineteen of the 

twenty-four-experiments (Table JQ. When the reaction velocities for- 

I these experiments were. recalculated using the simpler mathematical 

expression the errors were less than 5yo on twenty of the twenty-four 

occasions (Table 22 ). 

The errors of the regression lines might be used as a very rough 

indication of the improvement, in the use of the Warburg technique 

during the current research. Results may be thus compaxed from 

experiments using the concentrations [E] and [S] of 0.05 units/61 and 

2.0 m mol/1 respectively. In the earliest experimento (Table 4. ) none 

of the four regression lines at these coneentrations had a 

coefficient of less than 5%. In, the experiments shown in, Table 9_ the 
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two coefficients were 3-18 and 6.26% whilst in the latter experiments, 

as statedg nineteen out of twemtyý-four coefficients had values 

less than 5% 

It was considered that the b- value might be less convenient, as 30 

a measure of reaction'velocityp than the slope of the corresponding 

regression line in that its calculation followed from th6'determinn ion 

of the slope* For example the b- valueýmight have required correction 30 

for error existing when the line did not cross the ordinate expressing 

CO 2 production at the origin. Determination of th6 value might alio 

have required extrapolation beyond the range'of observations when the 

reaction rate ceaýed td. he linear before thirty minutes. 

Most Warburg manometric' determinat ions of cholinesterame have in 

fact involved expression of the results -. in terms ýf the amount of CO 2 

produced over a given period of time. Ammon (1933) deten#ned CO 2 

production as cc/hr. Augustinsson (e. g. 1948,1955,1957) used the b 30 

value as did Smallman and Wolfe (1954). Myers (1952) gave-'. examples 

of experiments in. which the results were expressed in IA'CO2/20' min. 

whilst Mendel and Hawkins (1950) stated that results'might be 'expressed 

as the tAl CO 2 evolved or r moles. AcCh hydrolysed in twenty, thirty or 

sixty minutes. Witter (1962) also calculated the rmoles"CO 2 produced 

inthirty minutes. In many of these cases the activities werej in turn, 

related to weight of tissue or volume of blbod preparation used as the 

enzyme source. 

If a large number ofýexperiments were required in experimental 

conditions where it was known that the production of CO 2 bore'a 

rectilinear relation to time over thirty minutes and if it was known 

that no correction was required in respect of the intercept error then 

an observed CO 2 value at thirty minutes would be a convenient measure 

of reaction velocity. When this was not the case the slopes-'Of the 

regression lineal which show the same variationB-as the corresponding 

b3 6values, might be preferred. Howevers the results'of the present 
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resea=h indicated tliatl under certain conditions, the ratios of ýthe 

errors of the b 30 values to the b 30 values were consistently and 

significantly less than the corresponding ratios for slope. This 

appeared to be a factor clearly favouring the use of the b 30 value 

under these conditions. 

With regard to the chosen experimental conditions the following 

points emerged from the present research. 

The optimm concentration of AcCh an substrate for AcCbE 

appeared to be approximatelY 4.0 m mol/l. This compared with quoted 

values of 3-0 m mol/l (Augastinssont 1949) and 2.5 to 3.0 m MOO 

(Cohen and Oosterbaan, 1963). Nachmansohn and Wilson (1955) stated 

that the optimum substrate concentration -vaxied with, the'source of 

AcChE, being 4.0 m mol/l for electric tissue and'7-0-m mol/l for 

erythrocyte enzyme. Further the present work showed. that the lowest 

chosen concentration of substrate which might be reasonably detected 

was approximately 0.5 m mol/1- At the lower enzyme concentrations not. 

enough C02 was liberated at this substrate concentration for a precise 

determination of the b 30 value. At the highest concentrations [E] the 

initial reaction was complete in a short period of timeq again -raising 

problems of-accuracy of determination. This finding confirmed earlier 

reports. Barlow (1964) stated that the lowest concentration of 

substrate detectable was 0.2 m mol/1 whilst Witter (1963)-and 

Augustinsson (1971) quoted a minimum detectable substrate concentration 

of 0.4 m mol/1 for the Warburg method. , 

With regard to the master enzyme solutions (M. E. S) the results 

in Tables 16and 17 suggested thatv as formulated and stored, the M. E. S 

were stable for at least a fortnight. The results in Table 17 were 

obtained over fourteen dayB, the mean b 30 valuea tending to vaxy in 

a random manner over that period. Had the M. E. S bedn-deteriorating 

steady reduction in the mean b 30 value 
I 

might have been found. There 

is a body of evidence regarding the stal7ility of, cholinesteraee . 
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enzymes. Nachmansohn and Wilson (1955) stated that AcChE of electric 

tissues had great atability and could be kept in the refrigerator for 

years without loss of activity and that freezing did not affect the 

enzyme. Augustinsson (1963) pointed out that partly purified 

preparations of cholinesterase could be stabilized by the addition of 

certain albinnins or gelatin. Witter (1962) claimed that the. -enzymes in 

the plasma or red cells of rat blood were stable and could be stored at 

0C for as long as five davsv plasma being capable of storage in the 

frozen state without a drop in activity for several months. In 1963 

Witter stated that sepaxated plasma and red cell cholinesterases were 

stable for several weeks if kept at 0 to 50C. The s4bilising effect 

of gelatin on Y cholinesterase was, in turnt demonstrated by Beckett, 

Vaughan and Mitchard (1969). Such reports fomed'the, bazis for the 

inclusion of gelatin in the M. E. S in the present research. 

A potential problem with the technique adopted was that each 

deter-aination of reaction velocity involved measurements in four 

separate reaction systems each of which contributed to the overall 

error of the measurement. This snag has to be set against the fact 

that the method allows several determinations to be run simultaneously 

without alterations to the volume of reaction medium during the cour-se 

of the experiment (Mendel and IlawkinSP195P). 

It was considered that the investigation of the Warburg method had 

been sufficient to indicate the probable accuracy and precision with 

which reaction velocitie6 might be measured under given experimental 

conditions. Also an initia. 1 application of the method to Studies of 

cholinesterase inhibitors had been essayed. An investigation of the 

use of the pH - stat method for the determination of reaction velocity 

appeared to be appropriate at this stage. With instrumentation for 

both methods available it was considered that one of the methods might 

prove superior, as a method for the determination of kinetic parameters 

in connection with the aasessment of cholinesteraBe inhibitors. The 
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need to investigate the alternative method was also prompted by the 

claim that the use of the Warburg method could present difficulties 

in the assay of reversible esterase inhibitors (Augustinsson, 1971). 

The decision to investigate the pH - stat method was made in the 

Imowledge that certain aspects of the Warburg research would have 

benefited from more intensive study. In pa=ticulax the' investigation 

of the relative merits of the b 30 value and the-slope of the 

corresponding regression line as measures of reaction velocity was 

considered to merit future investigation and analysis under a greater 

variety of experimental conditions. 

1, - 

I 
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Appendix 

Determination of reaction velocities. Lý and V for the interaction MAX 
between AcCh and AcChE at 370C. 

Experiment 2.63 

Substrate (S) AcCh pe=hlorate. Master solution (10 m mol/1) 

made'in deionised ýiater. 

EnzVme 

Reaction medium (B) 

Gas 

Dilutions prepared in Igassed' reaction medium (B) 

AcChE from bovine erythrocytes. Master solution 

1.25 units/ml- 

Diluted with Igassed' (B) to give a final flask 

concentration (F. F. C. ) ofQ10 tmits/ml. 

NQ01 0.15 mol/l; MgCl2 0.04 mol/l; NaHCO 3 0.034 

mol/l, - 

5YG C02/959/0 N2 

Reaction System Flask 
constant k. 

TB The=obarometer 1-35 

EB Enzyme-buffer 1-31 
'blank' 

S1B Substrate [S11- 1-32 
buffer 'blank' 

ES 1B Enzyme catalysed 1.25 
hydrolysis at [Sil 

S2B 1.22 

ES2 B Systems correspond- 1.27 

SB 
ing with S1B and 

1.28 3 ES, B above. 
ES 3B 1-40 

S4P 1.19 

ES 4B1.23 
S5B11.20 

ES 5Bj 1-32 

Contained 

2-5 ml (B) 

0.5ml(E) 2.0 ml(B) 

F. F. C(S) 
m MoIll 

1.5 ml(B) 1.0 ml(s) 4.0 

0.5uXE) 1.0 ml(B) 1.0 ml(S) 4.0 

1 -5 mIL(B) 1.0 ml(S) 3.0 

0.5n2(E) 1.0 ml (B) 1-0 ml(S) 3.0 

1.5 ml(B) 1.0 ml(S)" 2.0 

0.5nXE) 1.0 ml(B) 1.0 ml(S) 2.0 

1.5 ml(B) 1.0 ml(S) 1.0 

0.5ul(E) 1.0 ml(B) 1.0 ml(S) 1.0 

1.5_ml(B) 1.0 ml(S) 0.5 

0.5nXE) 1.0 ml(B) 1.0 MI(S) 0.5 
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For each reaction system the following manometer readings (h qn) 

were taken at the stated times-(Table 30 )- 

For each system the manometer readings (h mm) were multiplied by 

the appropriate flask constants (k) to give the volume changes 

Vol ( ý1) shown, in Table 31- 
For each substrate concentration 

[S] the vblume of CO 2 

at any stated time was derived from the equation: - 

7( rl C02) = Vol ESB - Vol EB - Vol SB + Vol TB ( Table 32). 

For each concentration [S] a graph of y against -time was plotted 

(Fig. 8 ) For each graph the points which lay on a straight line were 

judged by eye. The best straight line was ca. 1culated for these points 

by regression analysis( Table 32 ) and b 30 values calculated. 

From Fig. 8 it was judged that the values y were linearly 

related to time for the following periods: - 

III] time (mins) 
m MOO for which y is linear. 

4-0 0- 40-0 

3-0 0- 40-0 

2.0 0- 25.0 

1.0 0- 17.5 

0.5 0- 10.0 

For the derivation of 1ý, and V.. a graph of-! ' against 
1 

b 30 [s] 

was plotted (Fig. 8 ). The best straight line was calculated for the 

points by regression analysis. 

The intercept of the regression line with the ordinate(-! ) 
was VMAX 

used for the derivation of V m 

M) 
was The intemept of the regression line with the abeissa .1 K 

used for the derivation of I'M. 

The regression analysis, for the line shown in Fig. -8 gave: - 
b Sb c(intercept at orclinate) intercePt at CiSSE 0.0048 0.0006 0.0090 -1-875 

From these results ý4 was 0-53 m mol/l 
VMAY Wa" 111-11ýLl CO. /30 min 
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EXPERT-MEWS USING THE pH-STAT_METIIOD TO, 

DETEM= ACETYLCHOLINESTERASE, ACTIVITY. -,. 



An investigation into the use of the pH - stat method for the 

detemination of acetyleholinesterase activity. 

The pH - stat method was applied to a study of the reaction 

125 

between AcChE and AcCh. This reaction was studied on various occasions 

at 370C at PH 7.0 and PH 7.4 at ýarious concentrations [E) and [S] 

and in the presence of inhibitors. Reaction velocities were detenained 

from the volumes of 0.02N NaOH titrant required to neutralise the acid 

released during the reaction over a given period of time. The 

reaction velocities were expressed as the number of micromoles of AcCh 

hydrolysed per minute. 

Apparatus. 

The apparatus is shown in Fig 9. It comprised a titration 

assembly (Type TTA39 Radiometer) used in conjunction with an 

automatic titrator (Type TTT2b,, Radiometer)p an autoburette (Type ABU 
. 

12b, Radiometer)*and a titrigraph (Type SBR3v Radiometer). 

The titration assembly comprised a reaction vessel (50 ml, capacity) 

for the required reagents. A water jacketq through-which was 

circulated water at 37 0 C, enclosed the vessel. An electrode head 

supported glass and reference pH electrodes and also a stirrer all of 

which dipped into the reaction mixture. The stirrer was driven by an 

electric motor. The electrode head also had two apertures thýough 

which were passed a titrant delivery tube and a tube delivering 

nitrogen to provide an inert atmosphere for the reaction. 

Additionally a third aperturev normally closed by a stopper, allowed 

addition of substrate or inhibitor to the vessel during the course 

of the experiment. 

The PH electrodes were connected to the automatic titrator which 

served both as a meter to monitor the pH of the reaction and also as 

a control for the delivery of titrant to the reaction vessel. Buffer 

and temperature controls were provided on the PH meter. Adjustment of 

an end point control allowed the pH at which a reaction took Place to 
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Fig 

A_pparatus used for pH - stat experiments. 

A- water jacketed reaction vessel. 

B- Autoburette. 

C- Reservoir for titrant. 

D- Automatic titrator. 

E- Titrigraph recorder. 
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be ýreset. A fall in pH below the end point, resulting from acid 

production during the reaction, caused the titrator to activate the 

autoburette from which titrant was delivered to the reaction vessel. 

The pH range about the end point over which the titrator controlled 

titrant delivery could be varied. Over this range the titrant addition 

was incremental, smaller increments at longer time intervals being 

added as the pH neared the end point. The titrator was started and 

stopped by the use of push buttons. 

The autoburette was a motor-driven piston burette of 2-5 ml 

capacity. Controls permitted automatic titrationp refilling of - 

burette with titrant from a reser7oir and the expulsion of air from the 

burette. The reser7oir was fitted with an absorption head filled with 

soda, lime to absorb atmospheric CO 2* As an alte=ative to being 

controlled from the titrator the burette -could -be operated manually 

at a variety of speeds. The burette piston was mechanically coupled 

both to a digital counter and, via a flexible drive-shafto to the 

titrigraph recorder. The counter showed"the volume of titrant added 

to the third decimal place and could be'reset, by push button. ., 
The titrigraph could be run at various sppeds. and could be 

adjusted so that full pen movement corresponded to either 1.0 ml or 2-5 

ml of titrant delivered. 

Solutions. 

Reaction medium (RK) contained NaCl 0.15 mol/l and KgOl 2 0-04 

mol/l in deionised water. The salts were kept as stock solutions 

(1-5 and 0-4 mol/l respectively) prepared in one litre batches. The 

strengths of the solutions were checked by the use of a chloride meter. 

Enzyme solutions (E) contained the AcChE from bovine erYthrOcYtes 

(Sigma Chemical Cc) described for the Warburg manometric experiments. 

Master enzyme solutions (M. E. S)1-1.25 units/mlo were prepared in RM 

containing 1% partially hydrolysed gelatin. 

A few experiments were performed utilising AcChE from electric 
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eel. This enzyme was obtained commercially (Sigma Chemical Co. ) as a 

lyophilised salt-free powder in 2000 unit quantities. A. M. E. S was 

prepared as with the erythrocyte enzyme but containing 25 un#s/ml- 

This was diluted prior to use with RM. 

Unless otherwise stated it will be assumed that references to 

enzyme relate to erythrocyte enzyme. 

Substrate solution (S) oontained AcCh perchlorate (B. D. H - 

Biochemical Grade) dissolved in RM. 

All solutions were stored at 4 OC in the daxk between experiments. 

Substrate solutions were prepared freshly prior to each day's 

experiments. 

Titrant was 0.02 K NaOH prepared by diluting a standardised 

no=al volumetric solution of NaOH (B. D. H. ) 1 in 50 with deionised 

water. The titrant normality was, -in turn, checked against standard 

volumetric hydrochloric acid (B. D. H. ) using phenolpthalein as indicator. ' 

Nitrogen The nitrogen used in the experiments was obtained 

commercially from the British Oxygen Co. Ltd. 

Reaction mixtures The total volume of reaction mixture was 25.0 

ml in all experiments. 

For enzyme-substrate studies this comprised 23.0, ml (IRM)and 

1.0 ml (E) and 1.0 m: L, (S) of appropriate concentration. 

For enzyme-substrate-inhibitor studies 1.0 ml of inhibitor 

solution (I) of appropriate concentration was also added with a 

consequent reduction in the volume (EM) to 22.0 ml. I 
Experimental Protocol 

At the start of each days experiments the reaction vessel was 

heated to 37 0C and the pH meter of the titrator was calibrated with a 

buffer solution at this temperature. The burette was filled with 

titrant and1he burette and titrant delivery tube cleared of any 

entrapped air. The working of the recorder pen was checked and the 

required end-point pH was preset on the titrator, 
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Buffer solution in the reaction vessel waa replaced by the 

appropriate volumes of (RM) and (E). At this point and for the 

remainder of each experiment nitrogen was blown over the surface of the 

reaction mixture to exclude CO 2' The mixture of (EM) and (E) was 

allowed to equilibrate for temperature for ten minutes whilst being 

stirred. 

After ten minutes the contents of the reaction vessel were then 

adjusted to the prebet end-point. This was achieved by starting 

the titration at a speed of 0.125 ml titrant/minq the titration being 

controlled when the pH of the vessel contents was within 0.5 pH unit 

of the end point. During this pH adjustment addition of titrant was 

not recorded. At this stage just prior to the reaction the burette 

speed was changed to 0.25 ml/min. ' The pH range for the control of 

titrant addition was switched to within 0.05 PH units of the end-point. 

For enzyme-substrate studies the recorder pen was then switched 

on and the digital counter of the autoburette reset. Recording 

proceeded for four minutes to check for any non-specific acid 

liberation from the cnzyme preparation. Substrate solution was then 

added to start the reaction and the recording of titrant addition 

proceeded for six minutes. During this period the volumes of 

titrant added, as shown on the digital counter, were noted at vaxious 

times. After six minutes the titration was stoppedq the reaction 

vessel was emptied, washed with deionised water and dried in a stream 

of air. The pH electrodes, stirrer, titrant and nitrogen delivery 

tubes were also washed with deionised water and dried. The reaction 

vessel was then reloaded for the next experiment. 

51ome experiments wemperfoxmed to check for spontaneous 

hydrolysis-of-subst2rate'* Here the volume--or-(M) wam-24, Týal ýýIcl 

(E) waB omitted. 

For enzyme-substrate-inhlbitor studiee the mixture of (RM) and (E: ) 

was allowed to equilibrate and the pH adjusted to the desired end-point 
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as before. Any non-specific acid release due to the enzyme 

preparation was checked for one minute. (I) was then added and 

allowed to incubate with (E) for a predetermined time., - During this 

time any acid release -due to (1) could be detected. Substrate was then 

added and the reaction recorded for six minutes. 
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Calculation of reaction velocities. 

A variety of methods is reported in the literature for calculating 

reaction velocities (v) from pH - stat experiments on cholinesterase. 

Similarly the duration of such experiment s: Eis varied. For example 

Witter (1963) stated that as little as iwo*minutes was required to 

produce a rate curve for calculation of reaction velocity. Nabb and ' 

Whitfield (1967) titrated'ýreactions, for three minutes or until at 

least three minutes of the recording was lineax.,, Their results were 

then calculated from deflections of the recorder during this period. 

Robinson- and Robinson (1968) calculated results obtained during the 

second 'and third minutes of reaction from the slope of the recording 

of the'volume of titrant added against time. Augustinsson, (1971) stated 

that-recording should proceed until-it was linear for at least three 

minutes and that the reaction rate was read, from the elope of the 

straight line recorded by the titrigraph. He also quoted methods 

employing automatic recording titrators in, which theýreaction 
; 
times , 

had varied between one and ten minutes. 

These reported variations-in measuring reaction velocities, were 

considered together with the-facilitY of, the apparatus used in the 

present research to give both, a graphical-representation and, a digital 

read-but of the volume of titrant added with, time. It was decided that 

an initial investigation should be made of-the derivation of reaction 

velocities and kinetic constants from the AcCh-AcChE reaction. In 

these experiments the use of, the titrigraph curve and the digital 

counter for the derivation of results were compared over a given period 

of time. The results from the-use of-the counter were compared when 

readings were taken over five-different periods, of time., 

Six experiments were performed at 37 0 C, and-IH 7.0 each utilising 

4-concentration [E] of 0.05" units/ml, P. P. C and, four concentrations [ s] 

of 0.25,0.5,1.0 and 2.0 m, mol/l P. P. C. The choice ýof [. E] -was 

vindicated by the subsequent characterisation of tiie enzyme pystem. 
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The order in which the substrate concentrations were studied was 

va. ried am shown: - 

RxPeriment ýOrder of study of substrate concentrations (m mol/1) 

1 2.00 1.00 0.50 0.25 

2 0.50 2.00 0.25 1.00 

3 0.25 0.50 1.00 2.00 

4 1.00 0.25 2.00 0.50 

5 0.50 2.00 0.25 1.00 

6 1.00 0.25 2.00 0.50 

For each reaction the reaction velocities were calculated in 

six different ways: - 

1. Prom the tangent to the recorded titrigraph curve during 

the second minute of the reaction.. 

2. ' Prom the digital counter read-out of titrant-added during 

the second minute of the reaction., 

3. From the digItal counter read-out of titrant added during 

the third minute of the reaction. 

4. Prom the digital counter read-out of titrant added during 

the third and fourth minutes of the reaction. 

5. , Prom the digital,, counter read-out of titrant added during 

the third, fourth and fifth minutes of the reaction. 

6. From the digital counter read-out of titrant added during 

third to the sixth minutes of the reaction inclusive. 

From the values obtained in these six different ways the' 

number of ml. of 0.02N NaOH used per minute and thus the- n=ber of 

moles AcCh hydrolysed, per minute were determined for each substrate 

concentration. V and Y., were also derived by application of MAX 

regression analyses to both the Lineweaver - Burk plot on 
v IS] 

and the Hof stee* plot (v on as it was considered that both these 
IS] 

plots might be applied to results from subsequent experiments. 
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Results and discussion 

Table 33 shows the mean reaction velocitiesq with standard 

errors obtained at different substrate concentrations and the mean 

kinetic parameters with standard errors. No results were calculated 

from the first minute of the reaction as it was considered that such 

results might be subject to inaccuracy due to the time required for 

adequate mixing of substrate with the other reagents and the slight, 

but*finite, delay before the reaction was measurable. Additionally 

there was sometimes a very slight overshoot of the end-point during 

pH adjustment which again caiised slight inaccuracy iý measurement of 

reaction velocity during the first minute. pH errors in the first 

moments of titration were mentioned by Jensen-Holm et al (1959) and by 

Jorgensen (1959)- 

It' tests were performed between the mean reaction velocities 

derived by the six different ways for each of the four substrate 

concentrations. It' tests were also performed between the mean 

kinetic parameters obtained by these ways and using both graphical 

plots. The results of these tests are shown in Table 34 - 

Thirteen of the fifteen It' tests at the 0.25 m mol/l 

concentration of AcCh showed significant differences though no 

differences were seen in the mean results obtained during the second 

minute by the use of the titrigraph curve or the digital counter 

read-out. 

At the 0.5 and 1.0 m mol/1 concentrations of AcCh only five and 

three It' tests respectively showed significant differenceso again with 

no significant difference in the results obtained during the second 

minute. 

When [AcCh] 
, 2.0 m mol/l, was used only five of the 't' tests 

showed significant differences. Here, howeverv all the'velocitiee 

calculated from the digital counter read-out during the second minute 

were significantly greater than the other velocities. 
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Ten and eleven of the fifteen com-parisons of mean I'm values were 
I different when these values were derived by the v on v and 

I on(g. j I S] v 

plots, tespectively. The, corresponding tests on theýV14AX values showed 

five and six differences to-be significant respectively. Tor neither 

the K. nor V values, derived by either plotv was there a- MAX 

significant difference in the results obtained during the second 

minute by the use of digital counter read-out or the titrigraph curve. 

It appeared,, thereforethat at the'lowest concentration [AcCh]. 

the value of the reaction velocity was likely to be influenced by-the 

time at which readings were taken. -The same finding applied to the 'ý4 

values. The'conclusion was that the'reaction velocities and the I'm 

values should be derived from theýearliest readings which could, with 

convenience, be taken during the reaction. These were the readings- 

during the second minute. 

A question to be answered was whether these results were best 

calculated from the digital read-out-of titrant adde&or from the 

titrigraph curve during this period. E=ept for the reaction 

velocity at 2.0 m mol/l [ AcCh] ý the mean values ohtained by these 

methods were not'significantly different. The higher, value obtained 

by digital counter when (AcCh] was, 2.0 m mol/l might have reflected 

errors in reading the counter when there was a fast titrant delivery. 

Here the counter was often giving rapidly changing. va-lues at the time 

of reading. 

The variances of results obtained during the second minute by 

digital read-out nnd titrigraph curve have been compared by variance 

ratio tests, the results of which axe given in Table 35. These 

results showed that the reaction velocities at two of the four AcCh 

concentrations and týe kinetic parameters obtained by either 

graphical plot had a significantly greater variance when derived from 

the digital read-out rather than from the slope of theltitrigraph 

curve. 
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If the coefficients of variation of the reaction velocities 

and kinetic parameters are examined (Table 33) it will be seen, that, 

with the exception of the I'm values, the results derived from the 

titrigraph curve during the second minute of reaction show 

coefficients of variation of 5Y6 or less. When the digital read-out 

results during the second minute axe compared it is seen that in all 

cases the corresponding coefficients axe -numerically greater, often 

greatly so. The longer the period of time over which the read-out 

results were calculated the more precise they became. Often this 

precision (Column 69 Table 33 ) was very high. 

The overall conclusions from these experiments was-that the 

longer the period of time over the six minutes of reaction from which 

results were calculated the more precise both the reaction velocities 

at the lower substrate concentrations and the kinetic parameters 

became. However, this increased precision was accompanied by a 

reduction in accuracy. Thus it appeared that results calculated 

during the second minute of the reaction should be used in future 

experiments and that these might be best detemined from the tengent 

to the titrigraph curve rather than from the digital counter read-out. 

I 
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Table 35 

Results (IF' - values) of variance ratio tests applied to reaction 

velocities'(V) and kinetic parameters (KMp V obtained by- the use MAX 

of the digital reýd-out or the titrigraph curve during the second 

minute of the AcCh-AcChE reaction. PH 7.0,37 0 C. 

In all tests 5,5 df. F(theoretical); 5t5 df; P= 0-95 5.05- 
B. S. - Difference ignificant. 

ACC4] Plot IF' calculated. from results using read-out D. S. 
m MOO results using titrigragh 

curve. 
0.25 V 14-09 Ye s 

0.50- V 2-33 No 

1.00-. V 1-35 No 

2.00 V 11-84 Yes 
V vp (S) 13-40 Yes 

V, z 
[S] VMAX 10.67 Yes 

1,1 
V, 16. oo Yes 
1 
V Ed) Vm 10.91 Yes, 
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Calculation of the kinetic parameters K. and V 
A'L MAX 

The kinetic parameters K. and V have been calculated for the MAX 

AcCh - AcChE reaction in the present research from plots derived 

from two linear transformationsof the equation: - 
V 

v (reaction velocity) = MAX (S] (equation 1, p 19) 
KM +[Sj 

The two plots were of .1 on -1 and of v on 1. The choice of these 
v IS] [S] 

plots reflected the frequent use in biochemistry of the double 

reciprocal plot, 
1 

on 
1 

and the claim that the v onýZ plot v ['91, S) 

gave more reasonable estimates of the parameters KM and V., than did 

the -1 on plot. (Colquhoun 1969,1971). 
v 
It is showng however, in a subsequent section of this thesis 

(page. 158 ) that the use of neither of these plots offered significant 

advantages in respect of the accuracy and precision of the derived 

kinetic parameters. 

The use of the unweighted double reciprocal plot for, the 

estimation of KM and V. has, however, been criticised by Colquhoun 

(1971). He also pointed out that in real experimental situations the 

correct weighting factors for the dependent variable would not be known 

because of lack of a knowledge of the population VaXiances and means for 

this variable. It was felt that, in the present researchq weighted 

regression analyses might be applied to this plot, and the influence - 

of that weighting on the derived kinetic paxameters could be tested 

if the errors associated with the dependent variablet reaction velocity, 

were lalown. 

The earliest results for the AcCh-AcChE reaction utilising a single 

batch of enzyme showed that as the concentration [S) rose the 

coefficients of variation (cv) of the reaction velocitie's obtained at 

different substrate concentrations remained approximately constant. At 

concentrations [AcCh) 0.25P 0-5P 1.0 and 2.0 m mol/i the coefficients 

of variation were 6.64,5.86,6-57 and 6-391/6 respectively and reflected 
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a rise in standard deviation with increase in [S) Thus as the 

weighting of variables is proportional to the reciprooal of their 

variance (Colquhoun, 1971) it was seen that the results obtained with 

the lowest c. oncentrations [S] would be given greatest weight in plots 

where v was the dependent vaxiable. In the double reciprocal plot the 

results ( -1, ) obtained at the lowest values -( -1 ) and equivalent 'to 
v Is) 

the highest value, v, would in turn be given greatest weight., 

The variance of the reciprocal of v is given by. 1 va: r 
4 

where Ivarl is the ýpopulation vaxiance and r the population mean for v- 

(Colquhoung 1971). Here this'variance and the weighting factors for 
v 

were estimated from the relationship variance (v) 
, as follows.: - ý, 4 

variance (v) = ev 
2(V) 

Xý2 where Tr is an experimentaIly 

detemined mean for v. 

variance (1) - 
CV2(v) x :; 2 

- 
cv 

2 (v) 
v :; 4 -2 v 

Thus the weighting factor for -1 at a given value ,I- v7-2 
v 

ýSP 
I- -2 

cv (v) 

As ev (v) was constant' at the different concentrations' [S] the 

2 
weighting factors were proportional to V- . In the' double reciprocal 

plots based on only one value of v deiýýned at each value [ S] the 

weighting factors for each value were thus given by v2 

Using these factors weighted regression analyses (LYall 1974) 

were_applied to the double reciprocal plots. From the weighted 

intercepts were calculated the values of. V and F. as before. MAX 

These parameters were compared with the corresponding values 

calculated from the non-weighted regression analyses. The null 

hypothesis waB proposed that the differences between the corresponding 

values of V were drawn from a population of differences with a menn MAX 

value of zero. This hypothesis was tested by the calculation of a 

value for It'. This was also done in respect of the differences in 1ý4 

values. The value of It' calculated for the V, differences was 0.26 m 
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(6d. f) and for the KM differences 0.06 (6df)., In both cases the 

probability that the differences were due to chance wam-greater than 

To test whether thisýlack of significant difference was'seen 

with parameters derived from a maxkedly different range of reaction 

velocitiesq results were examined from four experiments where the 

reaction was significantly inhibited by physostigmine. The inhibited 

velocities were approximately, 30 to 409A of the uninhilited reactions 

at the corresponding Substrate concentrations. - For, the inhibited 

reactions the parameters, Kp, the effective Michaelis constant, and Vp, 

the maximum reaction velocity in the presence of inhibitor, were 

ca. 1culated by ý weighted and unweighted : regression analysis. and the 

differences again compared. The value of It' 0&0 for the Kp 

differences was 0.57 whilst for the Vp differences-it*was 0-05. Thus 

the probabilities that these differences were due to'chance was again 

greater than 5%. 

It was concluded that the application of weighted regression 

analyses to, the double reciprocal plot afforded no significant 

advantage over the use. of unweighted regression analyses for the 

calgulation of the kinetic parameters. 
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Characterisation of enzyme system under test. 

The characterisation of the AcChE from bovine ery-throcytes in 

respect of its reaction with AcCh as substrate, and as detemined by 

the pH - stat method, was undertaken. The tests were ce=ied out at 

37 0C and, unless otherwise statedg at PH 7.0. This pH was readily 

achieved and maintained during the reaction. The majority of 

experiments were perfozmed at PH 7.0 as it was intended to study the 

reaction in the presence of the substituted benzotriazinium compounds. 

The formation of insoluble zwitterions by these compounds was thought 

to be negligible at this PH (see Cull and Scottq 1973)- 

1. Relati onship between enzyme concentration and reaction velocity. 

This relationship was examined in six experiments. Each experiment 

involved the reaction between a single enzyme concentration and four 

concentrations of substrate. The order of reaction of different 

substrate concentrations with[E] varied in different experiments. 

Three enzyme concentrations-were examinedp each on two occasions. The 

design of the experiments is outlined below 

Experiment 1.1 Experiment 2. 

Day I F. F. C (E_j Order of use of 
'substrate 

I F. F. C MI Order of use of substrate 
units/mil concentrations (m mol/1) junits/mll concentrations (m mol/1) 

110.05 1 2.00 1.00 0.50 0.25 

210.10 1 0.25 0.50 1.00 2.00 

310.025 1 0.25 0.50 1.00 2.00 

0.025 12.00 1.00 0.50 0.25 

0.50 10.25 1.00 0.50 2.00 

0.10 12.00 1.00 0.50 0.25 

Results. 

The mean of the two determinations of reaction velocity for each 

combination of [E) and [S] was calculated. This mean was plotted 

against [E) and a regression analysis performed between these 

vaxiables for each concentration [S] The com-responding values of 
I 

as derived by the plots of v on and were also Plotted VW IS) 

against [E] and regression analyses again applied to the variables. 

The relationships between [E] and reaction velocity are 
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illustrated in Fig 10 . The errors of the regression lines were 

as follows 

(AcCh) 
m mol/i 

0.25 

0.50 

1.00 

2.00 

b was the i 

V derived by plot Error of regression line of m 
velocity or V on, [E) 

MAX 

x 100% b) 

6.72 

1.68 

0.17 

5.33 

v on 6.44 Is) 

on 1 7.40 
v 

slope of the regression line and Bb the standard error 

of the slope. 

It was concluded that a linear relationship existed between 

reaction velocity and fE] for each of the four concentrations [S] 

studied and for the corresponding V values., NAX 

In subsequent experiments a concentration [E) of 0-05 units/ml and 

concentrations [S] in the range 0.25 to 2.00 m mol/1 were utilised as 

the present results pointed to the validity of detenainations of 

enzyme activity under these circumstances (see Dixon and Webb, 1964). 

2. Relationship between enzvme activity and substrate 

concentration. 

Two determinations of reaction velocity were made at each of the 

AcCh concentrations, 0.25,0-50p 1.009 2-009 4-009 8.00 and 16.00 

m MOIL/1. 

Results. 

The results axe illustrated in Fig 11. This figure illustrates 

the characteristic inhibition of AcChE by excess AcCh substrate 

(see Cohen and Oosterbaan, 1963)- It also confirmed that 0.25 to 2.00 

m mol/l constituted a Suitable range of AcCh concentrations for 

experiments with a concentration [E] of 0-05 unite/mi. 
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3- Influence of different batches of enzyme on the results. 

The pH - stat experiments performed in this research utilised 

several master enzyme solutions (M. E. S) prepared from different 

samples of commercially available enzyme. It was considered necessary 

to ascertain whether each M. E. S as preparedy gave values for 'ý4 

whibh were consistent with values reported in the literature for the 

reaction in order that studies with each M. E. S. might be considered 

valid. 

A comparison of reaction velocities and kinetic parameters 

obtained by the use of different'M. E. S was also undertaken to 

assess any inter- N. E. S variations in activity. 

Results from experiments with eight different M. E. S were 

collected. Different numbers of experiments were perfomed with the 

different solutions. For each batch of M. E. S the reaction velocities 

at each of the substrate concentrations 0.25,0-509 1.00 and 2.00 - 

m mol/1 were recorded. The corresponding values YM and V 'obtained MAX 

by each of the linear plots of v on jv and of -1 on .1 were also- *91 v [S] 

recorded. 

Results. 

Table36 shows these results whilst Table37 shows the results of It, 

tests performed on mean K. values obtained with different batches M. E. S. 

v and by the plot of v on Table 38 shows the comparable results 

of tests performed on the K. values obtained by the on plot v 

whilst Tables 39 and 40show the results obtained in tests on the 

corresponding V values. MAX 

This seri es of Tables showed that reaction velocities may vary 

with the use of different batches of M. E. S but that, in generalt the 

mean K. values did not. 

FM values derived by the 

differences (Table 37 

values derived by the 

None of the twenty-eight comparisons Of mean 

v on plot showed significant intei--batch [S] 

Only two of the comparisons of mean 

on .1 plot showed such differences (Table 38 
CS] 
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Table 37 

It' tests on mean KM values derived by plot of v against v from IS) 

reaction between AcCh and AcChE and shown An Table 2A (Columns' 1 to 8) 

t test between results calculated df theoretical It' Difference, 
from M. E. S batches. ItLvalue - value( Significant 

13. and 14 0.96. 9 2.26 NO 

13 and 15 0-94 9 2.26 NO 
13 and 16 0.36 12 2.18 No 
13 and 18 li-56, 16 2.12 No 
13 and 19 0.53 15 2.13 No 
13 and 20 1.61 15 2.13 No 
13 and 21 0.05 14 2.14 No 
14 and 15 0.11 2 4.30 No 
14 and 16 1.06, 5 2.57 No 
14 and 18 0.24 9 2.26 No 
14 and 19 0.90 8 2.31 No 
14 and 20 0.19. 8 2-31. NO 
14 and 21 o. 96 7 2-36 NO 
15 and 16 1.24 5 2-57 No 
15 and 18 0.08 9 2.26 No 
15 and 19 1.00 8 2-31 NO 
15 and 20 0.02 8 2-31 No 
15 and 21 0699 7 2-36 No 
16 and 18 1.83 12 2.18 No 
16 and 19 0 94 11 2.20 NO 
16 and 20 1.90 11 2.20 No 
16 and 21 0-30 10 2.23 No 
18 and 19 1.25 15 2.13 No 
18 and 20 0.10 15 2-13 No 
18 and 21 1-56 14 2-14 No 
19 and 20 1-37 14 2-14 No 
19 and 21 0-58 13 2.16 No 
20 and 21 1.62 13 2.16 No 
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Table 38 

It' tests on mean K, values derived by plot of 
1 

against from 
V ISI 

reaction between AcCh and AcCbE and shown in Table 36 (Columns 1 to 8) 

t test between reuults calculated df theoretical It' Difference 
from M. E. S batches. It? value value Significant 

13 and 14 0-58 9 2.26 NO 

13 and 15, 0.62 9 2.26 NO 

13 and 16 0.50 12 2.18 NO 

13 and 18 1.48 16 2.12 No 

13 and 19 0.57 15 2*13 No 

13 and 20 1.81 15 2.13 NO 

13 and 21 0.08 14 2.14 No 

14 and 15 
. 
0.00 2 4-30 No 

14 and 16 0181 5 2-57 No 

14 and 18 0.27 9 2.26 No 

14 and 19 0.39 a 2-31 No 

14 and 20 0.52 8 2-31 No 
14 and 21 0-85 7 2-36 No 
15 and 16 0.91 5 2-57 No 
15 and 18 0-30 9 2.26 No 
15 and 19 0-47 8 2.31 No 
15 and 20 o. 64 8 2-31 No 
15 and 21 1.04 7 2-36 No 
16 and 18 1.82 12 2,18 No 

16 and 19 1.11 11 2.20 No 

16 and 20 2.22 11 2.20 Yes 

16 and 21 0.51 10 2.23 No 
18 and 19 1.13 15 2.13 NO 
18 and 20 0.29 15 2.13 No 
18 and 21 1.81 14 2.14 No 
19 and 20 1.64 14 2.14 No 
19 and 21 0.83 13 2.16 No 

20 and 21 2-44 13 2.16 Yea 
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Table 39 

It? test on mean V, values derived by plot of v against 1 from MAX [Si - 
reaction between AcCh and AcChE and shown in Table 36 

-- 
(Columns 1 to 8) 

t test between results calculated df theoretical It' Difference 
from M. E, S batches. Itt value value (P--0.95) Significant 

13 and 14 1-34 9 2.26 NO 
13 and 15 2.50 9 2.26 Yes 
13 and 16 8911 12 2.18 Yes 
13 and 18 4-45 16 2.12 Yes 
13 and 19 11.22 15 2.13 Yes 
13 and 20 7.67 15 2.13 Ye s 
13 and 21 6.42 14 2-14 Yes 
14 and 15 ?. 74 2 4-30 No 
14 and 16 4.41 5 2.57 Yes 
14 and 18 1'. 10 9 2.26 No 
14 and 19 5.89 8 2 . '31 Yes 
14 and 20 3-48 a 2.31 Yes 
14 and 21 2. '55 7 2.36 Ye s 
15 and 16 5.92 5 2.57 Yes 
15 and 18 0.17 9 2.26 No 
15 and 19 6.28 8 2.31 Ye's 
15 and 20 3*-04 8 2-31 Yes 
15 and 21 1 . 89 7 

. 
2-36 mo 

16 and 18 6.44 12 2.18 Yes 
16 and 19 2.10 11 2.20 No 
16 and 20 2.98 11 2.20 Yei3 
16 and 21 2.15 10 2.23 
18 and 19 9.24 15 2.13 Yes 
18 and 20 4.40 15 2.13 Yes 
18 and 21 3*'38 14 2.14 Yes' 
19 and 20 5.40 14 2.14 Yes 
19 and 21 4.18 13 2.16 Yes 
20 and 21 0.09 13 2., 16 NO 
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Table 40 
It' tests on mean V values derived by plot of v 

reaction between AcCh and AcChE and shown in Table 

against from IS] 

(Columns 1 to 8) 3ý 

t test between results calculated df theoretical 
- 

It, Difference 
from M. E. S batches. It' value value (P--0.95) Significant 

13 and 14 1.54 9 2.26 NO 

13 and 15 2.50 9 2.26 Yes 

13 and 16 7-47 12 2.18 Yes, 
13 and 18 3.87 16 2.12 Yes 
13 and 19 10-38 15 2.13 Ye s 
13 and 20 6.84 15 2.13 Yes 

13 and 21 6.63 14 2.14 Yes 
14 and 15 0.81 2 4-30 

, 
NO 

- 14 and 16 3.98 5 2-57 Yes 

14 and 18 Mo 9 2.26 NO 
14 and 19 5.69 8 2-31 'Yes 
14 and 20 3.06. 8 2-31 Yes 
14 and 21 2.99 7 2.36 Yes 
15 and 16 3-93 5 2--57'- Ye s 
15 and 18 

-0-54 
9 2.26- NO 

15, and 19 5-56 8 2-31 Yes 
15 and 20 2.27 8 2-31 NO 
15 and 21 2-32 7 2-36 NO 
16 and 18 5-74 12 2.18 Yes 
16 and 19 1.26 11 2.20 No 
16 and 20 3-37 11 2.20 Yes 
16 and 21 2.70 10 2.23 Yes 
18 and 19 B-39 15 2*13, Y63 
18 and 20 3.74 15 2.13 Yes 
18 and 21 3-83 14 2.14 Yes 
19 and 20 5.62 14 2.14 Yes 
19 and 21 4.71 13 2.16 Ye a 
20 and 21 0-46 13 2.16 NO 
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By contrast twenty of the twentyý-eight comparisons of mean V values MAX 

obtained by each of the graphical plots showed 'significant inter-batch 

differences (Tables3g and4o 

These findings supported the decision that studies oP the 

influence of any'individual variable on AcChE throughout this reseaxch 

should be performed, where possiblep on a single batch of M. E. S and 

that control AcCh-AcChE reactions should be an integral part of such 

studies. 

Table 36 showed that the K. values for all thebatches M. E. S 

utilised were of the appropriate magnitude for the AcCh-AcCbE 

rear-tion'(Barlowl 1964). This Table also gave info=ation conceraing 

the precision of the pH - stat method and the deriv&iion of Ký and 

V yalues by the two linear plots used. These matters are the 
MAX 

subject of later discussion. 

4- Stability of Master enzyme solutions (M. E. S). 

The different batches of M. E. S were used over different periods 

of time and from the results which they yielded was obtained 

information regarding their stability. Batches 13 and 18 M. E. S were 
I 

used over the longest periodsl batch 18 being used over thirty-seven 

days. During this period nine determinations of V were made MAX 

utilising the I 
on 

1 
plot. The nine VmAx values' ( pmoles AcCh 

v L-93 

hydrolysed per minute) listed in order of determination were 1.22,1-36, 

1.359 1.319 1.229 1.289 1.32,1.27 and 1.18. The random variation 

in these values and their coefficient of variation of 4-889/6 suggested 

that a M. E. S stored at 40C and in the dark would be stable for 

thirty-seven days. 

Evidence that the stability of a M. E. S might not be retained for 

forty-five days was seen in experiments with Batch 13 M. E. S. This 

solution was used over thirty-one days giving a random variation in 

V values (-! on -I plot mv S] 
) of 0-95 to 1.23 with a coefficient of 

I 
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vaxiation of 7.92%. Sufficient of this solution remained at the 

forty%--fifth'day for it to be tested against one concentration [ S1 

The chosen concentration of 1.00 m mol/I AcCh had given reaction 

velocities varying randomly from 0.77 to 0.95 rmoles AcCh hydrolysed 

per minute (coefficient of variation, 6-57/6) during thirty-one days of 

use. On the forty-fifth day after preparation of the M. E. S the 

reaction velocity, at this substrate concentration had fallen to a 

value of 0.54 r moles AcCh hydrolysed per minute. 

These findings are consistent with those of Robinson and Robinson 

(1968) who stated that solution's ýf erythrocyte AcChE stored at OOC 

in the dark were stable for three to four weeks. 
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Precision of results 

Table 36 showed that for the interaction between AcCh and AcChE, 

under the stated conditionsl the p1l - stat*method allowed measurement 

of reaction velocities with an acceptable precision. Of the thirty-two 

sets of reaction velocities obtained with the use of eight batches of 

N. E. S, each at four concentrations [S] 
, twenty-six of the sets had 

coefficients of variation (cv) of 5P/o or less. The greatest cv-was 8.39%. 

When the sets of V values, as derived by the two linear plots, MAX 

were examined it was found that twelve of the sixteen sets had a cv of 

5% or lessý the greatest cv being 9.65Y6. 

However, when the sets of F., values were examined it was found that 

only two sets had a ev less than 5%. Nine sets of valuesý had a cv of 

between 10/16 and 15/06 and two sets had a cv of greater than 2C%. Thus it 

appeared that measurements of reaction velocity could be repeated with 

greater precision than measurements of ' values. Y-M 

Table 41shows the mean error of the regression lines derived by 

the two lineax plots and from which the kinetic parameters were 

estimated, It is seen that for all batches of M. E. S the mean errors 

for the regression lines derived by the plot of v on Z were IS] 

numerically the greater. When the individual corresponding pairs of 

regression lines were examined for each batch M. E. S it was again found 

that in a-11 cases the errors were numerically greater when the V on X 
IS] 

plot was used. To check whetherg for a given batch of M. E. Sq these 

differences were significant the null hypothesis was proposed that they 

came from a population of differences with a mean value of zero. The 

hypothesis was tested by a calculation of It'. The results of this 

calculation are given in Table 42which shows that for six batches of 

M. E. S the v on(Xsi regression line errors were significantly the 

greater. The lack of significant difference for the other two 

batches of M. E. S may merely reflect the fact that there was Only one 
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I 

Table 42 

Values of 'tt calculated to test null hypothesis that the differences 

v 
in errors of regression lines calculated from plots of y oni-S, and 

11 
v on(S] we 3drawn from a population of differences with a mean value of 

zero. 

AcCh-AcChE reaction, pH 7-0j, 37 0 C. pH-stat method. 

v- reaction velocity (S] substrate concentration. 

Baých of Master enzyme Calculated value df Probability that -- , 
9-o-lution. of It' differencesvere due to 

chance- 

13 9.81 6 <0.1% 

14 4.00 5 09/6 

15 3.89 5 0% 

16 2.89. 4 <5- 00/6 > 2.5% 

18 4-92 8 <O. 5Yo >0.1% 

19 6-33 7 < 0.1% 

20 8-36 7 <0.1% 

21 4-99 6 <O. 5Yo > 0.1% 
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degree of freedom in these cases. 

When, howeverg the kinetic parameters calculated from the 

regression lines and the variances amongst them were examined no 

significant differences were found in respect of the plots used. 

Table 43 shows the results of It I tests performed both between the mean 

KM values derived by the two plots and between the corresponding V, MAX 

values. Table 44 shows the results of variance ratio tests applied to 

the K. and the V. values. I 

The results given showed that the derivation of K. and V. values 
v by the v on ( g, plot, under the conditions of the present experiments. 

offered no significant advantages over derivations by the -1 on [-glj plot. v 
In fact iegres. sion lines could be fitted to the results from the use 

of the latter plot with greater precision than to results from the - 

former plot. 
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Table 43 

Results of It' test between mean T., values derived by the 'Plots v on v 
Isi 

and -1 on and between the corresponding X values, (from Table 36 
v -[Sj 

pH-stat method P11 7.09 370C LEI- 0-05 units/ml 
v- reaction velocity [S)-substrate concentration. 

Batch Master enzym * Calculated df Theoretical Differenc6 
solution. value of It' value of Its Significant 

. (P = 0-95) 

K. value 

13 0-39 16 2.12 NO 

14 0.31 2 4-30 NO 

15 2-07 2 4-30 No 

16 0-49 8 2-31 NO 

is 0.21 16 2.12 No 

19 0.40 14 2.14 NO 

20 0.00 14 2.14 No 

21 0-48 12 2.18 NO 

. 
YM values 

13 0.24 16 2.12 No 

14 0.25 2 4-30 NO 

15 2.25 2 4-30 NO 

16 0-76 8 2-31 NO 

is 0-15 16 2.12 No 

19 0-37 14 2-14 NO 

20 0-07 14 2.14 No 

21 0-38 12 2.18 No 
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Influence of pH on the AcCh-AcChE reaction meanured by the 

pH-stat method at 370C. 

It was considered that experiments might be performed utilising 

this reaction in the presence of inhibitors at PH 7-4 as well as at 

PH 7.0. Hence fourteen experiments were performed on seven days to 

compare the AcCh-AcChE reaction at PH 7.0 and PH 7.4. Experiments 

were performed first at PH 7.4 on alternate days. In different 

experimentsp at a stated PH, the order of testing different substrate 

concentrations was altered. The design of the experiments is given in 

Table 45 

Results. 

The results of the experiments axe shown in Table 46. This Table 

a, iso shows the results of It' tests performed on the corresponding 

mean reaction velocities and kinetic-parameters obtalned at the two 

pH values. It was seen that reaction velocities at each of the four 

substrate concentrations and the VMAX values were significantly greater 

at PH 7.4 than at PH 7.0. The values of KM, howevert were not 

significantly a-Itered by the change in pH. These results pointed to the 

need for separate and adequate enzyme-substrate controls in any 

experiments performed with inhibitors at P11 7-4. 

I.. 
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An investigation of some potential sources of error in the pH- 

stat method as applied-to the reaction between AcCh and AcChE 

The vast majority of reactions between AcCh and AcChE utilising 

the pH-stat method, have taken place at 37 0C and PH 7.0 and involved 

enzyme from bovine erythrocytes. It was decidedq therefore, to 

examine possible errors'axising from the use of the method in these 

conditions. The four, following types of pcesible error have been 

assessed. 

Possible errors I arising'from spontaneous 
-hydrolysis of the' substrate 

Forty tests for the spontaneous hydrolysis of AcCh were performed, 

each over a six minute period of time. , Twenty of the tests were, performed 

at a concentration (AcCh] of 2.0 m mol/lý Fourteen of the'tests were 

at 0.25 m mol/19 three at 0.5 m mol/1 and three at 1.0 m mol/l, [AcChl 

In no case was there any detectable spontaneous hydrolysis. 

An additional five tests were performed at PH 7-4i, 'four of them at 

2.0 m M01/1 [AcCh] and one of them at 0.25 m mol/l ( Acch]. .. Again no 

spontaneous hydrolysis waa detected. 

In connection with the effect of pH on the inhibition of AcChE by 

benzotriazinium compounds two tests for the spontaneous hydrolysis 

of, (AcCh] 9 1.0 m mol/l, were performed at both PH 7.8 and pH 8.0. 

only in the latter case was, any spontaneous hydrolysio detected. The 

hydrolysis detected was 0.05 rmoles'AcCh hYdrolysed per minute, 

approximately 4yo of the corresponding enzyme catalysed reactions. 

It was therefore conculuded that, for almost all the'experiments 

performed in'the present researcht spontaneous hydrolysis'of AcCh 

substrate did not'constitute a measurable'error. 

2. Possible errors due tonon-6pecific, acid liberation, by-the enzyme 

preparation. 

Checks for non-specific acid liberation'due to the AcChE 

preparation were carried out- over a four, minut'e period of time-'on three 

hundred and twenty-seven occasions. ' On none of these occasions waa 



165 

acid liberation detected. 

Comparable checks were also carried out at PH 7-4 on fifty-eight 

occasions. No acid liberation was detected at this pH. 

The results of the present research were thus not influenced by 

acid liberation due to the enzyme preparation. 

3- Volume errors arising from addition of titrant to achieve the 

required pH end-point priorto the start of the reaction. 

The volume of 0.02 N NaOII titrant added to raise the p1l of the 

reaction mixture to the desired end-point immediately prior to the 

staxt of the rear-iion was recorded on one hundred and sixty-eight 

occasions. The mean volume added in these instances waB 0-0534 ml- 

p w1h a standard error of 0.0009 ml. If the mean and standard error axe 

expressed as a percentage of 25.0 mlo the nomin4*. volume of the 

rear-tion mixture, then the Values axe 0.2136 :ý 0-0036Y6. 

It was considered that this error was sufficiently small to be 

ignored. 

4- Volume errors arising from the addition of titrant during the six 

minutes of reaction. 

The vol=e of titrant added during the course of eighty-eight 

reactions between AcCh md AcChE, in the absence of inhihitorsl was 

recorded. These volumes were recorded for each of four concentrations 

[AcCh] 
. The mean volumes and their standard errors are given in 

Table 47. This table also give the means and their standard errors 

as a percentage of the 25.0 ml nominal volume of reaction mixture. 

As expected the volume of titrant added during the reaction 

increased as the substrate concentration increased. At the highest 

concentration [S] normally used, however, this added volume only 

comprised 1-459/6 of the nominal reaction mixture volume after six 

ibinutes of reaction. It was not considered that this error wan of 

sufficient magnitude to require correction of the reaction velocities 

particulaxly as these were calculated from the volume of titrant added 
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during the second minute of the reaction. 

Table 47 

Volumes of 0.02N NaOH titrant'added during týe six minutes of 'AcCh-AcChE 

reactions at ýH 7.0 and 37 OC. [E) -0.05 urlits/ml 

(AcCh] m mol/1 0.25 0.50 1.00 2.00 

Nuýber of volumes recorded. 21 21 23 23 

Mean volume (ml) 0.1750 0.2604 0-3266 0-3636 

Standard error of mean. 6.0033 0- 0041' 0-0046 0-0056 

Mean volume as Yo of 25 ml. 0-70 1-04 1.31 1-45 

Standaxd error as 9/6 of 25 ml. 0.0132 ox1641 0.0184 0.0224 
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The application of the pH -stat method to the study of the 

AcCh-AcCbE reaction in the presence of inhibitors. 

A preliminil7 examination of some benzotriazinium compounds ', 7 

for anti-acetyleholinesterase activity. 

Members of the 4-phenethylamino- and 4-benzylamino-.; "series of 

2-alkyl -1 . 2,3- benzotriazinium compounds were tested for their ability 

to inhibit the reaction between AcCh (1-0 m mOl/1) and AcChE (0-05 units/ 

ml) at P11 7.0 and 370C. The compounds tested are listed in Table 1 

and are referred to by the abbreviations given in that Table. Each 

compound was made up to the required concentration in reaction medium. ' 

The AcChE solutions used in the tests had been characterised in respect 

of their reactions with AcCh am previously described. 

Each compound was tested at the three concentrations-25,50 and 

100 rmol/l. The substrate concentration was chosen because it 

produced a reaction rate approachifig, maxiiaal-but without--the ri6k-of 

producing enzyme inhibition (Fig 11 ). The contact 9 or incubation, time 

between enzyme and inhibitor prior to the'addition of substrate was 

three minutes. ' This time'was'chosen to give all the compounds adequate 

time to exhibit inhibition' although results froni'the Warburg experiments 

showed that PMBI and BnPI. did not require incubation in order to show 

inhibition. 

For each benzotriazinium, compound duplicate- determinations of 

reaction velocity (v ) were made with the substrate''in combination with 

each concentration [I] '. Duplicate determinations of reaction velocity 

- (v) were made for the substrate alone. ' The means of the duplicates were 

used to calculate the ratio ; Et for each concentration A 

regression analysis X, on (I] was perfo=ed and the value of I when 
v 

2 was found. This concentration was the I value for the v 50 
compound. Similar tests were perfo=ed on'physostigmine sulphate (B. D. 11) 

I 
which was used at concentrations 0-05,0.10 and 0-50 r mol/l. 
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Members of the 4-p-tolylamino- and 4-anilino-series of 

benzotriazinium compounds were also screened for anti-AcChE activity 

with reference to physostigmine. This'was done under the author's 

supervision by Anderson (1973)- Herev howevert the reaction velocities 

were calculated from the volume of titrant added between the second 

and sixth minutes of the reactions. Each compound was tested at three 

concentrations [I] within the range 12.5 to 100 pmol/l. 

Results and discussion. 

The results obtained with the 4-phene thyl amino- and 4- 

benzylamino-series of benzotriazinium. compounds and with physostigmine 

are shown in Table 48 . As the regression lines from which the 1 50 

values were calculated were based on only three points it was not 

considered worth while to place confidence limits on the 1 50 values. 

The validity of the linear relationships used to calculate the 1 50 ' 

values was tested by determining the errors of the regressio n lines. 

These errors are also given in Table 48 

Table 49 shows the results for the 4-p-tolylamino- and 4-anilino- 

series of benzotriazinium. compounds obtained by Anderson (1973). 

The findings in previous experiments with PMBI, AnFBI and BnPBj 

(Pages 7& 100) that the benzotriazinium compounds under test were 

relatively weak inhibitors of AcChE by comparison with physostigmine 

were confirmed. The variation in the activities of the compounds was 

approximately one and a Ealf times in the benzylamino-series, two and 

a half times in the phenethylamino-seriesp three timesin the anilino- 

series and four times in the p-tolyamino series. In none of the 

series was a clear relationship obvious between activity and the size 

of the 2-alkyl substituent. 

Of the four series of compounds the anilino- and benzylamino- 

series appeared, overa. 119 to be the weaker though any such differences 

were not statistically validated. 



Table 48 

Results of a preliminary examination of 4-Dhenethvl amino- and 

benzvl amino- s erie s of 2-alkyl-1,2'j*3 - benzotriazinium compounds for 

anti-acetylcholinesterase activity. 

[E] = 0.05 units/ml, (S] - AcCh 
""'1.0"M 

mol/1 

T= 37 0C PH 7-0 

Abbreviations for compounds previously given in Tablel 

Compo IpI Error -x 100/16 of 50 50 b 
rexrpssion line use 

rmol/1) to derive 1 50 value 

PhenetMmino series 

78-8. '4.10, ,,, ' 
10-76 

, 
67.9 4.17 11.86 

FEBI 48.8 4.31 7.56 

PnPBI 91.0 4-04 10.00 

PiPBI 35.5 4.45 9.10 

IPBBI 98.8 4-01 2.56 

P5BI 63.5 4.20 9.09 

Physostigmine sulphate 0.0989 7-00 3.13 

Benzylamino series 

BMBI 139.1 3*86 5.93 

33EBI 143.2 3.84 5.6o 

BnFBI 154.7 3-81 11.91 

BiPBI 93-3 4-03 6.79 

33BBI 99.9 4-00 5.6o 

B5BI 115-7 3-94 4.07 

Physostigmine, sulphate 0-0956 7.02 5-32 

A second batch of compound was used here. 
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f 

p1 50 -- log 10' reciprocal of 1 50 expressed as mol/l 
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Table 49 

Results of a preliminary examination of 4-p-tolylamino and 4- anilino 

-series of 2-alkyi- 1.2,3- benzotriazinium compounds for 

anti-acety1cholinesterase activity. (from Anderson 19 73) 

[E] = 0.05 units/ml [Sj- AcCh 1.0'm mol/l 

T= 370C PH 7-0 

Abbreviation s for compounds previously given In Table 1 

Compound 1 50- -P 
1 50- 

MOO) 
p-tolylamino-series 

TMBI 118 3-93 

TEBI 130 3.89 

TnPBI 52 4.28 

TiPBI 34 4-47 

TBBI 34 4-47 

T5BI 115-7 3-94 

anilino series 

122 3-91 

AM 141 3-85 

AnPBI 117 3-95 

AIM 207 3.68 

ABBI 108-7 3.96 

A5BI 75 4-12 

Pbysostigmirýe*sulphate 0-084 7-08 

* This compound wa3 'tested by. the present author. 

P1 50 - log 10 reciprocal of 1 50 expressed as mol/l 
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The results gave no indication-of the type of inhibition produced 

by the compounds nor of the magnitude of their inhibitor constants (K.. ). 

In view of the lack of this infozmation and, the relative weakness of the 
I 

inhibition it was decided to concentrate further experiments on one of 

the most active of the benzotriazinium compounds tested (TBBI) in order 

to discover something of its mode of action. 

Tests to discover whether inhibition was reversible andl if so, 

whether it was competitive, non-competitive or mixed dictated the 

nature of these experiments. The mechanism Of inhibition of AcChE by 

TBBI was to be compared with that followedby, physost: Lgmine. 
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Experiments to ascertain the reversibility of the anti- 

acetvlcholinesterase activity of 2 -n-butyl - 4-p-tolylamino - 1,2,3- 

benzotriazinium iodide (TBBI) at 37 0C and PH 7.0 

The activities of four concentrations of AcCh (0.2590-509 1.00 

and 2.00 m mol/1) were determined in the presence of ApChE (0-05 units/ 

ml) at 370C and P11 7.0. From these results it was ascertained that a 

K. value of the appropriate. order for the AcCh-AcChE reaction was 

obtained. These tests were repeated with fresh substrate solutions 

and in the presence of TBBI (10 0 emol/1). The percentage inhibition 

of enzyme was then calculated for each concentration [AcCh]- Each 

of the four solutions of inhibited enzyme was dialysed against 

reaction medium at 40C in the daxk. The dial: ysis involved the placing 

of a solution in cellulose tubing (Visking - 32/3211) and the immersion 

of the tubing in 500 ml reaction medium* Five changes each of 500 ml 

of reaction medium were effected over twenty-four hours. Jkfter twenty- 

four hours fresh control reaction velocities were determined at' 37 0C 

for the four concentration I AcCh] . The activities of the dialysed 

0 
solutions were also determined at 37 C'after addition of AcCh to give 

the same concentration (AcCh] in the solution as that tested before 

dialysis. By reference to the fresh control reaction velociti6s the 

percentage of inhibited enzyme activity recovered by dialysis was 

calculated. The results are given in Table 50 (a). 

This experiment was repeated but with a dialysis involving five 

manual changes of reaction medium each of 1500 ml in the twenty-four, 

hours; the results a-re given in Table 50 (b). 

Two further experiments were performed but in which only one 

substrate concentration (2.0 m mol/1) was employed. In the first of 

these experiments the reaction medium used as the dialysis solution 

was changed by continuous flow. The continuous flow was of 6 mi 

reaction medium per minute and was achieved by passing the 

I 
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reaction medium through a peristaltic pump. The result is given in 

Table 50 (c). The second of the experiments involved twelve manual 

changes of reaction mediumv each of 1500 m: L,, in fortyýeight hours. 

The result is shown in Table 50(d)- - 

Table5o showed that by the dialysis techniques described the 

inhibition of AcChE produced by TBBI was 'reversible. The extent of 

this reversal varied with the technique adopted. Table50 also showed 

the good reproducibility of the inhibition produced over the four tests 

at the 2.0 m mol/1 substrate concentration. 

I 
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Table 50 

Results of experiments to illustrate the reversible inhibition of 

AcChE by TBBT (100 11mol/1) at 370C and pH 7.0. 

Enzyme- inhibitor complex dialysed against reaction medium at 40C.. 

(a) Experiments where dialysis involved five chan ges, each of-500 ml, 

of reaction medium-in-twenty-four hours. 

F. F. C AcCh m. mol/1 2.0 1-0 0-5 
. 
0.25 

% inhibition of enzyme before dialysis 61.90 65-57 70-77 77-01 

% inhibition of enzyme after dialysis 33-13 37-97 33-91 30.29 

% lost activity recovered after 46-48 42.09 52.08 60.67 
dialysis 

(b) Experiments where dialysis involved five chang esor three-changes 

'each of 1500 ml, of reaction medium in twenty-four hours. 

F. P. C AcCh in mol/l - 2.0, ' '1.0 0-5* 0.25 

.% inhibition of enzyme before dialysis 63-27 60.28 70-00 76.14 

9/o inhibition of enzyme after dialysis 28.09 14-99 54-11 33-40 

% lost activity'recovered after 55.60 75-13 . 22-70* 56-13 
dialysis 

(c) L'xperiment in which dialysis wan by continuous flow of reaction 

medium (6ml/min) for forty-eight hours. 

F. F. C AcCh m mol/l 2.0 - 
Yo inhibition of enzyme before dialysis 61.96 

9/6 inhibition of enzyme after dialysis 20-83 

Yo lost activity recovered after 66-38 
dialysis 

(d) Experiment where diaivsis involved twelve chan ges, each of 1500.21., 

of reaction medium in forty-eight hours. 

F. P. C AcCh m mol/I 2.0 

9/6 inhibition of enzyme before dialysis 6o-13 

? /6 inhibition of enzyme after dialysis 8.20 

Yo lost activity recovered after 86-36 
dialysis 
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Experiments to illustrate the kinetics and mechanism of the 

inhibition of AcChE by physostigmine. 

It has been shown that the kinetics and mechanism of the 

inhibition of AcChE produced by physostigmine may alter. Lengthening 

of the time of incubation between enzyme and pbysostigmine prior to 

substrate addition can alter the inhibition from competitive to 

non-competitive (Robinson and Robinson, 1968; Stein and Lewis, 1969). It 

was-considered dýsirableq therefd're, to perform a limited number of 

experiments to ascertain whether the method adopted in the present 

research could adequately illustrate the kinetics and mechanis*m of 

physostigmine-induced inhibition prior to nny investigation of the 

mechanism of AcChE inhibition induced by benzotriazinJum compounds. 

Twelve experiments were performed to investigate the interactions 

between AcCh, AcChE and physostigmine at PH 7.0 and 370C using an 

enzyme concentration of 0.05'units/ml. The physostigmine 

concentra, tion used-in these experiments-was 0.1 rmol/l as it had been 

previously shown (Tables48&49) that this concentration gave a 

significant degree of enzyme inhibition (approximately 50%) under the 

chosen experimental conditions. 

The twelve experiments were I divided into three sets of four 

experiments. In one set the AcChE --ý physostigmine incubation time was 

six minutes whilst in the second set the incubation time was three 

minutes. In the third set the incubation time was minus thirty seconds, 

that is the physostigmine was added to the reaction mixture thirty 

seconds after the start of the AcCh-AcChE reaction. 

Each experiment involved the determination of the velocities of 

reaction between four concentrations of AcCh (0.25P 0-509 1.00 and 2.00 

m mol/l)-in the presence (v 1) 
and-the absence (v) of physostigmine. In 

each set of four experiments the order of reaction of the substrate 

concentrations was varied according to a Latin Square design both when 

the inhibitor was absent and when it I was present. 
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Results and Discussion. 

From the reaction velocities determined in each experiment the 

kinetic parameters 1ý49 VMv Kp and Vp were detemined (see TableSi 

Kp. and Vp represented the leffectIvel Michaelis constant and the 

maximum reaction velocity respectively for the AcCh-AcChE reaction in 

the presence of the inhibitor (Dixon and Webb, 1964). The four 

parameters were derived from each experiment by the application of 

v1 vi 
regression analyses to the plots of v on and v on -, They S 

were also derived by the plots. Of d1 The fo=s 
V "[ S] 

v1 
IsY 

of these plots in the presence. of inhibitors effecting coiýpetitive, - 

non-competitive md mixed inhibition axe well documented (see Dixon and 

Webb, 1964; Zeffren and Hall 1973)- 

As competitive enzyme inhibitors affect the affinity of the 

enzyme for the substrate the values of the parmteters K. and Kp shoqd 
I 

be different. Conversely non-competitive inhibitorsq which do not 

affect the enzyme-substrate combination, cause a reduction in V 
MAX 

which should thus differ from Vp. A compound Producing mixed 

inhibition will alter both F. and VXAX. 

When the results from Individual experiments were examined some 

trends were noted. For experiments where the inhibitor incubation time 

was minus thirty seconds it was found that the value of Kp was always 

3. axger than the corresponding value K. whichever plot was used in their 

derivation. This was also true of experiments where the incubation time 

was three minutes. In experiments where the incubation time was,.. 

either three minutes or six minutes the value of V was alwayt3 bigger MAX 

that the corresponding value vp. 

For each set of results, thereforeq values of It' were calculated 

from the differences between corresponding values Kp and Km and 

4 

between corresponding values V and Vp. The values of Itl were U130d M. 

to test the null hypdhesis that the differences were from Populations 

of differences with universal means of zero and were thus due to 
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chance. The results of these tests are given in Table 52 - 

It was seen that the results when the incubation time was six 

minutes were clear. They showed a significant difference between 

VMAX and VP derived by either plot but not between KM and Kp and were 

consistent with non--coripetitive inhibition. When the inhibitOr 

incubation time was three minutes both Kp and KM values and VMAX and Vp 

values were significantly different. These findings were consistent 

with the production of mixed inhibition. 

When the inhibitor incubation time wan minus thirty seconds no 

significant differences were found between Kp and rý values despite 

the fact that the former were always numerically larger. A 

significant difference in these values might have been expected 

indicating competitive anta6ronism. (Robinson and Robinson 1968; Stein 

ancl Lewis, 1969). When Itt tests were performed between the mean 

of these KM and the mean of these Ký values a significant difference 

was in fact found using parameters calculated both by the v on[! S, plot 

(ItIq calculated = 2.66) and the double reciprocal plot Otlp ca-Iculated 

= 3-15). These 't' values were compared with a theoretical value of 

2.45 for six degrees of freedom and a 951/6 probability level. 

The differences in the results of the two different applications 

of the It' test might have reflected the fewer degrees of freedom 

involved in the comparison of differences. Additionally the chosen 

physostigaline concentration mighti. not have been high enough to Produce 

a significant degree of competitive inhibition when added after the 

start of the AcCh-AcChE reaction. 

Despite the equivocal nature of the results after minus thirty 

seconds incubation it was clear that the kinetics and mechanism of the 

inhibition of AcChE produced by phyaostigmine was changing with the 

change in incubation time. A graphical representation of this change 

is given in Pig. 12. 
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Table 52 

Calculated va-lues of tt' fordifferences between K. and Kp 
A& 

values and 

between V and Vp values derived from the AcCh-AcChE reaction in the 

presence and absence of p hysostigmine at pH 7.0 and 37 o C. 

test between Inhibitor plot used to calculated df Probabilily 
incubation dprive value It' that 

, time(min) p2Eamet iers differencen 

Kp and YM -0-5* v on v 
IS] 

VMa and Vp -0-5 v, on v 

Kp and KM -0-5 , ,v W&A EsI 
V and Vp 

MAX -0.5 -1 on 11 (9] 
Kp and K. +3-0 v on v -gl 

v and Vp +3-0 v on v 

Kp and KM +3-0 on 

v MAX and Vp +3-0 on v 
Kp and KM +6.0 v on X. 

V and Vp , MAX +6.0 v on sl 

Kp and KM +6. o 
v on 

V and Vp 
XAX +6.0 on 

due to chance 

2.40 3 5% 

2.73 3 ilo, 

2.44 ý3 > 5% 

2.71 3 '>5% 

5.04 3 <296 >lYo 

4f-91 3 z 0.1yo - 
10-85 3. 40-5%>0-1% 
41-97 3 0.1O,,, /o 

0.52 3 > 5% 

17-10 3 <0.1% 

o. 46 3 > 5Yo 

25.22 3 < 0. iyo 
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Values for the inhibition constant, Kiv were calculated from the 

double reciprocal plots relating reaction velocity and substrate 

concentration. The calculations involved measurement of both the slope 

and the intercept of the -1 on 
! 

plot. (see Zeffren and Hallt 197 3). 
v1 

S] 

Por both fully competitive and fully non-competitive inhibitors 

the slope of the plot is related to K by the expression: - 

KM (1 + 
ril 

Slope 

. 
VMAX 

Ki 

For the fully competitive inhibitor the intercept on the 

abscissap is related to K by the expression: - Kp i 

KýI I] 
--- Kp -1 

I'm 

In the case of fully n'on-competitivb inhibitors the intercept on 

the ordinate -1 9 is related to Ki by the expression: - VP 

Ki 
ril 

VMAX 

VP 

The mean K valiies calculated from results obtained after both the iI 

minus thirty seconds incubation time and the six minute incubation time 

are given in Table 53 . This Table suggested that the strength of 

inhibitionj as represented by a numerical decline in Ki valueg increased 

with the increase in incubation time and so confi=ed the findings of 

Robinson and Robinson (1968) and Stein and Lewis (1969). 

Howeverg when the mean Ki value's calculated f=m the intemepts - 

of the plots after the two periods of incubation were compared by it, 

test the clifference was not found to be significant (It' calculated 

1.54,6df). Similarly a comparison of mean Xi values derived from tho 

slopes of the plots showed no significant difference (ItIq calculated 

1.82,6df). The lack- of significant difference in these cases reflected 

the large errors associated with the results obtained after minus 

thirty seconds incubation. It was' noted that the difference in IC i 
values shown by Robinson and Robinson, (1968) after different periods 



182 

Tab ld 53 

Mean inhibition constant's LK. ) determined for the phvs , 6stig mine (11 

AcChE (E) reaction at pH 7.0 and 37 0 CI 

Each value is the mean of four determinations. 

VI ý- 'reaction velocity fo r the'AcCh-AcChE reaction in" the 

pres'enc'e' of I 

S] [AcCh] 1ý mol/I 

Time of incubation Type o Part of. gr Mean K Standard 
between E and I inhibition 11 f on " 

value i. 
error of 

(mins) o Zý, [ ff F; 7ol/1) 
mean 

used in 
calculation 

-0-50 Competitive - Abscissa 0-500 0-987 
intercept 

-0-50 
'Competitive 

Slope o. 67o 0-329 

+6. o Non- Ordinate 0.059 0.003 
competitive Intercept 

+6. o Non- Slope 0-072 0.012 
competitive 

, 
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of incubation were not statistically validated. 

It was seen from Table 53 that, after a given period of inhibitor 

incubation, the mean Xi values determined. from slopes of the double 

reciprocal plots were both numerically greater than those detemined 

from the intercepts of the plots and also had numerically larger 

errors. ! tl tests showed no significant differences between these 

mean Ki values. The calculated values of It' were 0-39 (6df) after 

minus thirty seconds incubation and 1.02 (6df) after six minute I 
incubation. These values were compared, with a theoretical value of Its 

of 2-45 for 6df and P= 0-95. 

Variance-ratio tests were perfo=ed on the K i, values calculated 

after each, of the incubation periods. It was found that the variance 

was significantly greater when derived from the slope rather than the 

intercepts after six minutes inhibitor incubation OPI calculated 13.02) 

but that the corresponding variances of the results after minus thirty- 

i 
seconds incubation viere not significantly different ('F' calculated 

1-31). The calculated values for, IF1 were compared with a 

theoretical value for 3 and 3 df at P= 0-95 of 9.28. 

The value obtained from the abscissa intercept foi Ki after minus 

thirty seconds incubation (0-50 pmol/1) was in close agreement 

with the value of 0.55 pmol/l given by Robinson and Robinson (1968) 

for the result after one minute, incubation with 0-1438 p mol/l 

physostigmine at PH 7.4 and 25 0 C. Dale nnd Robinson (1970) derived 

aKI value of 0-51 V mol/l for (-)-physoatigmine again after one 

minute incubation and at PH 7-4 and 25 0 C. 

It was considered -that the results from the present experiments 

were in sufficient agTeement with the results from the earlier papers 

quoted to justify proceeding to a comparable investigation of the 

benzotriazinium compounds. 
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Experiments to illustrate the kinetics and mechanism of the 

inhibition of AcChE by benzotriazinium compounds. 

(a) Exp6riments with 2-n-butyl - 4-T). -tolyl amino - 1,2,3 - 

benzotriazinium iodide. 

Five experiments were performed to investigate the interactions 

between AcChy AcChE and 2-n-butyl -4-P-tolYlaminq-1920- 

benzotriazinium ioýide (TBBI) (I) at PH 7.0v 370C and using an 

enzyme concentration of 0.05 units/mi. 

In each experiment the inhibited enzyme reaction rate (V') was 

compared with the uninhibited reaction rate (v) at four substrate 

concentrations (0.259 0.509 1.00 and 2.00 m mol/1). - The order of 

reaction of these concentrations in the presence and absence of 

inhibitor was varied between experiments. 

In two of the experiments the enzyme reaction was studied at the 

three concentrations [I) of 25,50 and 100 ýMol/l- The three 

remaining experiments utilised a- single inhibitor concentration.., [ 1) 

of 25 r mol/l. 

The enzyme inhibitor incubation time was three minutes in all 

experiments. - 

Results. 
I 

Table 54 shows the mean percentage' inhibition and its error 

produced by TBBI at each combination of substrate and inhibitor 

concentration tested. Inspection of this Table suggested an element 

of competition between substrate and inhibitor particularly at the 

higher concentrations of the latter. 

The results were further analysed in three different ways: - 

- -- (i) --By- -the -method- of -Dixon--(1953) 

This method was applied to the results from the two experiments 

in which [I] was varied. It involved plots of .11 against at 
V 

the different substrate concentrations. ' The resulting lines intersect 

above the abscissa at a value Of equal to -Ki in the case or 
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Table 54 

Mean percentage inhibition of AcChE produced by TBBI at pH 7.0 anci 

37 0 C. 

Figures in brackets refer to mimber of determinations. 

0 
[TBBIJ [AcCh] m mol/l 

ýJmol/l 

25 Mean 40-97 (5) 42-44 (4) 44-81 (5) 49.31. (5) 

50 

100 

2.0 1.0 0.5 0.25 

Standaxd e=r 0.60 2.18 1.24 2.17 

Mean 54.80 (2). - 58-30 (2) 59-49 (2). 
- 61-54 (2) 

Standard error 1.27 1-05 1.88 0-30 

Mean 62-59 (2) 62-93 (2) 70-39 (2) 76-58 (2) 

Standard error 0.69 2.65 - 0.39 0-44 
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competitive inhibitors. For non-competitive inhibitors the intersection 

point is on the abscissa at a value equal to -Ki (Dixon 1953). An 

alternative method of deriving the value of K, in the competitive caae 

involves the drawing of a horizontal line on the graph at a value of 

V1 above the abscissa. This line should intersect the lines drawn 
MAX 1 

for the - against [ Ijplots above the abscissa at the value equivalent 
vi 

to K. (Dixon91953). For this to be possible VMAX9 In the absonce of 

inhibitor, had to be determined as part of the same experiment. 

vi against Regression analyses were applied to the plots of 
1 

The results obtained in one of the experiments are illustrated in rig 

From such lines the inhibition produced by TBBI appeared to be 

competitive. The assumption was made that the inhibition produced by 

TBBI was, in f art 9 competitive and values for Ki calculated accordingly. 

The mean of seven values for K calculated from the intercepts or the 

1 values with the regression lines was 40-4 V mol/1 with a 

W 
standard error of 5.5 ýmol/l. The Y- i values were also 

ca. 1culated from the intercepts of the regression lines at 2.0 m mol/i 

substrate concentration with those at the other substrate 

concentrations in each experiment. Here the mean Ki value was 32-3 

MOO from five determinationsp the standard error of the mean 

being 10.8 p mol/l. 

(ii) By the method of Hunter and Downs (1945). 

This method pemits. the assessment of the type of inhibition and 

the calculation of K., by the combination of results from experiments 

with inhibitors at variable concentrations LSj and LIJ-A Plot of 
1 

xv against, [S] for a competitive inhibitor gives a 
v _v! K. 

straight line (slope ; -I- ) cutting the ordinate at a value equivalent YM 

to K- . For non-competitive inhibitors a straight line 9 parallel to the 

abscissa again cutting the ordinate at a value equivalent to Xi is 

obtained. 
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The mean values calculated from the function [, 1 
v 

Vi are v 
given in Table 55 in relation to the concentrations. [I] and [S) 

This Table also shows the results of It' tes-W between the mean 

values obtained with the different concentrations of inhibitor at each 

concentration of substrate. 

Table 55 showed that at all concentrations [I]'-the 
mean value for 

[I] x 7x, rose with increase in substrate concentration. The 
v-V 

rise appeared to be greatest at the 100 rmol/1 concentration of TBBI. 

This wz confirmed by the It' tests which showed-that whenTS) was 

2.0 m mol/l the'function was-significantly different'at each 

concentration 
[ I) . At a concentration of [ S] equal to either 1.0 - 

or 0*5 m mol/1 the function'when (I] was '100 "pmol/l was 'significantly 

different"from the function'when [I] was, 25 f1mol/l. This findinz 

suggestedihat the inhibition produced by 100 fxmol/l TBBI was more 

competitive in nature than thýe inhibition prod, ýced at"the lower 

TBBI concentrations. % 1 
Regression analyses were applied to plots of[, ] X- -, ý1 on [S] 

V-V 
as follows: - 

-(a) When only results obtaine1 with [I] equal'to 25 mol/i were 

'included. 

(b) When only result s obtained ýith'[I] equal to 50 mol/I were 

included. 

(c) When only results obtained with [I] equal. fo 100 r MOO were 

included. 

(d) When the results obtained with [I] equal to 25 - and 50ý 

mol/i were included. 

(e) When the results obtained with the three concentrations [I 

were combined. 

The resultant regression lines are illustrated in Fig 14. The 

regression line (c) for results at the 100 rmol/l inhibitor 
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Table 55 

Mean values for the function I1x VI from the AcCh-AcChE 
v V, reaction 

in the p resence (vt)-and the absence (V)-of TBBI (I) at PH 7 .0 and-37C) C. 

[AcCh] 

vmolzl 
I- 

m mol/I 2.0 1.0 0.5 0.25 

25 mean ( pmol/1) 36-07 (5) 34-40 (4) 30.9.6 (5) ' 26-13 (5) 

standard error 0.90 3-37 1-53 2-43 

result 1 4 7 10 

50 mean 41-30 (2) 35-79 (2) 34-13 (2) 31.25 (2) 

standard error 2.11 1.54 2.66 0-40 

result 2 5 a 11 

100 mean 5MO (2) 59.21 (2) 42.08 (2) 30-59 (2) 

standard error 1-75 6.69 0-78 0-74 

result 3 6 9 12 

Figures in brackets refer to number of deteryni nations. 

it' test It' df Itt Itt test It' df Ito 
between (cale). (theo) between (cale). (theo) 
results P--0-95 results P--0-95 

1 and 2 2-79 5 2-57 7 and 8 1.09 5 2-57 

1 and 3 13-43 5 2-57 7 and 9 4.29 5 2-57 

2 and 3* 6.75 2 4-30 8 and 9 2.87 2 4-30 

4 and 5 0.27 4 2.78 10 and 11' 1.26 5 2-57 

4 and 6* 3-81 4 2.78 10 and 12 1.09 5 2-57 

5 and 6 3-41 2 4.30 11 and 12 0-78 2 4.30 

Differenc es significant (P 0-95) 
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Graphs showing the effect of TBBI (I) on the AcCh (S)- 

AcChE reaction calculated by the method of Hunter and 
0 Downs. - (1945). PH 7-OP 37 C. 
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concentration in particularg suggested competitive inhibition. From 

191 

the intercepts of these five lines with the ordinate estimates for the 

Ki values were as follows: - 

(a) 27.2 rmol/l 

(b) 30.6 [tmol/l 

(c) 33.4 ýxmol/l 

A Fkmol/l (d) 280 

(e) 29.3 pmol/l 

(iii) By double reciprocal plots. 
1 In all experiments double reciprocal plots of -V! [S] and 

v 
[S] were applied to the reactions in the presence and absence of 

inhibitor. Regression analyses were applied to these plots and from the 

intercepts of the regression linesvalues for the kinetic parameters 'ý41 

KPI V and Vp were deter-mined. Mean values for these parameters are 

shown in Table 56 . The effect of increasing inhibitor concentration 

on the plot shown in Fig 15 - 

Inspection of the results obtained showed that in each experiment 

the value of Kp was greater than the corresponding value 1C. and the 

value V was greater than the corresponding value Vp. Values of It' MAX 

were calculated from these differences and, the probabilities were 

estimated that the differences were due to chance :,. The 

results of these tests are shown in Table 57 - 

It was seen that at all three concentrations [ I] the values F., 

and Kp were significantly different. So, too, were the corresponding 

value sV and Vp. These results"'suggested' that TBBI9 under the MAX 

conditions of the test in fact produced mixed inhibition of the AcChE. 

InsPection of Fig 15 and the, mean Kp and Vp values given in Table 

56 again suggested that the action of 100 M01/1 TBBI was 

significantly more comPetitive than the action of the lower 

concentrations. This suggestion was tested by the application of itt 

tests to the mean Kp values obtained at different concentrations 
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Table 56 

Mean kinetic i3arameters determined for the-AcCh-AcChE reaction in the 

absence' _(KM, 
VM) and Presence-(Kp, Vp) of TBBI at pH 7.0 and 37 0 C. 

[E) = 0-05 units/ml. 

TBBIJ KP 1ý4 V, 4Ax fx mo 1es VP 
MOO , cC Ah moles 

m molA m mc, 'A hydrolysed AcCh 
per minute hydrolysed 

per minute 

25 N 5 5 

i 0.2625 0.3851 1.3148 
. 
se 0-0115 0-0341 0.0364 

50 N 2 2 2 

1 0.2736 0-3780 1.3967 

se 0-0094 o. ol6l 0.0251 

.2 

0.6429 

0.0181 

100 N2222 

x 0.2736 0.8921 1.3967 0.7225 

se 0-0094 0.0252 0.0251 0-0051 

N= Number of observations 

x= mean parameter 

se = standard error of mean, 

5' 

0.8225 

0.0247 
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Table 57 --z 
Values for It' calculated from the differences between Kp and K- and m 
V and Vp from reactions between AcCh and AcChE 
MAX at PH 7.0 and If C 

in the presence and absence of TBBI.. - 

[TBBI]mol/l test between calculated Af Probability tW 
differences in value of'tf differences 

due to chance. 

ý 2.5 x 10-5 
. 

Kp and Y., - 1 . 3-75 -ý:,: 4, < 2% , :ý jy, ) 
10-5 2-5 x V. and Vp, 18.09 4, <0.1 

-5 5-- 0x 10 , --Kp and K 
-_15.6 

3 <5% 2.5% 
C5 5-0 x V and Vp 

MAX 107.62 <1% 0- 5% 

10-4 Kp and K. - , --36-84 -, -1 - /, 2yo ; ý, 1% 

10-4 VMAiand VR 22 40 <5% 
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and to the mean Vp values obtained at these concentrations. These 

results are given in Table 58. It was found that raising [I] from 50 

to 100 14 mol/1 produced a significant rise in Kpq the effective 

Michaelis constant. The a3sociated shift in the double reciprocal plot 

resulted in there being no significant difference between Vp at the 

concentration C I] of 100 r mol/1 and at each of the other two 

concentrations [I] The point of intersection of the line when 

was 100 r mol/l with the line when I] was 0 moved nearer to 

the ordinate (Fie 15 

As the results under discussion suggested that the inhibition 

produced by TBBI was miaEed values for Ki were not derived from these 

plots. This was because mixed inhibition implies a mixture of 

partially competitive inhibition with some form of non-competitive 

inhibition and K,. values cannot be accurately derived for partially 

competitive inhibitors by simple graphical means (Dixon and Webb, 1964). 

I (b) Experiments with other benzotriazinium compounds. 

In order to ascertain whether the other three series of 

benzotriazinium compounds were likely to have a significantly different 

mode of anti-AcChE action from TBBI preliminary experiments were done 

with PMBII BBBI and A5BI representing the 4-phonethylamino-, 4- 

benzylamino- and 4-anilino-series respectively 

Four experiments were perfomed with PMBI and A5BI and three with 

BBBI. Each experiment involved the study of the reaction rates at the 

four concentrations [ S] (0.259 0.59 1.0 and. 2.0 m mol/1) both in the 

absence and presence of a sinýle concentration[ I) The 

concentration I I] chosen for each compound was 50 mol/1 for IIMBI 

and A5BI and 100 r mol/l for BBBI. 

The parameters KMv Kpq V and Vp were calculated for each 
MAX 

compound by double reciprocal plots as described for TBBI. Mean valuoli 
for these Parameters are shown in Table 59- 
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Table 58 

Results of It' tests between mean kinetic parameters Kp at different 

concentrations [II and between mean kinetic parameters Vp at 

different concentrations [II 

Test between I 
it, (cale) df t(theo) 

. V% A^ r- 
KP and. Kp 

1 
17.72* 2 430 

loor mol/1) 1] 50tA mol/1) 

KP and Kp 7-73 6 

locý mol/1) [I] 25r mol/1) 

KP and Kp 0.26 6 

25tt mol/: L) [I] 50fkmol/-I) 

VP and Vp 4.25 2 

[I] locý molyl) [I] 50t. L mol/1) 

VP and Vp 2-31 6 

looý mol/1) [I] 25tA mol/1) 

VP and Vp 4.22* 6 

[I] 25p. mol/1) 50[j. mol/1) 

Differences significant (P--0.95). 

2.45 

2.45 

4.30 

2.45 

2.45 

k 
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Table 59 

Mean kineti6 Parameters determined for the AcCh-AcChR reaction in 

the presence and absence of three benzotriazinium comi 5ounds at 1311 7.0 

and 370C. 

Benzotriazinium Mean K. Mean Tp 
ri 

Mean V MAX Mean Yp 
compound. 

value value (M- 
mol/1) 

TM---Mol/l) yalue 
(tA moles 

fue 
ýoles 

AbCh AbCh 
hydrolysed hydrolysed 
per min). per min. ) 

PMBI 

BBBI 

A5BI 

0.2715 0.3958 1.3111 0.8368 
(0.0227) (0-0415) (0-0324) (0.0272) 

0.2683 0.4788 
. 
1-5199 0.8111 

(0.0227) (0-0771) (0-0333) (0-0349) 

0.2980 0.4023 1.5277 0.9772 
(0-0142) (0.0275) (0.0215) (0-0179) 

Figures in brac kets are standard errors. 
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It was noted that for each experiment performed with each compound 

the valueof Kp was always greater than-the value for KM. Similarly the 

value for V was always greater than the corresponding value Vp. The MAX 

significance of these differences was tested by the calculation of 

values for It' which are given in Table 60 . The results of the It' 

tests showed that with the use of both PMBI and A5BI under the given 

conditions significant differences existed both between K. and Kp 

va, lues and between V and Vp values. This showed the production of M 

mixed inhibition by these compounds. They thus resembled TBBI when 

tested in a comparable manner. 

By contrast no significant difference between the X. and Kp values 

was detected for 13BBI*although a significant difference between V MAX 

and Vp values was found. This suggested that, under the conditions of 

the testv BBBI was acting as a non-competitive inhibitor of AcChE. It 

may have been, howeverp that the lack of significant difference'in the 

1ý4 and Kp values reflected the use*-of only two degTees'of freedom- in 

the comparison and the fact that as earlier results from the AcCh-AcChE 

reaction had showng Michaelis constants were subject to more variation a 

that the VmAx values. 
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Table 60 

and Values for It' calculated from the differences between Rp and Fý 

v End Vp from reactions between AcCh and AcChE at-pH 7.0 and 37 0 C. 

in'the -presence, and absence of TBBI' 

Coiýpoun test'between calculated value df Probabilitv that 
differences in Of Ott ferences are 

due to'chance. 

PMBI Kp and F. 4-16 3 < 5Yo >2.5% 

M, v md, Vp 10-76- 3 <0 - 5Yo > 0.1yo 

BBBI Kp and YM 3-09 2 > 5Yo 

-BBBI V and Vp MAX 31.69 2 < 0.1% 

-, I A5BI Kp and 1ý4 4.57 3 < 2Yo 

A5BI V and Vp MAX 22-31 3 <0.1% 
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Consistenc3ý of results with TBBI as AcChE inhibitor.. 

The present research permitted an assessment of the consistency 

with which the AcChE inhibition produced by TBBI cuuld be measured 

over a period of time under narrowly defined conditions. 

From experiments at PH 7.0 and 370C and with concentrations of 

enzyme (0-05 units/ml)p substrate (1.0 m mol/1) and TBBI (25 t,. mol/1) 

the following pe3ýcentage inhibitions were measured: 44.92% on the 

first occasion, percentage inhibitions within the range 36. o7% to 45-90% 

after three months and an inhibition of 40-53yo after ten months. 

When the concentration of TBBI was 50 p mol/I percentage 

inhibitions of 58.69% on the first occasion, 51.61% after ten months 

and 59-35% after fourteen months were measured. 

At a concentration of TBBI of lbo rmol/l percentage inhibitions 

ranging between 60.28/Do and 65.12/Do were measu-ced over a period-of five 

months. 

These results suggested that the pH - stat techniqueg'under the 

chosen conditions-t could measure TBBI-induced inhibition of AcChE 

with' a reasonable precision over a period of between five and ten 

months. 
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The effect of pH on the inhibition of AcChEproduced by TBBI at 370C 

In view of the fact that insoluble and biologically inactive 

zwitterions might be fo=ed at pH values of 7.4 and above for the 

4-P-tolylamino-series of benzotriazinium compounds (Cull and Scott , 

'1973), a pilot experkaent of the eifect of pH on the action of TBBI 

was perfomed. 

The experiment involved the determination of reaction velocitien 

at 370C for the AcCh-AcChE reaction in the presence and absence of 

TBBI (50 ft mol/1) at each of six pH values between PH 7.0 and pH B. O. 

The pH values were-7.0, ' 7.2.7-49 7.69 7.8-. 'and 8.0. From the reaction 

velocities the percentage inhibitions of AcChE at these PH values were 

determined and were: -' 

PH 7.0 7.2 7.4 7.6 7.8 8.0 
YO inhibitions 51-61 55-1'6 47.27 50-35 48-94 51-04 
of AcChE 

This-result showed an apparently random variation in the 

inhibition of AcChE produced by TBBI, within the overall range of 47% 

to 55Y6 inhibitiong over the pH range tested. It wa's concluded that 

the effect of TBBI on erythrocyte AcChE at 37 0C was not likely to be 

significantly modified by pH changes in the range PH 7.0 to pH 8.0. 
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The effect of TBBI on the reaction between AcCh and AcChE from 

electric eel at pH 7.0 and 37 0 C.. 

In the Introduction to this thesis it was pointed out that 

different forms of AcChE mav show differences in structure. It was 

decided, thereforep. to perform pilot experiments in which the effect 

of TBBI was examined on the reaction between AcCh aiid AcChE from a 

source other than bovine erythrocytes. For this purpose AcChE from 

electric eel was selected and used at the same concentration of 0.05 

units/ml an the erythrocyte enzyme in previous experiments. 

The reaction between AcCh (0.25 to 2.0 M. M01/1) and ihis 
enzyme 

was dharacterised by the determination of'a KM value from each of two 

experiments. This mean Km value was 6-1884 m m0l/l(standard error 

0.0568). 

Three experiments were performed to determine 1 50 values for 

TBBI. Each experiment involved the reaction beýtween a 1.0 m mol/l 

concentration AcCh and each of three concentrations TBBI within the 

range 6.25 to 50 r mol/l. Prom a comparison between the reaction 

rate for the AcCh with the enzyme alone (v) and in the presence of 

MBI (v1) the ratios -vl wure derived. These were plotted against 
v 

[TBBI) and regression analyses applied to these plots. The errors 

of these regression lines 
(Ib-) 

x 100/16 were within the range 2 to 6% b 

and pointed to the linearity of this relationship. The I values 50 
were determined from substitution of a value of Z, equal to 2 in 

v 
the -regression equations. 

The mean 1 50 value for TBBI was 14.5 P mol/l (standard error 1.0 

mol/1 ) and compared with the 1 50 value of 34 t" mol/l recorded for 

TBBI from the reaction between AcChE (1-0 M mol/1) and erythrocyte 

enzyme (Taýle 49 )- 

i This, result suggested that the potency of TBBI an an inhibitor 

of AcChE might differ with the type of,, AcChE under test. 
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General Discussion 

The present research was undertaken to examine a series of 

benzotriazinium compounds for ant i-ac etylcholine st erase activity. 

The -intention was to measure any such activity; to attempt to 

elucidate the mechanism-of this activity where present; and to assess 

the likelihood that such an action might, have influenced the 

pharmacological actions of these compounds on skeletal muscle 

preparations reported by' Cull (1972). 

In. the-event the major paxt of the present research has been 

devoted to an examination and comparison of the Warburg manometric 

method, and the pH - stat method for the measurement of AcCh-AcchE 

mactions. ý These methods were selected from a wide, variety of possible 

methods onthe basis of the availability of the appropriate 

apparatus and the claims made for their accuracy and precision. 

The Introduction to this thesis diowed how many factors could 

affect the measured activity of a cholinesterase enzyme.,, The type, 
i 

source and-purity, of the cholinesterase; its reaction with a given 

substrate, and their relative concentrations; the effect of pH. 

inorganic ionsp the, pr. esence of buffers and the temperature of the 

reaction were amongst such factors mentioned. It was decided9therefore, 

to concentrate most of the research on one form of AcChE studied under 

closely defined experimental conditions. 

The Discussion on results from the Warburg manometric experiments 

pointed out that claims for the precision and accuracy of a 

particular experimental method may be somewhat equivocal particularly 

with, reference to routine determinations. Thus it was considered 

important to investigate the chosen methods in respect of their 

accuracY and -precision under routine conditioils. So far as accuracy 

was concerned the only criteria for comparison were generally 

accepted values. in the literature for given parameters derived under 
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similar experimental conditions. For example, values for ý4 within 

the range 0.1 to 1.0 m mol/l axe generally to be expected for the 

AcCh-AcChE reaction (Barlow, 1964). It became clear that there was a 

need to investigate precision at more than one stage in the derivation 

of the results from experiments. For example the precision with 

which reaction velocities obtained with given concentrations of eneyme 

and of substrate were derived was assessed in respect of the 

experimental technique used and the treatment of recorded data. 

A. dditionally similar assessments were made in respect of the 

derivation of the related kinetic parameters KM and V. This type MAX - 

of infomation from cholinesterase determinations is not generally 

available in the literature and it was felt that such studies must 

precede any attempt, to apply the methods for AcChE determination to 

the investigation of the benzotriazinium compounds. Inter-laboratory 

variations in results and the need for quality control procedures in 

the measurement of cholineert. erase aotivities have been- emphasized by 

Serat and'Mengle (1973). 

Of particulax interest was the finding from the pli - stat 

experiments that the precision of the kinetic parameters KM and V MAX 

derived from the double reciprocal plot Of on were not 

significantly worse than those derived by a plot of v on X, 
. The (S] 

values of these parameters were of the same magnitude when derived by 

the two pýots. The condemnation of the use of the double reciprocal 

plot for the determination of kinetic parameters (Colquhoun, 1969,1971) 

has not been borne out under- the experimental conditions of the 

present research. It was noted that Dixon and Webb (1964) expressed 

a preference for the double reciprocal plot. 

The present research included an investigation of certain-factors, 

such as the influence of the substrate and enzyme preparations and 

the volumes of added reagent, which Might have influenced the accuracy 

of the results. ý ;, 
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It was concluded that of the two chosen experimental methods 

the pH - stat technique has afforded the greater precision and 

convenience. 

Table 17 for example showed that the overall coefficient of 

variation in twenty-four measurements by the Warburg manometric 

method of the velocity of reaction between AcCh (2.0 m mol/1) and 

AcChE (0-05 units/ml) at 370C was 13-52Yo. These results were obtained 

with the use*of a single master enzyme solution (M. E. S). When the 

reaction- velocities calculated from fiftyý-one reactions between these 

concentrations of'enzyme and substrate but using the PH - stat method 

were examined, an overa-11 coefficient of vaxiation of 10.06% was 

found. Howeverg this variation -covered reaction velocities obtained 

from the use of eight different M. E. S. Coefficients of variation in 

the velocities obtained with the eight individual M. E. S varied from 

2.00/16 to 8-39% (Table 36 )p five of the eight coefficients being less 

than 5c/o. 

Whilst the pH-stat method only permitted the measurement of one 

reaction velocity at a time this velocity was measured over a shorter 

period of time and with few manipulations than a corresponding 

measurement of reaction velocity by Warburg manometery. Wilhelm, 

Vandekar- and Reiner (1973) supported the use of quick methods of 

determining choline'sterase inhibition where there was a possibility of 

spontaneous reactivation of enzyme from an unstable complex with 

inhibitor. Equally they stated that an assay should 'not be so long as 

toýper-mit further enzyme inhibition during its course. The graphical 

representation of a reaction on the pH - stat titrigraph percýitted a 

rapid evaluation of that part of the curve which was to be used to 

calculate reaction velocity. Prom this a tangent could be quickly 
fitted to the curve at the appropriate point or the digital read-out of 
titrant added over that period easily recalled for the measurement of 
the velocity. By contrastl-ui3ing the Warburg methodt each reaction 
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velocity calculation involved the fitting of a regression line to a 

series of pointsl each point being, in turng computed from four 

readings. 

Thus the pH - stat method was chosen for an examination of the 

benzotriaziniilyn compounds and physostigmine as anti-acetyleholinesterase 

compounds. 

It should be borne in mind that the chosen method of assay may 

have influenced the measurement of the inhibitor activity by virtue 

of the restraints imposed by the chosen experimental variables. In 

this context it is important'to realise that the reactivity of a 

membrane-bound cholinesterase 'in situ' towards inhibitors nnd 

suhstrates may be different-from its reactions in solution. (Ehrenpreis 

et al 1969). 

Experiments with the pH'- stat method confirmed the anti-AcChE 

activity of PMBI and BnPBII-previously tested by Warburg manometry. 

Additionally the pH-stat method has shown that anti-AcChE activity is 

a property shown by all the members of theJbur series of 

benzotriazinium compounds tested for pharmacological activity by Cull 

(1972). 

The relative weakness of the benzotriazinium compounds tested 

as AcChE'inhibitors, as measured by 1 50 values has already been 

remarked. This point may be confirmed by an examination of data 

concerning compounds tested as. anti-cholinesterases. As examples, 

the pI* values listed by Barlow (1964), and Usdin (1970) and the I 50 50 

values listed by Metcalf (1971) for many test compounds of differing 

structures may be consulted. 

Usdin (1970) pointed out, howeverl that p, 1 50 values are 

meaningless unless given in the context of the experimental conditions 

in which they were derived. He quoted p1 50 valuee 'for 

physostigmine ranging from 7-0 to 8-0 and derived by the une of 

various combinations of pH, temperature and inhibitor contact time. 
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He-also emphasized that inhibition is a function not only of the 

inhibitor but also of the enzyme. Here p1 50 values for D. F. P were 

quoted which varied for AcChE from two different sources and fory ChE 

from two different sources. Thus comparisons of 1 50 Values with 

. results in the literature may often be less than precise. 

It should also be emphasized that the meaning'of a p, 1 50 value 

for a reversible inhibitor in relation to the kinetic parameter K 

will only be clear if the type of'iýhibition produced and the 

characteristics of the enzyme studied are known (Barlow91964). For 

TBBI the reversibility of its inhibition of AcChE was established. 

-- It was shown in the case of physostigmine that kinetic behaviour 

may be altered by enzyme-inhibitor contact time. This adds further 

caution to the interpretation of the anti-AcChE activities of the 

benzotriazinium. compounds except under the-given experimental conditions. 

It was noted that the interpretation of the results obtained with 

TBBI asýAcChE inhibitor at PH 7.0 and 37 0C and after an incubation time 

of three minutes could be influenced by their mathematical treatment. 

T; e plots of Dixon (1953) and of Hunter'and Downs (1945) applied to 

results obtained with TBBI as icChE inhibitor and examined in isolation 

permitted the conclusion that, the inhibition produced was competitive. 

This woulý allow estimates of K. to be made, as was done in this 

research. The estimates were that the value of Ki lay within the 

range 27.2 to 40-4 [11 mol/l depending upon the method of derivation. 

Double-reciprocal plotsl however, suggested that inhibition was mixed, 

a situation not permitting calculation of accurate Ki values from the 

data presented in the present research. This type of inhibition was 

i)-lso found for, PMBI and A5BI under the Mme conditions. It suggested 

that as well as complexes between enzyme and substrate and between 

enzyme and inhibitor, complexes of enzyme with both substrate nnd 

inhibitor may be formed (Dixon and Webb, 1964) 
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Again caution in the interpretation of literature data may be 

required. Robinson and Robinson (1968) calculated a K, value for 

physostigmine, when inhibition was shown to be mixed from the slope 

of the double reciprocal plot in the presence of the inhibitor. They 

apparently used the expression*. - 

F, gradient =m0 
VMAX 

This relationship holds only for fully competitive or fully non- 

comp . etitive inhibitors (see Zeffren and Hallp 1973)- 

From. experiments performed with physostigmine it was shown that 

the precision of Ki values may be influenced by the graphical 

parameter used in its derivation. The Ki values derived in situations 

where the inhibition was established as non-competitive were shown. to 

have variances which were significantly greater when derived from ýhe 

slope of the double reciprocal plot rather than from the intercept of 

the plot with the ordinate. 

That the benzotriazinium compounds have anti-AcChE activity may, 

perhaps, have been anticipated from the literature. Baker, Ho and 

Santi (1965) and Baker and Ho (1966) tested compounds with the 

s-triazine structure as inhibitors of the enzyme dihydrofolic 

reductase. ' Recently Sacher, Alt and Darlington (19730 reported on the 

effectivemess of a series of benzotriazolyl, methyl and dimethyl- 

oaxba'mates as inhibitors of fly and bovine erythrocyte cholinesterase. 

The 1 50 values for these compoiInds ranged'f3? qm 0, -04pmo'A to 80 p mol/i 
against the fly enzyme and from 8ýmol/l to 500ýmol/l against the 

bovine enzyme. The latter values are cOmParable with the values 

found in theýpresent'research against this enzyme. In hie Table of 

insecticides thought to inhibit AcChE Corbett (1974) included compounds 

in which triazine structures were linked to phosphorus containing 

groupS, 
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The explanation of the biological action of the benzotriazinium 

compounds in molecular term is not yet clear. Bakerg Ho and Santi 

(1965) and Baker and-Ho (1966) stressed the importa=e of hydrophobic 

bonding between substituted s-triazines and dibydrofolic reductase. 

Kabachnikv Brestkinq Godovikovq Michelsony Rozengart and Rozengart 

(1970) reviewed-the evidence for the existance and disposition of 

hydrophobic areas on the active surface of, both butyrylohol ine st erase 

and ar, etylcholine st erase. They suggested, that these areas may serve 

to throw a hydrophilic substrate molecule such as acetycholine into 

contact'with the active centreýof the enzyme and so facilitate their 

reaction'. 'Further it was suggested that the binding between hydrophobic 

axeas away from the active site-- of the enzyme and bulky hydrophobic 

groups'6ri drug molecules'led to blockade bf the receptor area by 

hi: 1dering desorption of the drug from the recoptor., It is possible 

that such a mechanism may obtain with theý benzotriazinium compounds. 

, -, *,, -, Cull (1972) "reported for each of the ýfour series of , 

benzotriazinium compoundsv -the clear increase of agonist activity on 

both the-'frog rectus abdominis and chick biventer cervicis 

preparations with increase in the length of the n-alkyl side chain 

attached to the quaternary nitrogen atom. Thie'reached a maximum with 

the n-butyl analogue. She, also showed that whilst lipid solubility 

was of'importanceIn-agonist activity the relationship between these 

variables was not consistent for all compounds, Evidence was 

presented that in the frog-rectus abdominis preparation alterations 

to the alkyl side chain were having, a greater effect on activity than 

changes in the 4-arylEroups. With the chick biventer cerviois, 

preparation the effects of altering the two groups was not markedly 

different. This led to the suggestion that the benzotriazinium 

binding sites in the different Preparations might differ structurally, 
The fact that theýbenzotriaziniumýcompojjnds 

showed no immediately 
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apparent -relationship between structure and'anti-AcChE activity is 

perhaps -not surprising. Cull and Scott (1973) proposed that the 

compounds were acting on the chick and frog tissues Me quinine and 

quinidine. They pointed out that if the compounds were acting through 

an acetylcholine receptor an increase of agonist activity with 

increase in the size of the alkyl group attached to the quaternary 

nitrogen atom wauld not be expected. Antagonism of the a6l'on-ist effects 

by tubocurarine would also be expectedt but this was not ýseen. ýThe 

resemblance of the neuromusculax effects 6f the benzotriaziriium 

compounds to those of quinidine was also reported by Khan (1973). In 

addition he showed that the benzotriaziriium compounds possessed 

cardiac depressant activity. Thus their pharmacology is complex as 

possibly also is. their activity at a molecular level. 

It is clear that in respect of their anti-AcChE activities 

further experiments should be performed with the benzotriazinium 

compounds. - These should- include both deeper kinetic studies and a 

further investigation of structure-activity relationships in order to 

shed more light on the mechanism of their cholinesterane inhibition, 

Such studies should encompass-, a'wider range of variables than 

presently tested and may be conveniently performed by the use of the 

pH - stat technique. 

Of particular relevance here was the finding, from a pilot 

experimentq that TBBI was approximately twice as potent against eel 

AcChE as against the bovine erythrocyte enzyme. This confirmed the 

finding of Sacher et al (1973) that triazine-containing inhibitors may 

have maxked differences in potency against different types of 

cholinesterase. It would be informativel in view of-the 

neuromuscular activities of the benzotriazinium compounds, to test them 

against cholineaterase from such a tissue. This might not be 

straightforward. Berry and 1jutland (1971) for example produced 

evidence that diaphragm muscle of guinea pigt man and. rat contained 
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both soluble and particulate AcChE (E-CP3.1.1-7) and a soluble 

cholinesterase (E. C. 3-1.1-8). 

In general it may be concluded that with the emphasis in the 

present research being placed on'the assessment of AcChE activityt the 

possible contribution that anti-AcChE activity has made to the 

pharmacological actions of the benzotriazinium compounds on skeletal 

muscle preparations has not been elucidated as hoped. The doses of 

benzotriazinium. compounds producing 509/6 inhibition of AcChE are of 

the same magnitude as those reported by Cull (1972) and Khan (1973) as 

producing phaxmacological effects. on skeletal muscle. It must be borne 

in mind, howeverg that in the present research the benzotriazinjum 

compounds have been applied directly to the enzyme preparation. In 

the case of the -pharmacological preparations tissue barriers to the - 

access of these compounds might mean that the concentrations able to 

reach the AcChE in such preparations are lower than those used in the 

present research. This possibility lends support to the need for a t 
future study of the benzotriazinium compounds as inhibitors of 

neuromuscular AcChE., preferably in-parallel with similar studies on 

quinine and quinidine whose pharmacological properties-are said to be 

similar to those of the benzotriazinium compounds. 
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