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In this review, various aspects of acetylcholinesterase (AChE) are reviewed. Acetylcholinesterase
(AChE, EC3.1.1.7) is an important neurotransmitter because it hydrolyses the neurotransmitter
acetylcholine (ACh), it is also the target site of organophosphorus and carbamate insecticides.
The discovery of the first neurotransmitter ACh was soon followed by the discovery of its
hydrolysing enzyme, AChE. The role of AChE in terminating AChE-mediated neurotransmission
made it the focus of intense research for much of the past century. The role of
butyrylcholinesterase (BChE) is not known but it is assumed to participate in the growth and
development and to scavenge the cholinergic toxins, it is also reported to have an auxiliary role
in synaptic transmission. Acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) are
the major groups of cholinesterase differentiated by their substrate preferences. Substrate binding
specificity and catalytic efficiency are tangled in enzyme catalysis. The fact that an enzyme may
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exist in more than one molecular form has been accepted for a number of years.

INTRODUCTION

As an important Neurotransmitter, the acetylcholinesterase
(AChE, EC3.0.1.7) is also a target for phosphor and carbamate
insecticides, due to their hydrolyses, the neurotransmitter
acetylcholine [1]. The evidence of organophosphate toxicity and
carbamate is linked to its inhibition of an important enzyme of
the neurological system; acetylcholinesterase. The active site of
the serine residue is carbamyl- and phosphorylated, preventing
neurotransmitter acetylcholine metabolization [2].

Cholinesterase has an interesting history. Their existence
was predicted by [3], some 15 years before he and Dudley
showed acetylcholine (ACh) to be a natural constituent of animal
tissues. Dale's prediction was based on the evaporation of the
effect produced when AChE was injected into an animal [4]. [5]
provided experimental support for this viewpoint by
demonstrating that the effect of ACh on frogs was prolonged in
the presence of eserine. They attributed this result to the
inhibition of the enzyme normally responsible for destroying
AChE by eserine. Cholinesterase activity was discovered in

blood shortly after [6] and it was shown that there are at least two
distinct enzymes, one in red cells and one in serum [7]. The
kinetic features of these two enzymes have provided the
foundation for classifying enzymes in other tissues. The red cell
type AChE (EC 3.1.1.7) hydrolyzes ACh much faster than BuCh,
but the serum type BChE (EC 3.1.1.8) hydrolyzes BuCh nearly
four times faster than ACh [4]. AChE and BChE are two closely
related cholinesterases that hydrolyze the neurotransmitter ACh
in animals [8]. Both are evolutionarily similar, but each possesses
distinct traits and properties that allow them to be separated [9].
Both enzymes are found in the brain and have been linked to
neurofibrillary tangles and neuritic plaques [10]. The function of
BChE is unknown, but it is thought that it scavenges tissue from
ACh that has not been split by AChE [11,12]. AChE is found in
nervous tissues of all species of animals [13] and besides its
hydrolytic activity, there has been some suggestion that it may
function as a physiological receptor [14]. Cholinesterase enzyme
was reported to be an important therapeutic target for
Alzheimer’s disease. It is also found to be abundantly available
in different fish organs, including the kidney [15].
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Acetylcholinesterase (AChE)

The first neurotransmitter, ACh, was swiftly discovered and the
enzyme which hydrolyzes it AChE was discovered. Most of the
past century has been focused on the role of AChE in stopping
ACh-mediated neurotransmission[16]. AChE is a serine enzyme
(EC 3.1.1.7) playing a vital role in cholinergic synapses[17].
AChE is an enzyme necessary to halt ACh action in an after
synaptic membrane inside the mnervous system. The
immunocompatibility of the AChE forms is high. The
hydrolyzation of the neurotransmitter ACh[18] is recognised to
constitute one of the most effective catalytic enzymes in the
neurological system.

AChE activity is highly needed for the normal muscular
function and behaviour of animals and therefore become a target
for many chemical pollutants to harm the animals. Inhibition of
the activity of AChE leads to the build-up of acetylcholine (Ach)
which may result in the repeated, unorganised firing of the
neurons and subsequently the stimulation of nerve or muscle
fibres, paralysis and sometimes even death [19]. The enzyme
successfully ends the chemical impulse at speeds comparable to
a diffusion-controlled process, allowing for a quick and repeating
reaction [20]. With a turnover time of 150 ps, this equates to the
hydrolysis of 5000 ACh molecules per second. This biomarker,
which prevents continuous muscle contraction, is essential for the
proper functioning of both the sensory neural and neuromuscular
systems [21].

Table 1. Enzymes diffusion-controlled rate (K./Km) association with
substrate [22].

Enzyme Substrate Keat (sec™) K (M) keat/Km
(sec'M™)
Acetylcholinesterase Acetylcholine 1.4x10* 9 x10° 1.6 x 10%

Carbonic anhydrase CO2 1.0x10° 1.2x102 83 x 107

HCOs 4.0x10° 2.6 x10%  1.5x107
Catalase H:0; 4.0x107 1.1 4.0 x 107
Crotonase Crotonyl-CoA 5.7x10° 2.0x10° 2.8 x10%
Fumarase Fumarate 8.0x 102 5.0x10°¢ 1.6x10°

Malate 9.0x10% 2.5x10° 3.6 x107
Triosephosphate Glyceraldehyde-3- 4.3 x10° 1.8 x 10° 2.4 x 108
isomerase phosphate

B-Lactamase Benzylpenicillin 2.0x10° 2.0x10° 1.0 x10%

ACh as a chemical transmitter

The most widely accepted role of ACh in the neurological system
is that of a chemical transmitter [23]. ACh is a kind of ammonium
compound. In 1920, it was the first transmitter material to be
isolated. According to [24], this ACh transmitter is kept in minute
amounts, each corresponding to a quantum, and its true purpose
is in the conduction of the nerve impulse through the axon. AChE
inhibitors work indirectly by preventing ACh from being
hydrolyzed (inactivated) at the receptor site [25]. This inhibition
enables ACh to build and causes an intensified and prolonged
receptor site stimulation. The effects of ACh activation [26-27]
include the vasodilation of the blood vessels that reduces heart
rate, bronchial constriction and reduced mucosal discharge into
the respiratory tract, intestinal cramp, salvia secretion, suck and
tears and eye constriction of pupils. This build-up of ACh
produces nerve poisoning by producing restlessness,
hyperactiveness, tremors, convulsions and paralysis in
invertebrates (e.g., crabs).

Cholinergic synapse and AChE

ACh and noradrenaline are the two major substances transmitter
in vertebrate nervous systems [ 13]. ACh from choline and acetyl-
CoA in presynaptic neurons is catalysed in ChAT (Fig. 1). ACh
is embedded by vAChHT in synaptic blisters. In the absence of
ACh, an AChR channel cannot be permeated to the ion passage.
However, when two ACh molecules are connected to it, AChR
opens and allows ions to fluctuate through the membrane of the
cell: sodium within and potassium outside. This ion flow defines
a plate flow throughout the muscular membrane that induces
contraction when powerful enough. These action potentials allow
ACh to be released into the synaptic split, where it binds to the
pre and post-synaptic membranes' muscular (M) receptors. ACh
discharge on the presynaptic membrane is controlled by M2
receptors through a negative reaction (Fig. 1).

It is believed that the M protein- 1,4,5-trisphosphate
(Ins(1.4.5)P3) and Ca2+-dependent protein kinase (PKC) signals
at the postsynaptic location cause action potentials through the
diacylglycerol (DAG), as illustrated in Figure 1(29). As long as
the ACh molecules are not digested by AChE, the biomolecular
off-switch for synaptic transmission, they remain in the spindle
of the neuron. AChE, which is an incredibly rapid enzyme, is a
technically highly effective method for the termination of
synaptic transmission for subsequent signals, and it is capable of
destroying ACh molecules at rates that approach theoretical
limits [30]. In a regional and temporary integration, the entire
procedure is carried out [ 14].

AChE in Biochemistry

This enzyme has been found in several forms in a number of
tissues from both vertebrates and invertebrates, and its various
molecular forms can be classed as globular or asymmetric
depending on their shape. Globular forms are composed of
catalytic subunits in the form of monomers (G1), dimers (G2),
and tetramers (G4), and they can exist as soluble or membrane-
associated species, respectively. The presence of a collagenous
constituent  distinguishes asymmetrical ~structures from
symmetrical ones. One, two, or three catalytic tetramers are
connected to the subunit of the triple-helical collagenic tail,
respectively, to generate the asymmetric forms of the enzyme.
Depending on the species, these forms are designated as A4, A8,
and A12, with sediment ranging from 9-10 S, 12-14 S, and 16-21
S in the sediment column. They may be incorporated into the
extracellular matrix (basal lamina) or formed as a result of ionic
interactions [32], among other possibilities.

The solubilization and hydrodynamic properties of the
enzyme are heterogeneous, reflecting differences in the
mechanism of attachment of the enzyme to cellular structures as
well as differences in the quaternary structure of the enzyme
itself. Amphiphilic forms, such as those seen in the mammalian
central nervous system and chicken [33], can commonly be
solubilized at least partially without the use of a detergent [34].
Although all molecular forms of AChE and BuChE are
glycosylated, changes in the oligosaccharide between AChE
monomers and oligomers, and even between different AChE
monomers in muscle, and differences in the oligosaccharide
between BuChE tetramers in brain and plasma have been
discovered [34]. It appears that proper glycosylation of the AChE
forms is necessary for proper secretion as well as for protecting
the enzyme against proteolysis [35].
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Fig. 1. Cholinergic synapse mechanism [31].

AChE is a particularly relevant subject for thorough
structure-function research because of its distinct biochemical
features and physiological relevance. An array of evolutionary
distinct vertebrate and invertebrate taxa have so far been cloned,
with AChE-coding sequences having been identified in insects,
nematodes, fish and reptiles, birds and various mammals,
including humans. The first crystal model for AChE from
Torpedo californica, which has historically been one of the most
important sources of AChE for research, was created shortly after
the sequence data were published. In later research, crystal
structures of the mouse, Drosophila, and human were discovered
to be structurally and functionally comparable [31].

X-ray crystallography identified 3 previously unknown
functional areas of AChE: (a) a catalytic triad that operates the
active site mechanics, (b) a gorge that connects the active site
region to the protein surface, and (c) a peripheral anionic site at
the protein surface [36-37]. These functional zones were
previously unknown. [38] revealed the three-dimensional
structure of Torpedo californica AChE, and it was determined
that AChE contains a catalytic triad similar to that observed in
other serine hydrolyses. It also revealed that this triad is near the
bottom of a deep and narrow hollow 20 (Fig. 2), which has been
termed the "aromatic gorge" because it is lined by the rings of 14
aromatic residues that have been determined to be well preserved
[38]. Certain conserved aromatic residues play key roles in both
the esteratic and aromatic subsites [34], indicating that they are
important in both.
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Fig. 2. Structural features of AChE enzyme. X-ray crystallography
has identified an active site at the bottom of a narrow gorge, lined with
hydrophobic amino-acid side chains [31].

AChE catalytic mechanism

ACHhE can be categorised in a variety of ways, but its mechanism
of action is that of a serine hydrolase. The active site of AChE is
composed of two subsites, one of which is anionic and the other
of which is esteratic. It is the anionic site that is responsible for
specificity with regard to the alcohol moiety, whereas the
esteratic site is responsible for the actual catalytic activity. It is
clear that the structure around this subsite is what defines
specificity in terms of the acid function of the substrate's acid
function. The anionic site, as its name indicates, is the location of
an electrically negative potential that draws the quaternary
ammonium head of ACh to it. The esteratic site, like the catalytic
sites of serine proteases such as trypsin, many blood clotting
factors, and others [31], includes a catalytic triad of serine,
histidine, and an acidic residue (Fig. 3).

The enzyme-substrate complex is one of the most widely
proposed processes, in which the hydroxyl group of serine acts
as a nucleophile to displace choline and create an acetyl enzyme
[39]. The hydroxyl group of serine acts as a nucleophile to
displace choline and generate an acetyl enzyme. In this case, the
imidazole of histidine acts as a general base, and a proton is
shown at the esteratic site to consider the potential that a proton
may be involved in the catalysis, possibly via transfer to make
choline (rather than the choline dipolar ion) the leaving group
[40].
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Fig. 3. AChE catalytic mechanism scheme. It is the nucleophilic attack
on the carbonyl carbon that initiates the hydrolysis reaction and causes
the enzyme to acylate, releasing choline from the enzyme. Acute
hydrolysis results in the formation of acetic acid, which is then
hydrolyzed to restore the esteratic site to its original state [41].

-6 -

This work is licensed under the terms of the Creative Commons Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/).



JEBAT, 2021, Vol 4, No 1, 24-30

ACKhE allosteric effects

The only binding sites that have been considered in the context
of the AChE-ACh reaction are the anionic and esteratic subsites
of the active centre. In recent years, it has become increasingly
evident that the ability of an enzyme to bind substances (or
ligands) is not entirely limited to the active site of the enzyme as
previously thought. [42] According to current thinking, these
regulatory proteins have two, or at the very least two
stereospecifically distinct non-overlapping receptor sites [43]. It
is one of them, the active site, that is responsible for the biological
activity of the protein since it is responsible for binding the
substrate. Aside from that, the allosteric site is a structural
complement to another molecule known as the allosteric effector,
to which it binds selectively and reversibly [42, 43]. A discrete,
reversible change in the protein's molecular structure, known as
an allosteric transition, is assumed to occur when the complex
forms, resulting in changes in the properties of the active site and,
as a result, changes in one or more of the kinetic parameters that
characterise the enzyme's biological activity. However, this is not
always the case.

AChE molecular weight

Over two decades ago, solubilized acetylcholinesterase was
discovered by irradiation inactivation as a non-spherical unit with
a molecular weight of 105,000, which was the first time this
enzyme had been discovered. Following that, several attempts to
separate acetylcholinesterase by solubilisation, gel filtration, and
column chromatography have yielded a variety of findings from
a variety of enzyme sources and isolation techniques. There is
widespread agreement that solubilized acetylcholinesterase may
be found in numerous forms, with molecular weights ranging
from 60,000 to 400,000 [45]. This is due to the large number of
biochemical studies that have been published.

Torpedo californica AChE was first thought to have a
molecular weight in the millions, according to early estimations
[46, 47]. From viscosity and light scattering measurements, [47]
obtained an AChE polymer with a specific activity of 425
mmoles ACh/mg protein/hr, and then estimated molecular
weights of 25 000,000 and 31 300,000 based on the viscosity and
light scattering data, respectively. A smaller molecule (330 000)
was discovered in one of the experiments. Because of the
decreased specific activity, [47] speculated that it may be the
monomer. [48] As purification technologies have become more
refined, estimates of molecular weight have dropped while
estimates of specific activity have grown (Table 2). According
to the results of experiments conducted to establish the molecular
weight of AChE, the molecule can be broken down into subunits,
although it is unclear what these subunits represent in terms of
enzyme activity. Even though some early characterization of the
ACHhE crystals from the organ tissue of Electrophorus electricus
had been published [36], it was the first time that they were
purified.

According to [48], insect AChE is most likely exclusively
found in globular forms. This agrees with globular and subunit
values from Coturnis japonica, Murex brandaris, and Galleria
mellonella [49], which were 246 kDa, 260 kDa, and 240 kDa
(native form) and 63 kDa, 66 kDa, and 60 kDa (subunit form)
correspondingly (Fig. 2). The tetramer form, which has an
apparent molecular weight of 420 kDa, corresponds well with
isolated AChE from the chicken brain and is composed of two
polypeptide chains with apparent molecular weights of 105 kDa
and 100 kDa [50]. The presence of a quaternary structure has
been reported to be common for AChEs from vertebrates and
invertebrates [11].

Contrary most of the invertebrates showed dimeric form of
ACHhE, occurrence from Schizaphis graminum [51], Nephotettix
cincticeps [52), Leptinotarsa decemlineata [53] and Lygus
hesperus Knight [54] with 129 kDa, 130 kDa, 130 kDa and 199
kDa (native form) respectively and 72 kDa, 75 kDa, 65 kDa and
94 kDa (subunit form) respectively (Fig. 2). The molecular
weight of globular AChE in tetramer form was often in the range
0f'200-400 kDa, while in dimeric form it was in the range of 100-
200 kDa. AChE subunits with molecular weights in the range of
60-90 kDa have been identified from both invertebrate and
vertebrate sources (Fig. 2). The small variation in AChE
molecular weight can be ascribed to a variety of glycosylated
processes involving oligosaccharides in the enzyme's structure.
In order to ensure proper secretion and to protect the enzyme
from proteolysis [55], it will be required.

Isozymes of AChE

The fact that an enzyme may exist in more than one molecular
form has been accepted for a number of years. The existence of
multiple molecular forms of enzymes was first detected by
electrophoresis. When run on SDS-PAGE, preparation of
enzyme separated into a number of bands with different
electrophoretic mobilities but which were catalytically
equipotent. The various molecular forms of enzyme thus revealed
were termed isozymes [56]. Isozymes were considered to be
identical in all respects except electrophoretic behaviour.
Subsequently, however, heterogeneity was revealed by many
other tests and gradually the definition of an isozyme has become
broader [51]. The functional significance of the different
isozymes forms of AChE is unclear. AChE molecules are
influenced by pH and ionic strength, and it is suggested very
tentatively that this phenomenon could be of relevance in the
control of the permeability cycles in membranes [57].

AChE substrate specificity

Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE)
are major groups of cholinesterase differentiated by their
substrate preferences. AChE is always specific to its substrate
acetylcholine (Ach), due to its rapidly catalysing the hydrolysis
of ACh the enzyme partakes in the termination of cholinergic
neurotransmission in the neuromuscular synapses [58]. In
enzyme catalysis, the specificity of the substrate binding and the
efficiency of the catalytic reaction are intertwined. Because of the
binding energy between the enzyme and the substrate, the
activation energy of kea/Km is depressed, and there is an
interconversion between the binding and chemical reaction
activation energies. For a low barrier reaction to occur, both the
substrate and the protein must be in their usual positions. In
addition to this, it is expected that the orientation of the bound
substrate will have a major influence on enzyme catalysis [59].

Although its precise role is uncertain, it is assumed to be
involved in growth and development as well as scavenging
cholinergic poisons. It has also been demonstrated to have a
supporting role in synaptic transmission [60]. On the basis of
their kinetic and pharmacological properties, AChE and BChE
may be distinguished. AChE hydrolyzes Ach and is less active
on BCh, whereas BChE hydrolyzes both substrates and is hence
less selective. The susceptibility of enzymes to diagnostic
inhibitors can also be used to distinguish between them [61].

Cholinesterases, which are found in abundance across the
animal kingdom, were divided into three groups based on their
substrate specificity: AChE, PChE, and BuChE. AChE differs
from BuChE in that it hydrolyzes ACh or, more specifically, its
homologue ATC, more efficiently and more quickly than it does
any other substrate. It is thought that the natural substrate for
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vertebrate AChE is ACh, which is the most abundant choline
ester present in the tissues. In the laboratory preparations of
ACHhE generally exhibit maximal activity towards ACh but with
the same species, propionylcholine and another choline ester
present in a certain animal is hydrolyzed as fast or even faster
[58]. This is particularly true of the enzyme in avian brain tissue.
AChE activity towards BuCh and proprionylcholine is very low
compared with that towards ACh; nevertheless the enzyme in
certain species will split BuCh to a significant extent [61].

Table 2. AChE substrate specificity.

Cholinesterase K/ pM Vinax U/mg Reference
source

Substrate ATC PTC BTC ATC PTC BTC
Nephotettix 511 39.1 416 702 305 46 [52]
cincticeps

Schizaphis 57.6 313 334 78 374 23 [51]
graminum

Leptinotarsa 149 82 9.4 1777 651 5.7 [53]
decemlineata

Hornfly 242 204 84 187 9.03 06 [67]
(Haematobia

irritans)

Eurytemora affinis 32 Nil Nil 100 10 10 [2]
Murex brandaris 78 46 45 Nil Nil Nil [64]
Hiruda 484 292 85 361 725 386  [65]
medicinalis

Effect of excessive substrate, pH and temperature on AChE
ACHKE is sensitive to inhibition when an excess of substrate is
available. This removal of AChE through the surplus substrate is
one of the features of pseudocholinesterase (BChE). AChE is
highly active at low Ach levels and is inhibited by high Ach
levels[68]. Several causes for the changes in AChE behaviour in
the presence of additional substrates were presented. The
inhibition of the substratum is according to the [34] a decrease in
enzyme-catalytic effectiveness induced by conformational
changes caused by the presence of excess substrate, rather than a
creation of a stable complex of acylenzymes-substrate. Others
hypothesised that adding additional molecules of substrates to
alosteric locations might induce significant conformative
modifications to prevent normal catalysis [52].

The active region of the crystal structure of Torpedo
calinifornica (Tc) AChE is concealed beneath the narrow gorge,
parallel to the conserved aromatic residues [38]. When the
substrate concentration is high, AChE is inhibited. All available
AChE models predict the presence of two substrate-binding sites
(the active and peripheral anionic sites) [69].

Because of the presence of an electrolyte in the sub-phase at
partially neutral pH, acetylcholinesterase (AChE) forms an
extremely stable layer (pH 6.5). The mixed polar and non-polar
state of AChE, as well as its high molecular weight, contribute to
its stability. The ionic character of the sub-phase had no effect on
the creation of the AChE monolayer, while pH had a substantial
impact on the reduced molecular area and surface pressure of the
monolayer [70]. Larger molecular areas and higher surface
pressures were obtained in an acidic pH (3-4) than in a basic pH
(7-8), indicating that pH has a significant role in determining
enzyme adsorption and stability, and pH of the reaction medium
is one of the major aspects of enzyme catalysis [71].

Temperature is an essential environmental factor that
influences the physiological performance of organisms; high
temperatures impair growth, enzyme activity, oxygen usage, and,
in some cases, mortality [72]. Many abiotic variables,
particularly temperature, have been observed to influence the
activity of the acetylcholinesterase enzyme. Maximum AChE

activity was observed in estuary blue mussels (Mytilus sp.)
during in the summer and lowest activity during the winter [73].

CONCLUSION

The purification and characterization of acetylcholinesterase
(AChE) from a variety of sources has been discussed in this
article. AChE is a neurotransmitter present in the cholinergic
synapse of the nervous system in both insects and all vertebrates.
It is found in both insects and all vertebrates. The activity of
acetylcholinesterase is influenced by a variety of factors,
including the substrate, pH, and temperature. As a result, AChE
is considered to be a reliable marker for detecting environmental
contamination.

REFERENCES

1. Li F, Han Z. Purification and characterization of
acetylcholinesterase from cotton aphid (Aphis gossypii glover).
Arch Insect Biochem Physiol. 2002;51(1):37-45.

2. Forget J, Livet S, Leboulenger F. Partial purification and
characterization of acetylcholinesterase (AChE) from the estuarine
copepod Eurytemora affinis (Poppe). Comp Biochem Physiol - C
Toxicol Pharmacol. 2002;132(1):85-92.

3. Dale HH. The action of certain esters and ethers of choline, and
their relation to muscarine. J Pharmacol Exp Ther. 1914;6(1914):7—
190.

4.  Fishman MC. Sir Henry Hallett Dale and acetylcholine story. Yale
J Biol Med. 1972;45(2):104-18.

5. Loewi O, Navratil E. Uber humorale Ubertragbarkeit der
Herznervenwirkung. X. Uber das Schicksal des Vagusstoffs.
Pflugers. Arch Gesamte Physiol Menschen Un Tiere.
1926;214(1926):678-688.

6.  Stedman E, Easson LH. Choline-esterase. An enzyme present in the
blood-serum of the horse. Biochem J. 1932;26(6):2056—66.

7.  Alles GA, Hawes RC. Cholinesterases in the blood of man. J Biol
Chem. 1940;133(1940):375.

8.  Rosenberry TL, Chen YT, Book E. Biochemistry. 1974.3068-3079
p.

9.  Massoulié J, Pezzementi L, Bon S, Krejci E, Vallette F-M.
Molecular and cellular biology of cholinesterases. Prog Neurobiol.
1993;41(1991):31-91.

10. Hebert LE, Scherr PA, Beckett LA, Albert MS, Pilgrim DM,
Chown MJ, et al. Age-specific incidence of Alzheimer’s disease in
a community population. JAMA. 1995;273(1995):1354-9.

11. Silver A. The Biology of Cholinesterases. New York:
ElsevierAgricultural Research Council Institute; 1974. 426447 p.

12. Alexandra M, Andrea R. The key role of butyrylcholinesterase
during neurogenesis and neural disorders: an antisense-
S'butyrylcholinesterase-DNA study. Prog Neurobiol.
2000;60(6):607-28.

13.  Micheal HF, Peter BK. Acetylcholinesterase inhibition in estuarine
fish and invertebrates as an indicator of organophosphorus
insecticide exposure and effects. Environ Toxicol Chem.
2001;20(1):37-45.

14. BibiN, Zuberi A, Nacem M, Ullah I, Sarwar H, Atika B. Evaluation
of acute toxicity of karate and its sub-lethal effects on protein and
acetylcholinestrase activity in cyprinus carpio. Int J Agric Biol.
2014;16(4):731-7.

15. Padrilah SN, Ahmad SA, Yasid NA, Sabullah MK, Daud HM,
Khalid A, et al. Toxic effects of copper on liver and cholinesterase
of  Clarias  gariepinus.  Environ  Sci  Pollut  Res.
2017;2017(August):1-13.

16. Martin S, Vinay P, Howe WM. Phasic acetylcholine release and the
volume transmission hypothesis: time to move on. Natl Rev
Neurosci. 2009;10(5):383-90.

17. Yanzi Z, Shenglong W, Yingkai Z. Catalytic Reaction Mechanism
of Acetylcholinesterase Determined by Born-Oppenheimer ab
initio QM/MM Molecular Dynamics Simulations. J Phys Chem B.
2015;27(3):320-31.

18. Albendin G, Arellano JM, Manuel-Vez MP, Sarasquete C, Arufe
MI. Characterization and in vitro sensitivity of cholinesterases of

_08 -

This work is licensed under the terms of the Creative Commons Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/).



19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

JEBAT, 2021, Vol 4, No 1, 24-30

gilthead seabream (Sparus aurata) to organophosphate pesticides.
Fish Physiol Biochem. 2016;42(2):455-64.

Marigoudar SR, Ahmed RN, David M. Cypermethrin induced: In
vivo inhibition of the acetylcholinesterase activity in functionally
different tissues of the freshwater teleost, Labeo rohita (Hamilton).
Toxicol Environ Chem. 2009;91(6):1175-82.

Colovic MB, Krstic DZ, Lazarevic-Pasti TD, Bondzic AM, Vasic
VM. Acetylcholinesterase  Inhibitors: Pharmacology and
Toxicology. Curr Neuropharmacol. 2013;11(3):315-35.

Murphey RK. The myth of the inflexible invertebrate: competition
and synaptic remodeiling in the development of invertebrate
nervous systems. J Neurobiol. 1986;16(1986):585-91.

Fersht A. Enzyme structure and mechanism. second edi. New York:
W H Freeman; 1985. Pp 475.

Rao JV, Kavitha P, Jakka NM, Sridhar V, Usman PK. Toxicity of
Organophosphates on Morphology and Locomotor Behavior in
Brine Shrimp , Artemia salina. Arch Environ Contam Toxicol.
2007;53(2007):227-32.

Katz B. The transmission of impulses from nerve to muscle, and the
subcellular unit of synaptic action. Proc R Soc B.
1962;155(1962):455-77.

Shukor MY, Tham LG, Halmi MIE, Khalid I, Begum G, Syed MA.
Development of an Inhibitive Assay Using Commercial
Electrophorus electricus Acetylcholinesterase for Heavy Metal
Detection. J Environ Biol. 2013;34(2013):967-70.
Rodriguez-Fuentes G, Gold-Bouchot G. Environmental monitoring
using acetylcholinesterase inhibition in vitro. A case study in two
Mexican lagoons. Mar Environ Res. 2000;50(1-5):357-60.
Mdegela RH, Mosha RD, Sandvik M, Skaare JU. Assessment of
acetylcholinesterase activity in Clarias gariepinus as a biomarker of
organophosphate and carbamate exposure. Ecotoxicology.
2010;19(5):855-63.

Elumalai K, Ali, Mohammed Ashraf Elumalai M, Eluri K,
Srinivasan S. Acetylcholinesterase enzyme inhibitor activity of
some novel pyrazinamide condensed 1 , 2 , 3 , 4-
tetrahydropyrimidines. Biotechnol Rep. 2015;5(2015):1-6.
Hamilton SE, Pitts AE, Katipally RR, Jia X, Rutter JP, Davies BA,
et al. Biochemistry. 1997. 11873-11880 p.

Loro VL, Glusczak L, Moraes BS, Leal CAM, Menezes C, Murussi
CR, et al. Glyphosate-based herbicide affects biochemical
parameters in Rhamdia Quelen (Quoy & Gaimard, 1824 and)
Leporinus obtusidens (valenciennes, 1837). Neotropical Ichthyol.
2015;13(1):229-36.

Soreq H, Seidman S. Acetylcholinesterase — new roles for an old
actor. Nat Rev Neurosci. 2001;2(4):294-302.

Massouli¢ J, Bon S. The molecular forms of cholinesterase and
acetylcholinesterase in vertebrates. Annu Rev Neuroscieence.
1982;5(1982):57-106.

Silman I, Futerman AH. Modes of attachment of
acetylcholinesterase to the surface membrane. Eur J Biochem.
1987;170(1-2):11-22.

Sussman JL, Silman I. Acetylcholinesterase: Structure and use as a
model for specific cation-protein interactions. Curr Biol.
1992;2(1992):612.

Ruiz-Espejo F, Cabezas-Herrera J, Illana J, Campoy F, Vidal C.
Cholinesterase activity and acetylcholinesterase glycosylation are
altered in human breast cancer. Breast Cancer Res Treat.
2002;72(1):11-22.

Dvir H, Silman I, Harel M, Rosenberry TL, Sussman JL.
Acetycholinesterase: From 3D Structure to Function. Chem Biol
Interact. 2010;187(1-3):10-22.

Greenblatt HM, Dvir H, Silman I, Sussman JL.
Acetylcholinesterase: a multifaceted target for structure-based drug
design of anticholinesterase agents for the treatment of Alzheimer’s
disease. ] Mol Neurosci MN. 2003;20(3):369-83.

Sussman J, Harel M, Frolow F, Oefner C, Goldman A, Toker L, et
al. Atomic structure of acetylcholinesterase from Torpedo
californica: a prototypic acetylcholine-binding protein. Science.
1991;253(5022):872-9.

Daniel MQ. Acetylcholinesterase: enzyme structure, reaction
dynamics, and virtual transition states. Chem Rev. 1987;87(5):955—
79.

Bourne Y, Taylor P, Radi¢ Z, Pascale M. Structural insights into
ligand interactions at the acetylcholinesterase peripheral anionic
site. EMBO J. 2003;22(2003):1-12.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

-29.-

Wilson IB, Bergmann F. Acetylcholinesterase VIII. Dissociation
constants of the active groups. J Biol Chem. 1950;186:683-92.
Maelicke A. Allosteric Modulation of Nicotinic Receptors as a
Treatment Strategy for Alzheimer’s Disease. Dement Geriatr Cogn
Disord. 2000;11(1):11-8.

Radic Z, Quinn DM, Vellom DC, Camp S, Taylor P. Allosteric
control of acetylcholinesterase catalysis by fasciculin. Vol. 270,
Journal of Biological Chemistry. 1995. p. 20391-9.

Hilary HN, Jeffrey PC. Development of allosteric modulators of

GPCRs for treatment of CNS disorders. Neurobiol Dis.
2014;61(2014):55-71.
Levinson SR, Ellory JC. The molecular form of

acetylcholinesterase as determined by irradiation inactivation (
Short Communication ). Biochem J. 1974;137(1):123-5.

Dudai Y, Israel S. the molecular weight and subunit structure of
acetylcholinesterase preparations from the electric organ of the
electric eel Yadin. Biochem Biophys Res Commun.
1974;59(1):117-24.

Lawler HC. Turnover time of acetylcholinesterase. J Biol Chem.
1963;236(1961):2296-301.

Toutant JP. Insect acetylcholinesterase: catalytic properties, tissue
distribution and molecular forms. Prog Neurobiol Neurobiol.
1989;32(5):423-6.

Keane S, Ryan MF. Purification, characterisation, and inhibition by
monoterpenes of acetylcholinesterase from the waxmoth, Galleria
mellonella (L.). Insect Biochem Mol Biol. 1999;29(12):1097-104.
Ruiz CA, Rossi SG, Rotundo RL. Rescue and stabilization of
acetylcholinesterase in skeletal muscle by N-terminal peptides
derived from the noncatalytic subunits. J Biol Chem.
2015;290(34):20774-81.

Gao JR, Zhu KY. An acetylcholinesterase purified from the
greenbug (Schizaphis graminum) with some unique enzymological
and pharmacological characteristics. Insect Biochem Mol Biol.
2001;31(11):1095-104.

Kato C, Mizutani T, Tamaki H, Kumagai H, Kamiya T, Hirobe A,
et al. Characterization of heterotrimeric G protein complexes in rice
plasma membrane. Plant J. 2004;38(2):320-31.

Zhu K, Clark J. Cloning and sequencing of a ¢cDNA encoding
acetylcholinesterase in Colorado potato beetle, Leptinotarsa
decemlineata (Say). Insect Biochem Mol Biol. 1995;25:1129-38.
Zhu KY, Brindley WA. Acetylcholinesterase and its reduced
sensitivity to inhibition by paraoxon in organophosphate resistant
Lygus hesperus Knight (Hemiptera: Miridae). Pestic Biochem
Physiol. 1990;36(1990):22-8.

Fodero LR, Saez-Valero J, McLean CA, Martins RN, Beyreuther
K, Masters CL, et al. Altered glycosylation of acetylcholinesterase
in APP (SW) Tg2576 transgenic mice occurs prior to amyloid
plaque deposition. J Neurochem. 2002;81(3):441-8.

Gocer H, Topal F, Topal M, Kiiciik M, Teke D, Giilgin I, et al.
Acetylcholinesterase and carbonic anhydrase isoenzymes I and II
inhibition profiles of taxifolin. J Enzyme Inhib Med Chem.
2016;31(3):441-7.

Sentiirk M, Giilgin Ii, Beydemir S, Kiifrevioglu OI, Supuran CT,
Sentiirk M, et al. In Vitro inhibition of human carbonic anhydrase I
and Il isozymes with natural phenolic compounds. Chem Biol Drug
Des. 2011;77(6):494-9.

Lei F, Yongmei P, Jennifer LM, Chang-Guo Z. Active Site Gating
and Substrate Specificity of Butyrylcholinesterase and
Acetylcholinesterase:  Insights from  Molecular Dynamics
Simulations. J Phys Chem B. 2011;115(27):8797-805.

Kua J, Zhang Y, McCammon JA. Studying enzyme binding
specificity in acetylcholinesterase using a combined molecular
dynamics and multiple docking approach. J Am Chem Soc.
2002;124(28):8260-7.

Massoulie J, Pezzementi L, Bon S, Krejci E, Vallette F. Molecular
and cellular biology of cholinesterases. Prog Neurobiol.
1993;41:31-91.

Pezzementi L, Nachon F, Chatonnet A. Evolution of
acetylcholinesterase and butyrylcholinesterase in the vertebrates:
An atypical butyrylcholinesterase from the medaka oryzias latipes.
PLoS ONE. 2011;6(2):1-16.

Forget J, Bocquene G. Partial purification and enzymatic
characterization of acetylcholinesterase from the intertidal marine
copepod Tigriopus brevicornis. Comp Biochem Physiol B Biochem
Mol Biol. 1999;123(4):345-50.

This work is licensed under the terms of the Creative Commons Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/).



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

JEBAT, 2021, Vol 4, No 1, 24-30

Bocquené¢ G, Roig A, Fournier D. Cholinesterases from the
common oyster (Crassostrea gigas). Evidence for the presence of a
soluble acetylcholinesterase insensitive to organophosphate and
carbamate inhibitors. FEBS Lett. 1997;407(3):261-6.

Talesa V, Contenti S, Mangiabene C, Pascolini R, Rosi G, Prin-
cipato GB. Proprionylcholinesterase from Murex brand- aris:
Comparison with other invertebrate cholinesterases. Comp
Biochem Physiol. 1990;96C:39-43.

Principato GB, Ambrosinni MV, Liotti FS, Giovannini E.
Propionylcholinesterase in Hirudo medicinalis: Purification, partial
characterisation and comparative study with a mammalian
acetylch- olinesterase. Comp Biochem Physiol. 1981;70C:209-13.
Principato BG, Talesa V, Elvio G, Rita P, Gabriclla R.
Characterization of the soluble cholinesterase from Squilla mantis
Author links open overlay panelaxGabriella.Rosiat. Comp
Biochem Physiol Part C Comp Pharmacol. 1988;90(2):413—6.

Xu G, Bull DL. Acetylcholinesterase from the Horn Fly (Diptera:
Muscidae): Distribution and Purification. J Econ Entomol.
1994;87(1):20-6.

Ferrari A, Venturino A, Pechén AM, Angelo DDDD. Muscular and
brain cholinesterase sensitivities to azinphos methyl and carbaryl in
the juvenile rainbow trout Oncorhynchus mykiss. Comp Biochem
Physiol. 2007;146(2007):308-13.

Colletier JP, Fournier D, Greenblatt HM, Stojan J, Sussman JL,
Zaccai G, et al. Structural insights into substrate traffic and
inhibition in acetylcholinesterase. EMBO J. 2006;25(12):2746-56.
Dziri L, Boussaad S, Tao N, Leblanc RM. Effect of pH on
acetylcholinesterase Langmuir and Langmuir-Blodgett films
studied by surface potential and atomic force microscopy. Thin
Solid Films. 1998;327-329(1-2):56-9.

Dziri L, Puppala K, Leblanc R. Surface and Spectroscopic
Properties of Acetylcholinesterase Monolayer at the Air/Water
Interface. J Colloid Interface Sci. 1997;194(1):37-43.

Singh A, Jaiswal SK, Sharma B. Effect of low temperature stress
on acetylcholinesterase activity and its kinetics in 5 th instar larvae
of Philosamia ricini. J Biochem Res. 2013;1(2):17-25.

Simone P, Doris S, Joachim WD. Effect of temperature and salinity
on acetylcholinesterase activity, a common pollution biomarker, in
Mytilus sp. from the south-western Baltic Sea. J Exp Mar Biol Ecol.
2005;320(1):93-103.

This work is licensed under the terms of the Creative Commons Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/).

-130-



	INTRODUCTION

