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a b s t r a c t

In the past four decades of cholinesterase (ChE) research, we have seen substantive evolution of the field
from one centered around substrate and inhibitor kinetic profiles and compound characterizations to the
analysis of ChE structure, first through the gene families and then by X-ray crystallographic determina-
tions of the free enzymes and their complexes and conjugates. Indeed, these endeavors have been facil-
itated by recombinant DNA technologies, structure determinations and parallel studies in related
proteins in the a/b-hydrolase fold family. This approach has not only contributed to a fundamental
understanding of structure and function of a large family of hydrolase-like proteins possessing functions
other than catalysis, but also has been used to develop new practical strategies for scavenging and anti-
dotal activity in cases of organophosphate insecticide or nerve agent exposure.

� 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The cholinesterase (ChE) field has blossomed, in part, through
triennial capsule meetings, first organized by the late Elsa Reiner
in Split, in then Yugoslavia, in 1975. Although cholinesterases were
Elsa Reiner’s abiding interest, the first meeting was indeed a wide
ranging, cholinergic meeting, encompassing presentations on all
molecules then known to interact at cholinergic synapses. In fact,
it was that meeting that soon spawned others in the cholinergic
field and on hydrolase enzymes related to ChE’s. The ChE field
has kept its pattern of regular and well focused meetings, deserv-
edly so, since important new observations, strategic directions,
and challenges emerge periodically in this field. Moreover, many
of these ChE developments spill over into related fields. One often
now hears about the ChE (or hydrolase) domain when considering
the structure of neuroligin or thyroglobulin. Studies with ChE’s are
indeed a world-wide endeavor as is evident from global locations
of our meetings (Fig. 1), and we are indebted to colleagues in Rus-
sia and our host city of Kazan for sponsoring the XI International
meeting. The wonderful location of the meeting, a rich tradition
of landmark chemical studies in Kazan, and the recent work of
our Russian colleagues all contribute to the global nature of our
endeavors.

2. The cholinesterase molecule and its cousins

The fundamental ChE interests of investigators at the time
of the first meeting were the physical and biochemical properties
of the ChE’s. Extensive effort had gone into purification of

acetylcholinesterase (AChE) from Electrophorus [1], but procedures
for purification required proteolysis for dissociation of AChE from
the membrane, and this precluded obtaining a high fraction of
intact enzyme suitable for crystallography. Other studies, contem-
porary at the time, were directed to AChE from Torpedo sp. where
Massoulie, Reiger and colleagues had identified a tail containing
form from Torpedo mamorata [2] while we were engaged in charac-
terizing a tetrameric assembly of subunits from Torpedo californica
[3]. In fact, the Torpedo sp. became the staple for extensive bio-
chemical characterizations [3], molecular cloning of the AChE [4]
and the first crystallographic structure at high resolution [5]. What
became evident at this initial meeting in 1975 was that studies of
the cholinesterases had evolved from largely kinetic studies of
substrate turnover and inhibition to investigations of the molecu-
lar species of the enzyme and the assembly of catalytic and
structural subunits.

A significant breakthrough came with the determination of the
sequence of cholinesterase and the cloning of the gene encoding
the enzyme in Torpedo [4], for these studies showed that the cho-
linesterases, though serine hydrolases with the characteristic cata-
lytic triad, were not related to other lower molecular weight serine
hydrolase families, namely the chymotrypsin and subtilisin fami-
lies. Rather they likely defined a new family of proteins, by virtue
of homology to thyroglobulin and lack thereof to other known
esterases. Once the crystal structure of Torpedo AChE was deter-
mined [5], the residues involved in the characteristic catalytic triad
were defined and family identification became of importance. The
initial sequence led to discovering other hydrolases that were
homologous, and soon the concept of the a/b-hydrolase fold was
proposed [6] showing commonality of structure of a new family
of hydrolases, typically of higher molecular mass than those of
other families.
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The lack of characterization of the large thyroglobulin molecule
of known sequence left the question of what is its relationship to
a family of hydrolases? Could this large molecule approaching
250 kDa contain hidden esterase or hydrolase activity? The mystery
was further confounded with the discovery that neuroligin, a synap-
tic adhesion protein homologous to the cholinesterases [7], could
then be classified as an a/b-hydrolase fold protein. Neither the
portion of thyroglobulin deemed homologous to the cholinesterase,
nor neuroligin, had correctly positioned aspartic acid, histidine and
serine residues to serve as a catalytic triad. What the structural
studies also revealed is that the adhesion contact area in neuroligin
for neurexin association is on the opposite side of the molecule from
the substrate entry portal to the catalytic triad (Fig. 2a) and that the
small contact area of neuroligin for b-neurexin and the far larger
a-neurexin with its repeat domains might differ given the multiple
LNS and EGF domains of a-neurexin diverge in sequence (Fig. 2b–d).
Moreover, it is the neuroligin dimer extending from the post-synap-
tic neuron that forms the association base for this trans-synaptic
interaction, since two b-neurexin monomers cluster around the
neuroligin dimer (Fig. 2d). Other proteins, such as the leucine-rich
repeat transmembrane protein, also interact with neurexin, but this
interaction site has not been characterized [8].

What has emerged since these early explorations has been sys-
tematically tabulated through the Esther data base (http://bio-
web.ensam.inra.fr/ESTHER/general?what=index). It reveals that
the a/b-hydrolase fold superfamily is a large one, both in families
and members, incorporating not only hydrolase functions for a
variety of substrates including esters, amides, peptides, phospho-
esters and halides, but also extending to other functions related
to adhesion, chaperoning protein folding and trafficking, and
structural subunit attachment, [9]. Considerations of residue
conservation and homology become important for analyzing aber-
rations that result from mutations. In the case of neuroligin 3 and
butyrylcholinesterase (BChE), we find a common mutation of a
conserved arginine that is mutated to a cysteine in both of these
proteins, resulting in deficiencies of folding of the respective
molecules [10]. For neuroligin this mutation was noted to be pres-
ent in twin sets and linked with the autism spectrum disorders
[11]. With this mutation neuroligin is still formed; trafficking to
its extracellular location is compromised, but not completely
blocked [10,12,13]. These considerations may have a practical out-
come, since in the case of BChE, we find mutations in a single gene
giving rise to a deficiency of expression of an enzyme, BChE, that is

without obvious phenotypic consequence in man in the absence of
administering certain ester drugs, such as succinylcholine and
bambuterol. Animals or human subjects with the BChE mutation
(Arg386Cys) common to neuroligin might form the basis for a
plasma assay for compounds that ameliorate the trafficking
deficiencies found with the mutant gene products. If suitable
compounds can be found, they may serve a role in the treatment
of certain autism spectrum disorders associated with neuroligin
trafficking. Recent studies with the cystic fibrosis transmembrane
regulator (CTFR) mutations have shown compromised expression
can be reversed with compounds that appear to augment traffick-
ing of this integral membrane protein selectively [14,15].

3. a/b-Hydrolase-fold functions

There are at least four distinct recognition functions of the a/b-
hydrolase-fold family of proteins, and they are outlined in Table 1.
The most widely recognized is the catalytic function of hydrolysis,
shared by other serine, cysteine and aspartate hydrolases. How-
ever, the cholinesterases lead the pack in rapid catalysis, and one
might speculate on the structural basis for this. Obviously, it will
take a larger protein to build a deep gorge lined with aromatic res-
idues, thereby creating a sequestered environment for hydrolytic
catalysis. The distance traveled to the catalytic triad in the active
center, some 18–20 ÅA

0

from the rim, must be compensated by other
catalytic attributes that may relate to minimizing hydrogen bond-
ing of water in the gorge and imparting flexibility of gorge dimen-
sions in solution.

A second function is that of adhesion. Here a different domain of
the a/b-hydrolase fold is employed where coordination through
extracellular calcium appears to be critical for the association tem-
plate [16].

A third function appears to be a chaperone or chaperone assis-
tant function, where the cholinesterase domain, found C-terminal
to the 1, 2, 3 region of thyroglobulin is responsible for the proper
trafficking of the molecule to the thyrocyte. Quite remarkably,
the cholinesterase-like domain serves as a chaperone for a region
some five times its molecular weight. Here again oligomerization
may come into play where the assembling molecule oligomerizes
in the trafficking and storage process. Less is known about thyro-
globulin intramolecular interactions engaged in trafficking. Never-
theless, a similar principle prevails where mutations in the ChEL

Fig. 1. Global Locations of the Cholinesterase Meetings. The map shows the locations of our meetings that have occurred recently on an approximate three year sequence
starting with Split, Croatia (1975), Bled, Slovenia (1983) La Grand Motte, France (1990); Eliat, Israel (1992); Madras, India (1994); La Jolla, U.S.A. (1998); Pucon, Chile (2002);
Perugia, Italy (2004); Suzhou, China (2007); Sibenik, Croatia (2009) and Kazan, Russia (2012). We are indeed indebted to our colleagues in Alacante, Spain who have agreed to
sponsor the 12th International Meeting in the Fall of 2014.
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