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PREFACE

Dear readers,

following is a set of lectures delivered at different Congresses, Symposia and Workshops. Some of these
were invited, some of these were published in different forms. The main topics is clear from the content -
Cholinergic nerve transmission and its influencing. The authors tried to see cholinergic nerve transmission
from different angles, nevertheless, the focus is given to influence this transmission with nerve agents and
other factors. | hope that this special issue of our Journal ,Vojenské zdravotnické listy” will be useful and

interesting for all workers in this field.

Editor
Assoc. Prof. Jifi Bajgar, MD, DSc.

CHOLINESTERASES AND THEIR POSSIBLE INFLUENCING

Jifi BAJGAR
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Summary

Acetylcholinesterase and butyrylcholinesterase is characterized according to their properties and possible
influencing of their activities by inhibitors and other factors.
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Cholinesterases belong to the group of hydro-
lases catalyzing hydrolysis of choline esters to
choline and relevant acid. They are distinguished
into two classes, differing in their enzymatic
properties and physiological function: acetylcholines-
terase (AChE, EC 3.1.1.7.) and butyrylcholines-
terase (BuChE, EC 3.1.1.8.) as it is shown in Table
1. However, there exist other types of cholines-
terases like benzoylcholinesterase, propionylcho-
linesterase etc.

Activity of cholinesterases is of fundamental im-
portance for diagnosis of intoxication with cholin-
esterase inhibitors, including organophosphates
(OP) and carbamates (5, 17, 26). On the other
hand, the activity depends on many other factors
and therefore cholinesterase determination is of
diagnostic importance in different pathological
states, i.e. not only intoxications (7, 8, 11, 13, 14,
35). Activity of both enzymes (AChE and BuChE)
is influenced by sex, age, nutrition, hormonal factors,
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Table |
Differences between properties of AChE and BuChE
Trivial name Acetyicholinesterase Butyryicholinesterase
Other names specific, true, .e" type - cholinesterase, pseudocholinesterase,
cholinesterase .s" type cholinesterase
acetyicholine-acylhydrolase
Systemic name acetylcholine-acetylhydrolase
Number of Enzyme EC3.1.18.
Codex EC 3.1.1.7. serum, plasma
Source electric, organ, brain,
erythrocytes butyrylcholine
Optimal substrate acetylcholine no
Splitting acetyl-B-methyicholine yes high
Species differences low no
Inhibition by Substrate yes +
Quaternary ammonium salts +++ +++
Iso-OMPA + +
Phenothiazines +++ +++
Tacrine + +
DMC + 44 +
Ni, Zn ++ glycoprotein; containing
Binding complex with lipoprotein sialic acid
genetically determined
Molecular forms subunits Mg < Mn
Activation Mg, Mn Mg > Mn unknown
Function splitting neuromediator
acetylcholine

irradiation etc. (15, 23, 37, 38, 45). The variation of
BuChE activity is greater than that of AChE (5, 7).

In the clinical biochemistry, BuChE determin-
ation in the plasma or serum is more frequently
used than that of AChE in the red blood cells.
Except intoxication with OP or carbamates, BuChE
decrease indicates either diminution of synthesis of
the enzyme or the decrease of the number of
production cells in the liver (27). Special case of
diminished BuChE activity is hereditary affected
presence of atypical variants of BuChE (16, 45).

It was demonstrated by Whittaker (45) a
qualitative difference between BuChE of suxa-
methonium sensitive individuals and that of other
patients. The two types of enzyme hydrolyse the
same substrate at different rates and show distinct
inhibition with varying concentrations of suitable
inhibitor such as dibucain. These findings were the
basis of the hypothesis that the biosynthesis of
BuChE is controlled by two allelic genes, E"; and
E®. Individuals with combination EY,EY; are
homozygotes with normal BuChE activity;
combination of E*E"; (heterozygotes) and E*E?
(homozygotes) resulted in diminished BuChE
activity. The presence of a silent gene (E*;) was
also proposed and the fourth gene controlling
biosynthesis of BUChE (fluoride resistant, E';) was
recognised; the hypothesis was in general
established by family studies (5, 15, 45).

The influencing of BuChE activity in gamma-
-irradiation, stress, gravidity, some neurologic and
psychiatric disorders, hormones and medical drugs

was demonstrated (5, 15). Elevation of BuChE
activity is not so frequent; the increase in children
with nephritc syndrome was observed (45);
elevated ratio BUChE/LDL cholesterol indicates an
increase of the risk of cardiovascular diseases (24,
29).

Determination of AChE activity is not so widely
used in clinical laboratories. The decrease of the
red blood cells AChE activity in pernicious anaemia
was demonstrated; diminished erythrocyte AChE
activity is typical for paroxysmal nocturnal haemo-
globinaemia and ABO incompatibility (35).

Activity of AChE in the erythrocyte membrane
can be considered as an indicator of integrity of
erythrocyte membrane. Increased AChE activity in
rectal biopsy is of great diagnostic significance in
Hirschsprung's disease, especially the presence of
its atypical molecular form (8, 35). There are other
papers demonstrating increased AChE activity in
the amniotic fluid during pathologic development of
neural tube (13). AChE activity in the erythrocytes
and cerebrospinal fluid is diminished also in some
endogenous depressions and other psychiatric
disorders; however, the results presented are not
quite clear at present (for review see, e.g. 5, 35,
37).

On the other hand, influencing of cholinergic
nervous system is one of the most important
pathological changes in Alzheimer's disease (2). A
lack of cholinergic mediator, acetylcholine, was
observed (32). This had led to attempts to correct
cholinergic deficiency at various levels of choliner-
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gic functioning: inhibitors of cholinesterases like
physostigmine were used; however, physostigmine
was not found to be an ideal drug for clinical use
because of its short half-life, side-effects etc. (19).
The results of clinical studies showed perspective
results with acridine inhibitor of cholinesterase -
Tacrin (1,2,3,4-trahydro-9-aminoacridine) (40); its
7-methoxyderivative (7-MEOTA) was described as
a compound of low toxicity and good therapeutic
effect in experimental intoxication with anti-
cholinergics (20). Biochemical studies dealing with
its effect on cholinesterases in vivo showed that
7-MEOTA inhibited BuChE in the liver and AChE in
the brain parts with the highest sensitivity for
frontal cortex (7).

There are many inhibitors of cholinesterases
diminishing both AChE and BuChE activities to a
comparable extent. However, there is a number of
important exceptions: the selectivity of some OP
and carbamates for BUChE has been described
by Aldridge (1) and reviewed by other authors (5,
15, 45). Carbamates belong to the group of in-
secticides with a large variety of their effectiveness.
They are biologically active because of their
structural complementarity to the active surface of
AChE and their consequent reaction as substrates
with very low tumover numbers (1, 5, 19). Some
carbamates inhibit selectively either AChE or
BuChE (7, 9). Toxicity of carbamates is dependent
on their ability to carbamylate AChE in different
tissues and on other factors, i.e. distribution,
detoxification, metabolization etc. 3-Diethylamino-
phenyl-N-methylcarbamate methiodide belongs to
highly toxic carbamates (7). The selectivity for the
both cholinesterases in vivo was not so expressed
as it was demonstrated in experiments in vitro (7).

The interesting group of compounds modifying
cholinesterase activity are metal cations. Their
effect was studied on relatively simple cholines-
terase models and these studies were finished in
latest years. In connection with further work
dealing with the active surface of cholinesterases,
especially AChE, these works were found in
literature because metal's ability to interact with
different active sites on AChE. These studies are
very limited and hardly comparable because of
their different methodical approach. It was
demonstrated previously that especially Hg ions
diminished AChE activity in low concentrations (7).

The factors influencing cholinesterases are not
limited to chemicals only. AChE activity is
connected with cholinergic activity in the brain.
Using determination of AChE combined with
defined lesions of different parts of the brain, it was
possible to demonstrate cholinergic projections in
the central nervous system.

The septum is known to be an important part of
the limbic system. Functional relationship between
the septum and other limbic structures have been
demonstrated in several behavioural, electro-

physiological, biochemical and histochemical
studies. These regions contain neurones which
appear to be selectively sensitive to cholinergic
and anticholinergic drugs (23). It has been
demonstrated previously that septal nuclei are
reciprocally connected with different brain areas -
especially with the hippocampus (23). The
changes of AChE activity in various parts of the
limbic system produced by lesions of the medial
septum suggest connections of medial septum with
hippocampus, hypothalamus and ncl. amygdalae.
Dorsal septum has cholinergic projections with
hippocampus, thalamus, and frontal cortex (7, 23).

Both enzymes (AChE and BuChE) exist in

-multiple molecular forms (14, 35). The activities of

these forms are also influenced by many factors.
The function of these forms is not known at
present; however, their presence in the membrane
structures at physiological conditions was demons-
trated (6). There are only scarce data describing
the changes of AChE molecular forms following
intoxication with highly toxic OP (3, 25). Some
experiments were performed with relatively less
toxic OP (7, 9, 10, 16, 28, 30). From the group of
highly toxic OP compounds, sarin, soman, and VX
were found to be the most effective (3).

Molecular forms of AChE showed different
sensitivity to inhibitors in vitro (9, 30) and in vivo (3,
10, 16, 25). Following DFP (28) and highly toxic
OP (3, 25), the form with high molecular weight
was the most sensitive. Intoxication with Parathion
and Neguvon (less toxic OPs) caused medium
inhibition of some forms of AChE (7, 16).

From different results describing multiple
molecular forms of AChE it can be concluded that
AChHE in the brain exists in molecular forms. These
forms were observed also by other authors (3, 6, 7,
28). These forms are different for various species.
However, the electrophoretic mobility of AChE
components from the rat, rabbit, mouse and
human brains suggested that there are generally
two types of AChE forms having high and low
molecular weight. One BuChE and two AChE
bands in the rat hippocampus after electrophoresis
in polyacrylamide gel were observed (42). The
distinction between the two AChE forms is difficult
without electrophoresis. They differ in electro-
phoretic mobility and they can be well differentiated
by electrophoresis.

Subcellular localization of AChE suggested that
in nerve ending particles and microsomal fractions
2-4 AChE forms are present, in the mitochondrial
fraction only one was detected (4). The microsomal
form absent in the mitochondrial fraction is the
most sensitive to OP in vivo. From previous studies
it is known that high molecular form of AChE has
the lowest K, value (12) and highest decrease in
this component after deafferentation was also
observed (11). These results suggested that this
form of AChE would be very important for normal
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cholinergic nerve transmission. It arises the ques-
tion on existence of the forms under physiological
conditions. Using thermal denaturation, it was
demonstrated that they are not artifacts formed
during homogenization or other treatment of the
brain tissue (6). The overall data show that
catalytic activity of AChE molecular forms is
different and their inhibition by various inhibitors
may be heterogeneous. This heterogenicity was
demonstrated for AChE phosphorylating inhibitors
as well as for inhibitors with different binding sites
for the enzyme.

The results with another type of inhibitor - 7-
MEOTA - fit well with our previous findings
indicating a greater sensitivity of slowly migrating
molecular forms separated by polyacrylamide gel
electrophoresis (7). In fact, it has been demons-
trated recently that slowly migrating forms of
cortical AChE correspond to G4 forms separated
by sedimentation analysis (43). On the other hand,
recent data indicate an almost equal sensitivity of
G4 and G, forms of both soluble and membrane-
bound whole brain AChE to this type of inhibitor
(30). It is not excluded that the reversible inhibitors
such as 7-MEOTA modify their interaction with the
active site resulting in a preferential inhibition of G4
forms. It is of interest that the introduction of a
heptyl group into physostigmine modified its inter-
action with the AChE molecular forms, heptyl-
physostigmine showing a stronger inhibition for G,
than for G4 forms while in the case of the parent
compound similar inhibition of the two forms was
observed (30).

The data of 7-MEOTA are different from those
obtained for DFP and paraoxon showing similar
ICso values for Gy and G; forms (43). These
findings have been confirmed for membrane-
-bound AChE (30). This is not surprising since the
interaction of OP compounds (and physostigmine)
with the active site of enzymatic molecule is dif-
ferent from that for 7-MEOTA-type compounds. In
fact, OP compounds inhibit AChE by phosphorylat-
ing the esteratic serine in the catalytic site. On the
other hand, acridine derivatives bind to the
hydrophobic area close to the active site of AChE
simultaneously affecting its catalytic center via an
allosteric mechanism (18, 31, 39).

As regards the data on AChE molecular forms,
they confirm previous findings indicating a more
pronounced sensitivity of G4 forms, as compared
to G, forms, in brain of rats injected with paraoxon
(43). Somewhat lower inhibitory effects of the
same dose of paraoxon (0.25 mg/kg s.c.) as well
as a somewhat lower contribution of G, forms to
total AChE in untreated rats were observed in
another experiments (10) in comparison with those
reported by Volpe et al. (43) and may depend on
regional differences (cerebral cortex and whole
brain).

In the case of brain AChE, as it has been

pointed out (43), G; and G, forms represent distinct
pools in the cell, the former being mainly as-
sociated with membranes, with its catalytic site
exposed to the extracellular space, and the latter
confined to the intracellular compartment.

Following intoxication with nerve agents men-
tioned, the highest sensitivity for high molecular
AChE form was observed (3). Determination of the
whole AChE activity is partly misrepresenting
because of different distribution of AChE molecular
forms in the sample. Following determination of the
whole activity, a ,mean” activity containing activities
of the forms is determined. It can be concluded
that in studies requiring high sensitivity (e.g. the
studies of antidotal action), AChE molecular forms
would be of choice for more detailed information of
functional stage of AChE - important marker of
cholinergic nerve transmission.

The three-dimensional structure of AChE from
Torpedo californica electric organ was determined
in 1991 by Silman et al. (41). The enzyme
monomer is an off protein that contains 537 amino
acids. It consists of a 12-stranded mixed B-shift
surrounder by 14 a-helixes and bears a striking
resemblance to sever hydrolase structures. Like
other serine hydrolases, it contains a catalytic triad
at the bottom of a deep and narre cavity, known as
the ,aromatic gorge* since more than 50 of its
lining is composed of the rings of 14 conserved
aromatic amino acids. ACh must pass down into
this gorge bind to the active site within. Manual
docking of the substrate AChE at the base of the
gorge reveails the esteratic and choline binding
sites.

The esteratic site is the catalytic triad formed by
Seryp-Hisasg-Gluazz, in which the Glus,; stabilizes
the Hisgs tautomer required for general acidbase
function and/or electrostatically stabilizes the
incipient Hissso imidazolium cation during catalysis
(33). Associated with the triad, a putative oxyanion
hole formed by the two amidic nitrogens of Gly,qg
and Gly;19 has been identified. Modelling of the
quaternary group of ACh at the active site suggests
that it forms a cation-tbond with the indole of
conserved Trpg,, in agreement with affinity labelling
experiments (44).

Very recently the native structure of T. califor-
nica AChE, determined to a resolution of 2.5A, was
reported (36). The docking study with ACh
modelled in this structure showed that the acetate
moiety retains its position near Ser, and that the
quaternary nitrogen is positioned at 4.8A from the
centroid of the entire 9-membered ring of Trpss, so
that the distance from the phenyl ring of Phess, is
5.2A. Thus, the quaternary ammonium group ex-
presses two cation-aromatic interactions.

It is interesting to compare the structures of
AChE and BuChE. These two enzymes possess
53% sequence homology (21), which has permitted
the modelling of BUChE on the basis of the 3D
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Fig. 1 Hypothetic structure of active surface of AChE including different binding sites and differentiation to acylating and non-

-acylating inhibitors

structure of Torpedo AChE (22). Six aromatic
residues which are conserved in AChE and line the
gorge leading to the active site are absent in
BuChE. Computer modelling has shown that two
such residues, Pheyxg and Pheyg, which are
replaced in BuChE by leucine and valine,
respectively, may prevent bulky esters of choline
from entering into the acyl-binding pocket of AChE.
Mutagenicity experiments have confirmed this
model.

In addition to the subsites of the catalytic center,
AChE possesses one or more additional binding
sites for ACh and other quaternary ligands. Such
peripheral anionic binding sites are at the lip of this
gorge. In BUChE, Trp,7, an important component
of the peripheral binding site in AChE, is missing.
This site is believed to be responsible for substrate
inhibition (34), which is one of the features that
distinguishes AChE from BuChE. Recently it was
suggested that the peripheral anionic site affected
by Alzheimer's disease loses their substrate
inhibition specificity (2).

Very schematically, in Fig. 1, is shown a model
of hypothetic structure of AChE including binding
sites and differentiation of acylating and non-acylat-
ing inhibitors.

These studies are necessary for elucidation of

action of inhibitors on AChE. This approach could
only improve our knowledge of mechanisms of
action of OP and other inhibitors and of the
poisoning caused by these chemicals and their
treament. Simultaneously, it could contribute to better
understanding of cholinergic nerve transmission
and thus to pharmacology and neuropharmacology
in general.
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