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ABSTRACT

MAMMALIAN BRAIN ACETYLCHOLINESTERASE. A study of its solubiliza
tion, purification, molecular state and interactions with cholin
ergic ligands including an endogenous modulator
Bertil Niklasson, Department of Pharmacology, University of 
Umeå, S-901 87 Umeå, Sweden

Membrane bound AChE from calf brain caudate nucleus was solu
bilized by use of ion-free media in presence of 10~ M EDTA and 
10“5M tetracaine. The irreversible release of AChE was more ef
fectively inhibited by divalent ions compared to monovalent ions 
added to the medium. EDTA appears to chelate divalent ions re
leased from the tissue while tetracaine competes with the same
ions at the membrane. The tetracaine effect is restricted to the
procaine series of local anesthetics. Small amounts of soluble 
AChE are present in the cytosol fraction.
In fresh preparations most of the enzyme appeared in a form hav
ing a molecular weight of 80.000 daltons as determined by gel
filtration. The enzyme seems to be released in this form. It is
proposed that this form represents the monomer form of the en
zyme. In solution the AChE aggregates seemingly together with a 
factor that is released from the membrane in amounts stafchio- 
metric to the enzyme. By treatment with DEAE-Sephadex the enzyme 
preparation can be made non-aggregating. A highly purified non
aggregating monomeric AChE Specific activity 17150 micromoles 
acetylthiocholine hydrolyzed per minute at 27° C per mg protein) 
was obtained by affinity chromatography.
Some anomalous binding phenomena was observed during the affini
ty chromatographic purification. The main observation was that 
edrophonium eluted crude enzyme preparation adsorbed to the 
affinity gel in a biphasic manner. It was found that in the 
crude preparation there is present besides unspecific material 
competing with the enzyme for the affinity gels a factor that 
increases the affinity of AChE to certain cholinergic ligands. 
Since the enzyme could be titrated by the factor it seems to 
have a very high affinity to the enzyme and the biphasic elution 
curve is explained by the presence of free as well as factor- 
bound enzyme in the preparation. In search for compounds having 
a similar effect it was found that fluoride ion too increased 
the affinity of AChE to the same ligands as the factor.
The affinity of edrophonium to the site defined by the binding 
of AChE to MTA-CH (65x 10“5m ) is lower than that defined by the 
enzyme inhibitory constant (1.8xlO“7M). As an explanation of 
this finding it is proposed that the substrate induces a con
formation having high affinity to edrophonium, a conformation 
that has a comparatively low relaxation rate. Thus acetylcholin
esterase may be added to the list of enzymes that have hystere- 
tic properties.
Key words: Affinity chromatography, caudate nucleus, acetylcholin

esterase, tetracaine, décaméthonium, d-tubocurarine, 
edrophonium, fluoride ion, hysteric properties, endo
genous ligands to AChE ISSN 0364-6612
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Apart from some previously unpublished results and a more 
thorough presentation of the kinetics the present thesis is 
based on the following articles which are being referred by 
their roman numericals:

I The release and molecular state of mammalian brain acetyl
cholinesterase. Hollunger, E.G. and Niklasson, B.H.,
J. Neurochem. 1973, 2JD, 821.

II The use of affinity gels for the study of ligand binding
properties of mammalian acetylcholinesterase. Hollunger, G. 
and Niklasson, B., Croatica Chemica Acta 1975, 4_7, 361.

III The isolation of endogenous modulators of the affinity of 
acetylcholinesterase to cholinergic ligands. Hollunger, E.G. 
and Niklasson, B.H., Acta Physiol. Scand. 1981, in press.

IV Fluoride ion, a modulator of the affinity of acetylcholin
esterase to cholinergic ligands. Niklasson, B., Manuscript
submitted to Mol. Pharmacol.

Abbrevations are the same as used in the articles. References 
that are adopted from the articles are marked by x. The figures 
and tables of the articles are referred by german numericals 
while those of the present thesis are referred by roman nume
ricals. When two articles are discussed in the same section the 
article number is added.

Formulas of the ligands used or referred to in the text are 
shown in appendix, (fig X) .
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INTRODUCTION

AChE is a membrane bound enzyme present in various tissues 
throughout the animal kingdom. The enzyme is of special interest 
to the pharmacologist and the physiologist because of its in
volvement in the chemical transmission of ACh between neuronal 
cells and between neuronal cells and effector cells. The richest 
source of the enzyme is the electric organs of electric fishes 
and the mammalian erytrocytes. Most experimental work on the 
properties of AChE are obtained from experiments using enzyme 
from these sources and not from brain and nerve tissues. AChE 
is readily distinguished from the class of soluble pseudocholin- 
esterases by its substrate specificity and the inhibition by 
selective inhibitors and substrate inhibition.

The absolute structure of the active site of AChE is unknown 
but based on indirect evidence several models for the binding 
sites have been presented. Since there are relatively small 
variations in substrate specificity and inhibitor selectivity 
of AChE between different acetylcholinesterases it is widely 
accepted that general conclusions from the topography of the 
active site of the whole class of acetylcholinesterases can be 
drawn from observations on AChE preparations from such diverse 
sources as electric organs, erytrocytes and nerve tissue.

The first more elaborate model of the active site of AChE was 
published by Bergman, Wilson and Nachmansohn 1950. Its general 
features seem to have been accepted by most investigators. Two 
main elements have been distinguished in the active site of 
AChE, one anionic subsite complementary to the quaternary group 
of ACh and one esteratic subsite complementary to the ester 
linkage. The esteratic subsite contains three elements, two of 
them, a serin hydroxyl group and an acidic tyrosin hydroxyl 
group, are involved in the binding of substrate and the third, 
a histidine nitrogen is involved in the acid-base catalysis.
The acetyl group from the substrate is transferred to the serin 
hydroxyl and the resulting ester linkage is then hydrolysed.
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Good evidence has been presented that the substrate induces a 
conformational change in the enzyme that result in a precise 
alignement of the catalytic groups with the susceptible bonds 
on the substrate (induced-fit). Further there is present peri
pheral sites, that bind cholinergic ligands, of assumed regula
tory function. Rosenberry (1975a) has suggested an acidic group 
for the binding of the fluoride ion in the esteratic site and 
close to the anionic subsite a tryptophan residue for the bind
ing of aromatic cationic inhibitors in induced-fit inhibitory 
ternary complexes. Hydrophobic areas surround the anionic as 
well as the esteratic subsite. The most elaborated model hither
to has been proposed by Rosenberry (1975b) (fig. I).

The aim of the present investigation was to study the binding 
topography of a neuronal form of AChE. For this reason gentle 
methods for bringing the enzyme in true solution in monomeric 
form and for the purification was worked out. Affinity chromato
graphic methods were used for an analysis of the binding sites 
of the enzyme to cholinergic ligands. Of available physical 
methods for such studies affinity chromatographic methods seem 
to be the only suitable in case of this enzyme. This is apparent 
if it is considered that in order to obtain 1 mg of pure enzyme, 
as judged from the specific activity of the enzyme reported in 
paper III, about 1000 calf brains are needed. Affinity chromato
graphy is possible to perform by use of 0.2 micrograms while in 
other methods amounts in the mg-*range are needed.

SOLUBILIZATION

Previous investigations

Much effort has been paid to the solubilization of the mem
brane bound AChE (table I). In case of the electric organs auto
lysis by long term storage under toluene has been used. The 
principle of enzyme digestion has been used also for the solu
bilization of the enzyme from other tissues. In these cases 
proteolytic and lipolytic enzymes have been added in order to 
accelerate the lytic processes. Some workers have used organic
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Table I

Authors Source Solubilization

Little 1948x mouse brain M, salt, pH
Ord & Thompson 1951x rat brain M, anions, D, cationic, 

anionic, nonionic, Dig, 
trypsin, pepsin, papain

Toschi 1958x rat micro- 
some s

D, Lubrol W, Tween, Desoxy- 
cholate, Dig, ribonuclease, 
Lecitinase D, (Cl^welchii 
toxin), Lecitinase A, (Cro- 
talus A. venom), lipase, 0, 
n-butanol, EDTA

McArdle et al. rat brain D, lysolecitin, Dig, snake
1962x slieces venom of Agkistrodon p. pis- 

civorus (phospholipase A)
Brunngraber & 
Aguilar 1962x

rat brain mito-D, Triton X-100
chondrial
fraction

Lawler 1964x calf caudate 
nucleus

0, acetone, ether, toluene, 
M, pH, Dig, hyaluronidase, 
lysozyme, neuramidase, ribo
nuclease, snake venom: Naja 
naja, Agkistrodon p. pisci- 
vorus, lipase

Got & Polya 1963X sheep brain D, Lubrol W
Jackson & Aprison 
19 6 3X

beef caudate 
nucleus

0, n-butanol

Cauvin & Ellman 
1964

rat brain D

Jackson & Aprison 
1966x

calf caudate 
nucleus

0, n-butanol

Kremzner et al. 
1967x

human caudate 
nucleus

D, Triton X-100

Hollunger & Niklas- 
son 1967x

calf caudate 
nucleus

M

Ho & Ellman 1969x rat brain D, Triton X-100, Dig, bac
terial protease

Kaplay &■Jaqanna- 
than 1970x

ox caudate 
nucleus

Dig, pancreatic elastase

Chan et al. 1970 ox caudate 
nucleus

M, sucrose 0.3M, EDTA

M = water extraction, D 
0 = organic solvent

detergents, Dig = digestion,
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solvents to bring the enzyme in solution. In most cases however 
detergents of different kinds have been used to solubilize the 
enzyme. A drawback with these methods is that the enzyme may 
loose some of its native properties. This also applies to de
tergents since it may be hard to extract the last molecules 
bound to strategic areas.

During an investigation of the distribution of AChE between 
different cell constituents it was observed that a significant 
part of the activity appeared in the supernatant after high 
speed centrifugation of a homogenate prepared from calf brain 
caudate nucleus in sucrose medium (Hollunger and Niklasson 1967).

Present investigations

The finding that AChE could be brought in solution simply by 
the extraction in ion-free media (Hollunger and Niklasson 1967) 
was further analysed in paper I. It soon appeared that a sub
stantial amounts of the AChE activity in the homogenate could 
be found in the combined supernatants from repeated extractions 
of particulate fractions by sucrose solution (table 2). The same 
result was obtained by distilled water indicating that the re
lease of enzyme from the homogenate was not due to an osmotic 
disruption of the cell constituents. As judged from the activi
ty with selective substrates and the activity in presence of 
specific inhibitors the released activity was acetylcholin
esterase activity (table 3). The release of the enzyme was how
ever not instantaneous. In the course of incubation at room 
temperature the recovery of the activity in the supernatant from 
a particulate fraction thus increased at least during 2 hours 
(fig. 1). It was further found that the per cent recovery of 
the enzyme in the supernatant was decreased by increasing the 
concentration of the homogenate (table 7). These observations 
suggested that the release was inhibited by a factor extracted 
from the tissue into the medium. If the preparation was made in 
ionic media only about 4 % of the total enzyme activity appeared 
in the supernatant (table 1). Under these conditions the per 
cent extraction was materially independent of the concentration
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of the homogenate (table 7). These observations certainly in
dicate that salts from the tissue extracted into the medium in
hibits the release of the enzyme.

Further analysis of the supposed salt effects revealed that the 
enzyme release could be inhibited to the same degree by mono
valent and divalent ions (fig. 2) indicating a common stabiliz
ing effect of ions. Since CaCl- and MgCl- inhibited the release

z - Aby 50 % at an ionic strength of 9 x 10 while for NaCl and KC1 
the corresponding ionic strength was 7.5 x 10  ̂ the effect of 
divalent ions can however not be related to ionic strength only. 
This finding is in accordance with for example the work ofxBraun and Norman (1969). These authors referred their findings 
of high concentrations of monovalent cations as stabilizers of 
protein-lipid complexes to a common salt effect while the sta
bilizing effect of low concentrations of divalent cations was 
suggested to be due to inter- and intrachain cross-linking 
through protein carboxyl or lipid phosphate groups.

EDTA increased the amounts of enzyme in the supernatant (table 1). 
The effect was abolished in presence of stoichiometric amounts 
of CaCl2 (table 4) indicating that the effect of EDTA is due to 
the chelation of divalent ions necessary for the membrane inte
grity. That the EDTA effect was not due to protection of the 
released enzyme from a destruction of the enzyme activity by 
for example heavy metal ions was apparent from the finding that 
EDTA did not increase the total activity. Thus the increased 
activity in the supernatant corresponded to a decreased activi
ty in the centrifugate.

The effect of local anesthetics on the calcium binding to phos
pholipids and/or protein has been studied by several workers 
and Blaustein and Goldman (1966)X showed for several local anes
thetics a fairly good correlation between their effects as in
hibitors of nerve conduction and calcium-binding to phosphati- 
dylserine. Having in mind the EDTA and calcium effects on the 
enzyme release it was thus thought of some interest to study 
the effect of local anesthetics on the release of AChE. It was



14

found that all members of the procaine series increased the re
lease. Tetracaine was the most potent analogue (table 1, fig. 1). 
This effect seems however not to be directly related to the 
local anesthetic effect since lidocaine and other members of 
the anilide series did not have this effect.

In table 1 it was shown that the combined effect of tetracaine 
and EDTA was larger than the effect of each agents added in 
optimal concentrations. Their effects are thus additive which 
indicate that their mechanism of action in the release process 
differ. It might be that EDTA predominantly chelates released 
calcium while tetracaine by inhibiting the binding of calcium 
to membrane constituents or by other means (paper III) perturbs 
the membrane structure and in this way reduces the binding be
tween the enzyme and the membrane.

The effect of exposing the membranes to low ionic strength media 
as regards their binding of AChE is not reversible. The released 
enzyme could not materially be rebound by adding salts after 
the incubation (table 5). In fact one step in the adopted method 
for preparation of soluble enzyme was additions of Tris buffer 
to a final concentration of 0.025 M to the preparation after 
the incubation in order to facilitate the precipitation of the 
particulate fraction (legend to fig. 2).

Even at high ionic strength there was some enzyme activity left 
in the supernatant from a homogenate (table 1). This finding 
does not necessarily indicate that the enzyme is a constituent 
of the cytosol fraction of the cell. It might have been released 
by an autolytic process during the transport of the calf brains 
from the slaughter-house to the laboratory. However, the super
natant derived from rapidly processed rat whole brain homogenate 
in albumin-containing Krebs-Ringer solution contained some en
zyme. It was argued in article I that the enzyme in the cytosol, 
if any, not necessarily may have an ACh splitting function. It 
might be a consequence of a dynamic state of the nerve membrane. 
The recent finding that AChE is spontaneously released from 
substantia nigra and caudate nucleus in a superfusate from
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anaesthetized cats (Greenfield et al. 1980) may be taken as an 
indication that some of the AChE in the cell is located in the 
cytosol fraction.

A closer analysis of the distribution of the enzyme activity in 
the particulate fraction was not made here. Others have shown 
that this fraction besides the usual cell constituents also con
tains synaptosomes which are pinched-off nerve endings in con
tact with the postsynaptic membrane. By disruption of the synap
tosomes most of the AChE in the neuronal tissue is recovered in 
the membrane fractions (DeRoberties et al. 1962x , Whittaker et 
al. 1964x).

Based on the results presented above the combined effect of ion- 
free medium with EDTA and tetracaine a method was adopted for 
the solubilization of AChE from a particulate fraction of a 
homogenate (fig. II). This method has later been adopted by 
others (Adamson et al. 1975). A re-examination of the litera
ture showed that Little (1948)x and Ord and Thompson (1951)x 
have reported that AChE of the brain could be extracted in ion- 
free media. Their criterion for solubility was not convincing - 
they considered the activity in the supernatant after low speed 
centrifugation as representing solubilized enzyme - and their 
work seems to have been neglected.

MOLECULAR STATE OF THEf RELEASED ENZYME 

Previous investigations

The first measurements of the molecular weight yielded a value 
of about 3.000.000 daltons (Rothenberg and Nachmansohn 1947). 
Even higher values were later reported (Lawler 1963) . Kremzner 
and Wilson (1963) reported a molecular weight of 240.000 dal
tons and Leuzinger, Goldberg and Cauvin (1969)X 260.000 daltons 
for a crystalline preparation. Hargreaves (1961)X has reported 
that one of several peaks obtained by ultracentrifugation of a 
crude enzyme preparation obtained from the electric eel had a 
value of 4S, which might correspond to a molecular weight of
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CAUDATE NUCLEUS

10% (w/v) homogenate in 0.32M sucrose 
Centrifugation 200.000 g 30 min.

PARTICULATE FRACTION CYTOSOL

INCUBATION 2 hr 20 °C 
25% DEAE-Sephadex-A25 
10“3M EDTA 
10 5M Tetracaine 
0.32 M sucrose

Elution: 0.25M NaCl, 0.025M tris-HCl buffer pH 8.0 
Centrifugation 200.000 g 30 min

RESIDUE SUPERNATANT
I

Dialysis 0.25M NH4HC03 
Lyophilization

ENZYME preparation

fig IE
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70.000 daltons. This value however was not generally accepted, 
since it was not shown that this low molecular weight peak actu
ally contained any enzyme activity. The 240-260.000 daltons 
protein has been broken down with mercaptoethanol and guanidine 
hydrochloride to inactive proteins of four separable subunits 
(Froede and Wilson 1970)x . All these observations were made on 
AChE obtained from electric fishes. In case of AChE from mamma
lian brain the first reported molecular weight of AChE from calf 
caudate nucleus was 161.400-204.000 daltons (Jackson and Aprison
1966)X . A highly purified AChE from human caudate nucleus was 
reported to have a molecular weight of 230.000 daltons (Kremzner 
et al. 1967)x . As early as 1967 Hollunger and Niklassonx report
ed a lowest molecular weight of 85.000 daltons for an active 
AChE from calf caudate nucleus. Ho and Ellman (1969)x reported 
a molecular weight of a brain AChE of about 100.000 daltons.
This species might be an artefact since it appeared only after 
protease digestion. By a solubilization method in case of calf 
caudate nucleus similar to the one here used a molecular weight 
of 291.000 daltons was reported by Chan et al. 1972x and later 
a molecular weight of 130.000 daltons was reported (Chan et al. 
1972a) of an enzyme purified by use of affinity chromatography.
The same enzyme preparation was reported to have a molecular 
weight of 120.000 daltons determined by gel filtration (Gordon 
et al. 1976). Under conditions of electrophoresis the enzyme 
appeared in a 60.000 daltons form. The molecular weight of the 
enzyme estimated by gradient gel electrophoresis as 60.000 dal
tons was by them regarded as the same as 75.000 daltons estimated 
by G-200 chromatography. As judged from the reaction with di- 
iso-pro-py1-phosphoro-fluoridate two active sites were found in 
the 120.000 dalton form.

Present investigations

The molecular state was investigated in paper I by the gel 
filtration technique. About 90 % of the activity in a fresh en
zyme preparation derived from the particulate fraction appeared 
in a well defined peak with an elution volume corresponding to 
a molecular weight of about 80.000 daltons (fig. 3). Compare
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the earlier reported 85.000 daltons (Hollunger and Niklasson
1967) . The highly purified enzyme prepared from the lyophiliz-
ed powder, that is described in paper III had the same molecular 
weight (fig. 1 article III). In absence of contradictory evidence 
it was assumed that the form of the enzyme with molecular weight 
of 80.000 daltons was the monomeric form of the mammalian brain 
enzyme.

The molecular weights here reported may be somewhat overestimat
ed since the proteins used for the calibration are globular 
while it can not be excluded that the monomeric AChE has a more 
elongated form. The finding by Gurd (19 76) that the AChE is ad
sorbed to saccharide specific affinity gels actualizes the 
question if the molecular weights obtained by gel filtration by 
use of saccharide matrices are underestimated. No enzyme however 
was found to be bound to Sephadex G-200, why a retardation by 
adsorption in this case probably seems to be insignificant, if 
any. Analytical ultracentrifugation of AChE from mammalian 
sources seems not to have been reported. The preparative work 
for obtaining the necessary amounts of the enzyme for such deter
minations is overwhelming . As stated above about 1000 brains 
have to be processed in order to get 1 mg of the enzyme. The 
molecular weight of the monomeric enzyme from electric organs 
has been reported to be 64.000 daltons determined by analytic 
ultracentrifugation (Leuzinger, Goldberg and Cauvin 1968x) and
78.000 - 82.000 daltons by Taylor et al. 1976. Most workers in 
the field now seem to accept a value of about 80.000 daltons 
for the molecular weight of the smallest enzymatically active 
species of AChE derived from different sources.

AGGREGATION

Previous investigations

By sedimentation analysis of AChE from electric organs in suc
rose density gradients containing various salt concentrations 
it was early observed that a slowly and a rapidly sedimenting
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state of the enzyme can both be obtained from the same prepara
tion (Grafius and Millar 1965, Changeaux 1966). These findings 
were interpreted to mean that variations in ionic strength in
duce a reversible change in the aggregation of the enzyme. 
Arguments were presented that the larger units resulted from a 
specific association of the smaller active units with them
selves and not from non-specific association of the enzyme with 
other categories of molecules present in the incompletely puri
fied preparations. In case of AChE from mammalian brain Jackson 
and Aprison 1966x reported that a 161.400 - 204.00 dalton form 
after electrophoreses appeared in a 284.000 - 360.00 dalton 
form. This finding was interpreted by them as a non-specific 
association of one enzyme molecule with a more acidic non- 
enzymatic protein. Hollunger and Niklasson (1967)x reported 
that the enzyme by immediate gel filtration using Sephadex 
G-200 and G-150 resolved into four enzyme peaks. One appeared 
at the void volume, the other three at elution volumes corre
sponding to molecular weights of about 510.000, 240.000 and
85.000 daltons. Gel filtration 24 hours after the preparation 
of the enzyme revealed a decrease in the activity in the low 
molecular weight peak and a corresponding increase in the other 
peaks indicating that the low molecular form had aggregated.

Present investigations

The aggregation of AChE was further investigated in paper I.
The pattern of distribution of the enzyme activity in the chro
matograms was found to be quite reproducible. Ageing of the en
zyme solution changed however the pattern. Thus, after storage 
in the refrigerator for 3 days the high molecular forms of the 
enzyme increased at the expense of the low molecular form (fig. 
3). After storage for a few more days essentially all enzyme 
was excluded from the gel. The rate of transformation was de
pendent on the composition of the medium. If the pH of un
buffered (pH 6.5) and salf-free enzyme was raised to about pH
8.0 by adding tris buffer to a final concentration of 0.025M 
aggregation was somewhat more rapid (fig. 3). Addition of salts
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to the medium retarded the rate of aggregation. Thus in 0.4M 
KC1 aggregation was negligible after storage for 3 days (fig. 3). 
After a further 3 days, the degree of aggregation was about the 
same as after 3 days storage in absence of salt (fig. 3). This 
salt effect did not appear at pH 8.0. At low pH the enzyme pre
cipitated. The molecular state was not changed after such an 
precipitation (fig. 5). The finding that the amounts of high 
molecular forms of the enzyme increased during storage at the 
expence of low molecular forms suggests that the aggregation 
also proceeded during the release process. In order to try to 
get some information on the molecular state of the AChE at the 
moment of its release the enzyme was captured by DEAE-Sephadex 
added to the homogenate immediately after its preparation. The 
ion content of the medium during the release was kept low by 
concomitant dialysis against 0.32M sucrose in a rotating con
tainer. By gel filtration chromatography it was shown that an 
enzyme solution prepared in this manner contained about 96 % 
low molecular form compared with about 90 % in an enzyme solu
tion prepared in the ordinary manner. The main difference be
tween this and other preparations was however that the low 
molecular weight form in this preparation no longer aggregated. 
After 3 weeks' storage the enzyme thus retained its low mole
cular weight form (fig. 6). This preparation could be frozen- 
dried without any loss of activity. The lyophilized enzyme was 
still in the low molecular form in different media.

The specific activity of the enzyme preparation was not signi
ficantly higher than in the preparations obtained by the ordi- 
nary procedure. Nevertheless the lyophilized enzyme did not pre
cipitate at low pH at a concentration at least 10 times as 
high as that at which the ordinary preparation precipitated 
(table 6). Thus the amounts of the suggested co-precipitating 
factor (see below) must be very small or the factor must have 
a non-proteineous character. If added to an enzyme solution 
prepared in the ordinary manner it neither seemed to precipitate 
at low pH (table 6) nor did it aggregate (fig. 7).
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Attempts to deaggregate the high molecular weight forms of the 
enzyme by passing it through a column of DEAE-Sephadex always 
failed. However, if the enzyme was incubated at room tempera
ture for 2 hours in presence of DEAE-Sephadex about half of the 
enzyme activity appeared in the low molecular weight form (fig.
8) .

The previous report (Hollunger and Niklasson 1967) that the 
enzyme after purification by ammonium sulphate precipitation 
no longer aggregated was re-examined in paper I. This conclu
sion was based on gel filtration analysis after 3 days storage 
of an undialyzed preparation. It was found that after 6 days 
storage the aggregation was appreciable. After dialysis the en
zyme aggregated completely in a few days. The seemingly non
aggregating character of the ammonium sulphate precipitated 
enzyme thus seems to be due to the ammonium sulphate content 
and the relatively high ionic strength and low pH in the un
dialyzed preparation.

Whether or not the high molecular weight forms represent oligo
meric forms of the enzyme or are aggregates of the monomer with 
non-enzymatic material was not further analysed. The molecular 
weights of about 250.000 and 510.000 daltons however suggestes 
that the aggregates are composed of respectively three and six 
monomers of a molecular weight of 80.000 daltons. However, in 
view of the irreversible character of the aggregation, it would 
seem that the aggregates did not represent pure polymeric forms 
of the enzyme but contained at least some 'matrix' as proposed 
for electric organ enzyme by Grafius, Bond and Millar 1971X .

The aggregation behaviour of the brain AChE differed from that 
of the electric organ AChE. The rate of aggregation of the 
mammalian brain enzyme thus was very slow. It could be reduced 
at high ionic strength, it is true, but the aggregation was 
definitely irreversible even at very high concentrations of 
salt such as 4M NaBr, while in case of electric organ the higher 
molecular forms were rapidly deaggregated at high ionic strength. 
This behaviour of the enzyme indicates that the irreversible,
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probably hydrophobic, binding is preceded by an ionic interac
tion .

The aggregation of the enzyme could have been the concequence 
of a transformation of the enzyme into an aggregating form for 
example by the action of a proteolytic enzyme or by a non- 
enzymatic oxidation of SH-groups. This possibility was however 
made less likely by the finding that the aggregated enzyme, at 
least partially, could be brought back into the low molecular 
weight form by treatment with DEAE-Sephadex. It was proposed 
that the enzyme released in presence of DEAE-Sephadex does not 
aggregate because some factor responsible for the aggregation 
was bound on the ion-exchanger and then not eluted with the en
zyme. The proposed factor may be a phospholipid (Grafius et al. 
1971) or the aggregating protein reported by Kremzner and Fei 
1971x . The finding that the enzyme seemed neither to aggregate 
if added to a preparation of aggregating enzyme indicated that 
the factor or factors responsible for the aggregation and pre
cipitation were liberated together with the enzyme in stoichio
metric amounts from the nerve membrane. If so, the aggregation 
phenomenon would seem to be specific and be related in some 
manner to the physiological binding of the enzyme to the mem
brane .

The concentration of the released enzyme in the medium was very 
low. Accepting the specific activity in paper III the concentra
tion can be calculated to be at most 0.1 microgram/ml. In view 
of the high dilution, the precipitation at low pH should probab
ly be regarded as a non-specific co-precipitation. This conclu
sion was supported by the finding that the lyophilized prepara
tion did not precipitate isoelectrically at much higher concen
trations. The precipitation was not simply an accelerated aggre
gation to very high molecular forms of the enzyme. The preci
pitate was thus easily redissolved and the chromatographic dis
tribution of the activity in this fraction was not materially 
changed.
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The general conclusion of the here reported aggregation studies 
is that the different molecular forms of AChE from brain tissue 
reported here and by others are aggregates and thus do not re
present true isoenzymes. This statement may also at least be 
true as regards AChE from other sources. The same conclusion 
has as regards the mammalian AChE been drawn by Adamson et al. 
1975, Adamson 1976 and Gordon et al. 1976. Based on the examina
tion of the enzyme by gel filtration, polyacrylamide gel elec
trophoresis, immunological reactions, active site labelling and 
kinetic studies Adamson (1976) concluded that the different 
forms of the enzyme are derived from one monomer molecule which 
aggregates to give equally-active forms of higher molecular 
weight (Adamson 19 77). The same author further concluded that 
there is present in the crude brain enzyme a substance which 
promotes the aggregation of the monomeric enzyme.

PURIFICATION

Previous investigations

The first more successful purification of AChE was reported by 
Kremzner and Wilson 1963 and later a crystalline and electro- 
phoretically homogenous form was reported by Leuzinger and 
Barker 1967x . In both cases the enzyme was obtained from elec
tric organs. The methods used were ammonium sulphate fractiona
tion and conventional chromatography using cationic exchangers 
in several steps. Later affinity chromatographic methods were 
introduced by Berman and Young 1970. By such methods highly 
purified preparations have been obtained with high yield in a 
few steps. In case of mammalian brain AChE the first highly 
purified preparation was reported by Kremzner et aL 1967x by 
use of conventional chromatographic methods. Affinity chromato
graphy was introduced by Chan et al. (1972a). The specific ac
tivity of their preparation (9583 micromoles acetylthiocholine 
split per minute and mg protein at 27° C) was nearly as high as 
that obtained from electric organ. This enzyme aggregated free
ly (Chan et al. 1972b).
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Present investigations

The enzyme purification method adopted for the purification of 
pure enzyme used in the binding studies is reported in paper 
III. The purification was essentially accomplished by adsorption 
of crude non-aggregating enzyme, freed from contamination by 
high molecular forms of the enzyme by gel filtration, to MTA- 
Affi. The MTA-Affi was prepared by reacting Affi-Gel 201 with 
meta-trimethyl-ammonium-aniline by the method of Cuatrecasas 
1970x . It was then eluted with help of the competitive inhibi
tor edrophonium. The medium used was 0.01 M sodium phosphate 
buffer pH 8.0. The most commonly used affinity gel for purifi
cation of AChE is MTA-CH which differs from MTA-Affi in only 
one respect, the linkage between the arm and the matrix is an 
isourea while in MTA-Affi it is an ether linkage (fig. Ill).

When the pure enzyme was used in adsorption studies it had to 
be freed from edrophonium. By conventional dialysis the losses 
of activity was large even if the enzyme solution contained 
albumin. Therefore a technique was worked out to capture edro
phonium by Epoxy-Activated Sepharose 6B which forms linkage 
with phenolic ligands. The gel was swelled by adding a minimal 
amounts of water and then covered by a dialysis membrane. The 
enzyme solution was then spread over the membrane which pre
vented the diffusion of the enzyme into the gel.
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BINDING STUDIES

During the working out of suitable affinity chromatographic 
methods it was found that when crude AChE preparations were 
chromatographed the enzyme was under certain circumstances 
eluted in a biphasic mahner. This and some other unexpected 
findings were considered to deserve a further analysis, the re
sults of which clearly gave indications that there exists in 
the crude enzyme preparation a factor increasing the affinity 
of the enzyme to certain cholinergic ligands (article II and 
III). The interpretation of the results is however somewhat 
complicated by the presence of impurities in the preparation 
that compete with the enzyme for the gel (displacing factor). 
After a presentation of the technique the effect of these im
purities on the binding of the enzyme to the gels will be con
sidered. The arguments for the presence of a binding factor 
will then be presented.

Method

For the binding studies the following method was worked out:
To a test tube was added enzyme, affinity gel, human serum al
bumin as a stabilizer and 0.01M Sodium Phosphate pH 8.0 to a 
final volume of 1 ml. Equilibration was performed at 4° C in 
the cold room usually over night by rotating the tube in a rota
tor at 19 RPM. The elution was performed by cumulative additions 
of the eluant and small amounts of the eluted enzyme were with
drawn for activity determination by the Ellman method (1961)x . 
The equilibration time for each elution step was 2 hours. The 
sample, 1 - 1 0  microlitre, was added to 3 ml of the assay 
medium, thus diluting the eluant 300 to 3000 times. Corrections 
for the inhibition of the enzyme activity by the eluant were 
only necessary at higher eluant concentrations used. In the 
binding studies with pure as well as crude enzyme only the 
monomeric enzyme form was used. The purity in this respect was 
acertained by gel filtration. The lyophilized powder contained 
at most 5 % aggregated enzyme. The ligand concentration was 
determined after hydrolysis of the affinity gels by chemical
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determination of the aniline groups in the immobilized ligands 
according to the method of Bratton and Marshall 1935x .

Isolation of binding factor/factors

The factors were separated from the enzyme by affinity chromato
graphy using MTA-CH (fig. IV). 1 g lyophilized powder was dis
solved in 5 ml buffer and chromatographed on a Sephadex G-150
column in buffer. The low molecular weight enzyme peak was con
centrated to 10 ml by use of Aquacide. For one experiment 0.9 ml
of this solution was adsorbed to 0.1 ml settled MTA-CH. The 
material was eluted by 3 extractions with 1 ml 0.01M Sodium 
Phosphate buffer pH 8.0 + 0.8 M NaCl and concentrated by use of 
Aquacide. Most of the material appeared in the first extraction. 
The enzyme was retained by the gel after the extractions. This 
preparation that also contains enzyme displacing material is 
named crude material/fraction. In an attempt to purify the 
binding factor the crude material was chromatographed on Sepha
dex G-75 column. The preparation analysed (fig. 6 article III) 
was derived from 180 mg powder per 0.6 ml and its protein con
tent was about 2 mg. For further details see methods article 
III.

The simple equilibria governing the adsorption/desorption 
phenomena of an. uncomplicated affinity chromatographic process 
is presented in fig. V. In article III I = L and = K^.

Displacing factor/factors

In order to determine the dissociation constants of AChE to the 
affinity gels the gels were added in increasing concentrations 
to the enzyme solution and the binding was determined by analys
ing the enzyme content in the supernatant fluid. It was found 
that the binding of the crude as well as pure enzyme to MTA-CH 
as expected followed the Langmuir isotherm (fig. 2 article III, 
fig. V). An apparent dissociation constant (compare fig. VIII) 
of the MTA-CH-crude-enzyme complex was calculated to be 
1.0x10 ^M (table 2 article III) when the usual amounts of enzyme
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were used. The constant of the MTA-CH-pure enzyme complex was 
somewhat lower, 0.4x10 5M. However, when PTA-CH was added to a 
crude enzyme preparation the binding curve was sigmoid (fig. 2 
article III) and a dissociation constant could thus not be cal
culated. The binding of pure enzyme however followed the Lang- 
muir isotherm (fig. 2 article III) and the dissociation constant 
of the enzyme-PTA-CH complex was found to be 1.8x10 (table 2 
article III).

A commom experience was that the dissociation constant of the 
crude enzyme to MTA-CH, as calculated from the binding curve, 
varied with the amounts of crude enzyme added. A more thorough 
analysis showed that when very high amounts were added almost 
no enzyme was adsorbed (table 3 article III). In case of pure 
enzyme the per cent adsorbed enzyme, however, was constant up 
to very high amounts added (table 3, article III). This differ
ence clearly indicates that the crude enzyme preparation con
tains large amounts of material competing with the enzyme for 
the immobilized ligands in the gel (fig. VI). This finding 
gives a clue for the interpretation of the sigmoid appearance 
of the binding curve in case of PTA-CH-crude enzyme. It thus 
can be shown that in presence of a displacing factor the bind
ing curve can have a hyperbolic or a' sigmoid form depending on 
the Kp/Kg quotient and the concentration of D and S (see appen
dix 1). If the KD/Kg quotient is about 1 a clearcut sigmoid 
binding curve can be obtained if D is present in larger amounts 
than S. In presence of D in several times lower amounts than S 
the curve has a sigmoid appearance even at lower KD/Kg quotients 
than 1. The proposed explanation of the sigmoid binding curve 
found when PTA-CH is added to crude enzyme is thus that the K^/
Kg quotient in this case is lower than 1. Consequently this 
quotient is higher than 1 in the MTA-CH case.

Binding factor/factors

When the pure enzyme was eluted by edrophonium from PTA-CH and 
MTA-CH (fig. 5 art. Ill) the elution curves were found to be hy
perbolic (eqv. to follow the Langmuir isotherm) and the dissocia-
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tion constant of the edrophonium-enzyme complexes were as ex
pected, within the limits of experimental errors, the same, 65 
and 74 x 10 respectively (table 2, article III) . Also the 
elution curve of crude enzyme from MTA-CH was hyperbolic (fig.
2 article II, fig. 5 article III). The affinity of edrophonium 
to the crude enzyme was, however, as compared to the pure enzyme 
about 50 times higher. The calculated dissociation constant of 
the crude enzyme-MTA-CH complex was thus 1.5x10 (table 2 
article III) . The elution curve of the crude enzyme from PTA-CH 
(fig. 3, 4 article II, fig. 5 article III) however was not hyper
bolic but had a biphasic appearance. The two parts of the curve 
seem each to be hyperbolic and inspection indicate that the 
dissociation constant of the first part of the curve is about 
the same as found for the elution of crude enzyme from MTA-CH 
while the constant of the second part seems to be about the
same as for the pure enzyme-edrophonium complex from the same 
gel.

The differences in binding characteristics of the pure enzyme 
and the crude enzyme demonstrated above indicate strongly that 
the crude preparation is contaminated by a binding factor that 
increases the affinity of the enzyme to edrophonium (fig. VII, 
top). This assumption is supported by the data in table 2 
(article III) where it is shown that material isolated from the 
crude enzyme (fig. IV) increases the enzyme affinity to edro
phonium by a factor of about 35. From this table it also appears 
that addition of the crude material in the indicated amounts 
decreased the affinity of the enzyme to the gel by a factor of 
10. It is reasonable to assume that the eluting effect of the 
crude fraction is due to its content of displacing material.
Very notable is that by graded addition of the crude fraction 
it was possible to reconstitute the biphasic elution pattern of 
the curde enzyme when edrophonium was used as the eluant (fig.
3 article III). After further additions the elution curve once 
again got a monophasic appearance. The dissociation constant 
calculated from this monophasic curve was about the same as 
calculated from the crude enzyme. This constant did not de
crease when even more material was added.
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In an attempt to free the binding factor from displacing mate
rial the crude fraction was chromatographed on a Sephadex G-75 
column. It was found that the crude fraction was resolved in 
three peaks (fig. 6 article III). The effect of the crude frac
tion and peak I on the elution pattern of the enzyme from MTA- 
CH was roughly the same. When peak II was used as the eluant 
the elution curve had, however, a sigmoid appearance (fig. 7 
article III). This sigmoid character was ever more pronounced 
for peak III. Only peak II was more thoroughly analysed. It was 
found that the effect of the fraction was highly dependent on 
the ionic strength of the medium. The elution effect did only 
appear under low ionic strength conditions while at high ionic 
strength on the contrary peak II produced an increased binding 
of the enzyme (fig. 8 article III). This behaviour is under
standable if one recalls that the displacing material does not 
bind to the gel under high ionic strength conditions and thus 
can not displace the enzyme. In fact, the displacing material 
is isolated from the crude enzyme preparation bound to MTA-CH 
by extraction in 0.8 M NaCl, a procedure that does not elute 
the enzyme (see methods article III). The sigmoid character of 
the elution caused by peak II and III may be due to an increased 
affinity of the enzyme caused by the content of binding factor 
in the peaks, an effect that at larger amounts of the peaks is 
overcome by the effects of the displacing material.

In article II it was shown that MTA-CH in contrast to PTA-CH 
almost completely retained crude enzyme even at high ionic 
strength (fig. 1 article II). This tight binding is lost after 
purification of the enzyme (fig. 9 article III). Thus about 
40 % of the pure enzyme as compared with about 3 % of the crude 
enzyme was eluted by 0.8M NaCl. A reasonable explanation of 
this behaviour is that a factor increasing the affinity of the 
enzyme to the gel is present in the crude enzyme preparation 
(fig. VII, top). The finding demonstrated above that crude 
material increased the binding of pure enzyme at high ionic 
strength supports this interpretation. The reason why the crude 
enzyme easily is eluted by salt from PTA-CH is unknown (fig. 1 
article II). It might be that enzyme-factor complex at high
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ionic strength is in a conformation that has much higher affi
nity to MTA-CH than to its isomeric PTA-CH.

The biphasic elution curve by edrophonium

In article II the biphasic appearance of the edrophonium elu
tion curve in a crude enzyme-PTA-CH system was explained by the 
hypothesis that the enzyme has two binding sites, one with high 
affinity another with low affinity to the affinity gel and the 
eluant (fig. 5 article II). Two different binding sites on pure 
enzyme from electric organs to edrophonium had also been re
ported by Taylor and Lappi 1975x . It was however later found 
that the biphasic elution did not appear when pure enzyme was 
used (fig. 4 article III) and it was concluded that the anomalous 
elution was not due to properties of the enzyme molecule per se 
but to the presence of a binding factor in the crude prepara
tion (fig. VII, top). The alternative explanation that there 
exists in the crude preparation two distinct acethylcholin- 
esterases, one of which is lost during the purification proce
dure can be excluded merely by the finding that the yield in 
the purification procedure is very high. The most convincing 
argument of such a factor is that the low affine enzyme is 
changed to the high affine form by the addition of material iso
lated from the crude enzyme preparation. It can be added that 
the explanation above requires that the affinity of the factor 
to the enzyme is very high and that during the conditions where 
the elution curve is biphasic there is present less factor than 
necessary for full titration of the enzyme. Under these condi
tions the enzyme thus chromatographically appears as two dis
tinct enzymes.

Edrophonium elution curves with different gels

From the monophasic elution curve from MTA-CH (fig. 5 article 
III) it appears that in this case the crude enzyme is eluted in 
only one form. The low dissociation constant, about 2x10 ^M, 
calculated from the elution curve, further shows that the en
zyme is eluted in a form having a high affinity to edrophonium.
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In the PTA-CH case the enzyme however is eluted in one high and 
one low affine form (fig. 5 article III). This difference be
tween the elution pattern of crude enzyme bound to MTA-CH and 
PTA-CH is surprising since the amounts of crude enzyme added 
were the same in fig. 4 and 5 article III. The different be
haviour is understandable'if one assumes that more of the factor 
is bound to the PTA-CH than to MTA-CH with the consequence that 
only part of the enzyme can be eluted in the high affine form. 
The reason for the assumed higher binding of factor to PTA-CH 
than to MTA-CH may be that due to the lower affinity of the en
zyme to PTA-CH more of this gel has to be added in order to 
accomplishing the same degree of binding as in the MTA-CH case. 
This explanation requires that the affinity of the factor to 
the gel is so high that the gel effectively can compete with
the enzyme for the factor.

In several experiments it was found difficult to reconstitute 
the biphasic elution by the crude material from PTA-CH.

In retrospect some findings illustrated in article II but not 
commented upon now seem to get a reasonable explanation. The 
finding that the first part of the biphasic elution curve 
flattens off at a lower level as the amounts of PTA-CH was in
creased (fig. 3 article II) can be explained by an increased
binding of the factor to PTA-CH thereby decreasing the amounts 
of factor-enzyme complex eluted by edrophonium. The finding 
that the level of the first part of the elution curve is raised 
at high ionic strength conditions might be due to an elution of 
the factor from the gel increasing the amounts of factor-enzyme 
complex at the expence of factor-free enzyme.

The dissociation constant here reported for edrophonium-factor 
complex and the edrophonium-factor-free enzyme complex are 
about 100 and 6000 times higher than the edrophonium inhibitory 
constant (fig. IX). It is however generally assumed that AChE 
is bound to the affinity gels used at the active site. It is 
therefore somewhat surprising that the dissociation constants 
of the enzyme-edrophonium complex determined by the affinity



37

chromatographic method is distinctly higher than the enzyme in
hibitory constant. These discrepancies were further discussed 
in article IV.

The competition between mono- and bisquaternary compounds

In article II it was shown that during the conditions where the 
elution by edrophonium was biphasic the elution curve was mono- 
phasic when décaméthonium was the eluant (fig. 3 and 4). This 
discrepancy probably may indicate that the bisquaternary déca
méthonium has about the same affinity to the two enzyme forms 
(fig. 4 and 5 article III). The competition between monoquater
nary edrophonium and the bisquaternary décaméthonium revealed 
by the finding that the monoquaternary edrophonium decreased 
the elution accomplished by the bisquaternary décaméthonium 
(fig. 6 and 7 article II) indicates that one of the two anionic 
binding sites of décaméthonium is the same as the binding site 
of edrophonium. A common binding site of these two ligands is 
proposed by several authors (Belleau et al. 1970, Belleau and 
DiTullio 1970, Mooser and Sigman 1972, Suszkiw 1973, Taylor and 
Lappi 1975x) (compare fig. I where the binding of décaméthonium 
is illustrated at the bottom left and the binding of edrophonium, 
equivalent to the binding of ACh, is shown at the top of. the 
figure). This explanation implies that the binding energy of 
bisquaternary compounds is greater than the sum of the two in
dividual quaternary groups, an explanation that is in accord
ance with what is known about chelation of bidentate ligands 
(Eigen and Wilkens 1965). A similar explanation for certain ob
servations on the interaction between bisquaternary compounds 
and AChE has been proposed by Taylor and Jacobs 1974.

It is generally assumed that décaméthonium and d-tubocurarine 
have a binding site in common (Changeaux 1966, Belleau and 
DiTullio 1970, Mooser and Sigman 1972 and Taylor and Lappi 1975X). 
The finding that edrophonium did not induce adsorption of the 
enzyme eluted by d-tubocurarine indicates that one and the same 
molecule of this functionally bisquaternary ligand does not 
bind at the two binding sites of décaméthonium, Mooser and Sig-
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man 1975 (see fig. 3 in their article).

FLUORIDE ION

The indications presented in article III for the existence of 
an endogenous factor increasing the affinity of AChE to choliner
gic ligands promted a search for other compounds with such pro
perties. In article IV it is shown that fluoride ion too is a 
binding factor to AChE. In view of the well known AChE inhibit
ing effect of this ion (Heilbronn 1965, Krupka 1966) this ob
servation was somewhat surprising. In case of the endogenous 
factor the calculations of the dissociation constants was simple 
since the factor had such a high affinity to the enzyme that the 
enzyme and enzyme-factor complex behaved as two separate species. 
Fluoride ion is as expected a low affine binding factor to AChE. 
The equilibria used for the determination of the dissociation 
constants in the fluoride case are shown in fig. VII (bottom) 
and in appendix 2.

The binding of pure monomeric AChE to MTA-CH in presence of NaF 
is shown in fig. 1 and 2 and in another experiment in fig. VIII.
It appears that the binding of MTA-CH to AChE is increased by 
NaF at low (fig. 1 and 2 and fig. VIII) as well as at high_3ionic strength (fig. 1). In presence of 2x10 M NaF at low
ionic strength the apparent dissociation constant of the fluoride-

— 6enzyme-MTA-CH complex was 0.9x10 M, which is about 5 times 
lower than in absence of NaF. From inspection of the curves it

-3appeares that the enzyme at 2x10 M NaF is almost saturated 
with respect to fluoride ion. This estimated value is the same 
as that shown in other experiments (fig. VIII). The real dis
sociation constant of the fluoride-enzyme-MTA-CH complex is-3thus of the same order as the apparent constant at 2x10 M NaF.

The AChE bound to MTA-CH is specificially eluted by edrophonium.
In article III the value of the dissociation constant of the 
pure enzyme-edrophonium complex was earlier reported to be 
650x10 ^M and the same value can be calculated from the elution

-3curve reported in article IV (fig. 2). In presence of 4x10 M
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NaF full saturation seems to be achieved. As judged from the 
slope of the elution curve by edrophonium it seems that the elu
tion follows the Langmuir isotherm. The dissociation constant 
of the fluoridenzyme-edrophonium complex is calculated to be 
about 15x10 which is about the same as reported for the 
factorenzyme-edrophonium complex in article III.

Lineweaver-Burk plots of the inhibition of the hydrolysis of 
acetylthiocholine by fluoride ion and edrophonium are shown in 
fig. 3. The fluoride inhibition is of the mixed competitive and 
non-competitive type while that of edrophonium is of the compe
titive type. The combined inhibition of NaF and edrophonium is 
shown in fig. 3. The NaF-edrophonium inhibition is additive.
The monomeric AChE from neuronal tissue thus does not differ in 
this respect from enzyme obtained from other sources.

The great difference between the enzyme inhibitor constant,-71.8x10 M (fig. IX), and the dissociation constant of the pure 
enzyme-edrophonium complex raised the question if the enzyme 
was bound to the affinity gel at a peripheral site and not as 
usually is assumed at the active site. This peripheral site

Xmight be the same as defined by Taylor and Lappi 19 7 5 using
propidium as a fluorescent probe. The value of the dissociation

—  6constant of Taylor and Lappi was 400x10 M as compared to the 
value obtained by the affinity chromatographic method, 650x10 M 
(article III). The finding that fluoride ion increases the affi
nity of the enzyme to the gel as well as to edrophonium would 
indicate that the peripheral region too has a site which by 
binding the fluoride ion increases the affinity of AChE to 
cholinergic ligands or that fluoride ion by its binding to the 
catalytic region induces a conformation at the peripheral site 
that has higher affinity to these ligands than has the ground 
state. An alternative interpretation is that the involved site 
nevertheless is the active site. In such a case its conforma
tion is not the same as that to which edrophonium binds during 
the catalysis nor can it be the same that has been defined by 
back-titration of N-methylacridinium by Taylor and Lappi 1975X , 
a site that might be the catalytic site since the value of the
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dissociation constant of the enzyme-edrophonium complex thus 
determined is the same as the enzyme inhibitory constant of 
edrophonium. It might be that acetylcholine as well as N-methyl- 
acridinium at the active site induces a conformation according 
to the following scheme:

E + S ^ ES
u  u
E' + S ^ E'S

where ACh and N-methylacridinium are represented by S, the 
ground state of the enzyme by E and the induced fit form by E '. 
E' is thought to have higher affinity to edrophonium than E.
Slow transitions (hysteresis) in enzymes have been discussed by 
Frieden 1979x . (Compare fig. 1 where the conformational change 
at the active site induced by a peripheral site specific ligand 
is illustrated at the bottom right and that by ACh is illustrat
ed at the middle left).
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Appendix 1:1

Kinetics of the competition between a ligand (E) and a ligand 
(D) for a third ligand (S) under the conditions where ES but 
not SD complex can be neglected.

E + S 
Et ** E + ES

ES ES (S)
Et Kg + (S) (1)

S + D SD „ ^ (D) (S)
(SD)

(S) (Dt-St + (S))
(S. (s) : (2)

St ^ S + SD (SD) ■= (St-(S))

Dt ^ D + SD (D) = (Dt - (SD)) = (Dt - St+(S)

From (2) 

(S) 1/3 [ V Dt-KD + l/(St"Dt-KD)2 +4StKD ]

From (1)

ES W S  + (St-Dt-KD) + 4StKD
+ St-°t-KD + tf(S t - W 2 + 4StKD
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Appendix 1:2 

Example 1.
If the quotient KD/Kg is high (10) and (D) large (10) compared 
to Kg (1) Kd = 10 Kg and D expressed in normalized concentra
tions D/Kd = 10/10 = 1, the amounts of SD are neglected and the 
binding curve of S to E in presence of D is hyperbolic. If D is 
increased to 100 the binding curve will be sigmoid.

Example 2.
If the quotient KD/Kg is small (0.1) and (D) large (10) compared 
to Kg (1) Kp = 0.1 Kg and D expressed in normalized concentra
tions D/Kd = 10/0.1 = 100, the amounts of SD are not neglected 
and the binding curve will be sigmoid. If D is decreased to 1 
the binding curve will be hyperbolic.
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Appendix 2:1

The kinetics of the interaction between a ligand (A) that in
creases the binding of another ligand (E) to a third ligand (S)
under conditions where the amounts of certain complexes can be 
neglected.

K yK K
E + S #  ES (E) = <E S >-(§) ”  (EAS) (A ) ( I )

KA xKsKA
E + A t  EA (E) -= (EAJj I j -  (EAS) T h US y = X

xK
EA + S ^ EAS (EA) = ( E A S ) - ^ y

yKAES + A è EAS (ES) = (E A S ) - j^ y

( E t  ) ^ (E) + (ES) + (EA) + (EAS)

ES and EAS are bound species.
xKA

(ES) + (EAS) = (A) + 1____________
K xK, xK„ xK

(V  (!) "(Ä)' + Ta T + Tsf + 1

A competitive inhibitor (I) adds 

(I) K XK
E + I # El (El) =- ----- 2---2(EAS)

KI  ( S ) ( A )  ( I )  XK
EA + I =5 EAI (EAI) - (EAS)-

(I) xK
v K j  (S)

El + A v EAI (EAI) = (EAS) -- r|. Thus V=Z

(ES) + (EAS) _ ___________

(E t>  Ks xK A 1 + <KI xKs 1 + <Z^I
1 + - å m )  s r  + ( S T ------3ÔCT

1 + w  1 + TÂT

The amounts of S in ES and EAS, A in EA, EAS and EAI and I in 
El and EAI respectively are neglected.
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Appendix 2 : 2  

xKA
1 + (A)_________________  =

xKa xKs k a *a
1 + W  + T s f  (1 + - å ) '  !  + ^ s .  1 + l f )

( è - 1) (S)

1 + (S) xK.
1 +  —1 (A)

1 + (A)
xK

1 + (A)
kA

xKa
(I)xK

C + zKj. (S)

xK xK. K xK. (I)K xK
C = l +  — £  +  — à  + _Ë à  + ____Ë__h(S) (A) + (S) (A) KjO) (A)

XKA
1 + W  c

B zKjfS)

(I) XK
ZK

1 xKa1 +  _
(S) ( w (A) - C)

Transformation of here used dissociation constants into those 
used in article IV.

Ks = k e -s KI H1w«II

xKs k a e-s H
«N

= k a e-i
ka = k e-a zKa <1wH

«II

xKa k se-a
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Appendix 2 :3

When A = 0 and 1 = 0  Kg is a real dissociation constant of the 
enzyme-gel complex. When the enzyme is saturated the xKg is a 
real dissociation constant of the activated-enzyme-gel complex 
(fig. VIII). At non-saturating concentrations of A the dissocia
tion constant i& apparent. At non-saturating concentrations of 
A the value of the dissociation constant varies between Kg and 
xKg and is thus only apparent.

The dissociation constant of the enzyme-eluant complex (K̂ ) is 
calculated from the elution curve by the eluant when A = 0 and 
the dissociation constant of the activated enzyme-eluant com
plex (zKj) from the elution curve of the eluant in presence of 
full saturation of A. This concentration of the activator may 
be lower compared to the concentration of full activation in 
case of the affinity gel. Thus the dissociation constant of the 
eluant-enzyme-activator complex (zK^) is not the same as the 
gel-enzyme-activator complex (xK^).

In article IV the reported dissociation constants give x a 
value of 1/5 and z a value of 1/4 3. The corresponding values 
used by Mooser and Sigman 1972 to explain a biphasic displace
ment curve by d-tubocurarine when the active site specific 
fluorescent probe N-methylacridinium was used, were 5 and 165.
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LEGENDS TO THE FIGURES

Fig. I

Diagrammatic model of the acetylcholinesterase catalytic site 
based on the induced-fit mechanism. The initial enzyme-substrate 
complex is E * RX; the induced-fit complex, (E-RX)* ; and the 
acyl enzyme, ER. Residues identified or presumed at or near the 
catalytic site include the charge-relay complex COO — Him— HO; 
an acidic group HZ; the anionic group A which defines the anio
nic site; a tryptophan residue T near the anionic site; and 
adjacent hydrophobic areas. The binding of multivalent cationic 
ligands either to both the catalytic site and a peripheral site 
as in E-I^ or exclusively to peripheral sites as in E -1^ may 
affect the binding properties.

The solubilization of AChE from the particulate fraction of 
a homogenate by use of ion-free medium, EDTA and tetracaine. 
With DEAE-Sephadex a non-aggregating preparation was obtain
ed, which usually was prepared directly from the homogenate 
by 20 hours dialysis against the combined medium at 4° C 
(see below p 20).

Fig. Ill

Formulas of arm and ligands of the affinity gels PTA-CH and 
MTA-CH and the arm of the matrix Affi-Gel 201 used to prepare 
MTA-Affi and the specific eluant edrophonium. Two principles to 
elute a bound macromolecule from an affinity gel. Specific elu
tion is performed by a ligand competing with the immobilized 
ligand for the macromolecule. Unspecific elution at high ionic 
strength is due to a conformational change in the macromolecule 
by which the specificity of the binding site is lost.



Fig. IV
S3

The preparation of pure enzyme and crude material/fraction.

Fig. V

Kinetics of an uncomplicated affinity chromatographic process. 

Fig. VI

The principle to elute a bound macromolecule from an affinity 
gel by a displacing factor that competes with the macromolecule 
for the gel. A binding curve of the binding of an affinity gel 
to a macromolecule in presence of a displacing factor. Further 
details see appendix 1.

Fig. VII

The principle of increased adsorption of a macromolecule to an 
affinity gel by a binding factor that increases the affinity of 
the macromolecule to the gel. The equilibria of an affinity 
chromatographic process in presence of a binding factor. Further 
details see appendix 2.

Fig. VIII

Top: the hyperbolic binding of AChE to MTA-CH alone and in 
presence of the low affine activator of affinity, fluoride ion. 
Middle : reciprocal plots of MTA-CH and binding obtained from 
the binding curves in the top figure. Further details of the 
dissociation constants see appendix 2. Bottom: the partial 
binding induced by high concentration of NaF, based on the affi
nity of the new enzyme AE to MTA-CH.

Fig. IX

Dixon plot of the inhibition by edrophonium on the hydrolysis 
of acetylthiocholine by AChE.

Fig. X

Formulas of ligands discussed in this thesis.
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