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ABSTRACT Primary sequences of cholinesterases and re-
lated proteins have been systematically compared. The cholin-
esterase-like domain of these proteins, about 500 amino acids,
may fulfill a catalytic and a structural function. We identified
an aspartic acid residue that is conserved among esterases and
lipases (Asp-397 in Torpedo acetylcholinesterase) but that had
not been considered to be involved in the catalytic mechanism.
Site-directed mutagenesis demonstrated that this residue is
necessary for activity. Analysis of evolutionary relationships
shows that the noncatalytic members of the family do not
constitute a separate subgroup, suggesting that loss of catalytic
activity occurred independently on several occasions, probably
from bifunctional molecules. Cholinesterases may thus be
involved in cell-cell interactions in addition to the hydrolysis of
acetylcholine. This would explain their specific expression in
well-defined territories during embryogenesis before the for-
mation of cholinergic synapses and their presence in noncholin-
ergic tissues.

Acetylcholinesterases (AcChoEases, EC 3.1.1.7) and bu-
tyrylcholinesterases (BtChoEases, EC 3.1.1.8) (1-3) consti-
tute a closely homologous family of proteins (4-13). These
enzymes consist of a major common catalytic domain and a
small C-terminal variable region. In vertebrate AcChoEase,
two types of C-terminal regions are encoded by alternative
exons, differentiating the subunits that participate in the
collagen-tailed, hydrophobic-tailed, or soluble tetramers
(exon T) and in the glycolipid-anchored dimers (exon H)
(refs. 14 and 15; for review, see ref. 3). A number of proteins
have been shown to present homology with the common
domain of cholinesterases (ChoEases). In addition to serine
hydrolases such as carboxylesterases (16-23), pancreatic
lysophospholipase or cholesterol esterase (24, 25), and lipase
from Geotrichum candidum (26), this family includes non-
catalytic proteins; the C-terminal domain of bovine (27), rat
(28), and human (29) thyroglobulins (4, 30, 31); and two
Drosophila proteins that seem to be involved in cellular
interactions, glutactin (32) and neurotactin (33, 34).
The hydrolysis of acetylcholine by AcChoEase operates

near the theoretical limit set by the diffusion of the substrate
(35). Its catalytic mechanism remains obscure, however; in
particular, the presence of a charge-relay system, Asp/His/
Ser, is not established. We presently show that Asp-397 of
Torpedo AcChoEase, which, to our knowledge, has not
hitherto been considered to be involved in the catalytic
mechanism of ChoEases, is strictly conserved among Cho-
Ease-like esterases and is essential for activity.

ChoEases now appear as prototypes of a family of pro-
teins. In this report, we compare the primary structures ofthe
various elements of this family. We define an alignment of
amino acid sequences, use it to identify common features,
and discuss functional and evolutionary implications.

RESULTS AND DISCUSSION
Alignment of Peptide Sequences. Fig. 1 shows an alignment

of ChoEases and homologous protein domains. This align-
ment was obtained by visual inspection on the basis of
strongly conserved peptides or isolated amino acid motifs.
Essentially the same peptide motifs were found by using the
multialign program developed by Corpet (38). Some se-
quences present insertions, e.g., large hydrophilic peptides in
Drosophila AcChoEase (RGANGGEHPNGKQADTHLIH-
NGNPQNTTNG) (9) and Anopheles AcChoEase (GLNFG-
SNDYFQDDDDFQRQHQSKGG) (12). Such additional
peptides are likely to be located at the periphery of the
tertiary structure of the protein between distinct elements of
secondary structure, so as not to disturb its organization. In
Drosophila AcChoEase, this peptide is normally removed
from the mature subunit, producing two fragments of 18 and
55 kDa from the 75-kDa precursor (39, 40).

Fig. 2 illustrates the position of the ChoEase-like domain
in various proteins. This domain is represented as a grey bar,
in which we have indicated the approximate position of
residues that seem to play a role in the catalytic mechanism
of esterases (see below). In addition, we have marked the
position of intracatenary disulfide bridges, deduced from
homology with Torpedo AcChoEase (36). Note that the
ChoEase-like domain constitutes the predominant part of the
protein in esterases but is associated with other large peptide
domains in the nonenzymatic proteins (thyroglobulin, glu-
tactin, and neurotactin).

Identification of an Essential Aspartic Acid Residue. The
present analysis shows that Asp-397 (numbering of Torpedo
AcChoEase) is present in all ChoEase-like esterases, except
in the first primary sequence determined for Torpedo mar-
morata, which contained asparagine at this position (codon
AAC) (5). This was probably due to an error in the construc-
tion of the cDNA since independent clones contained aspar-
tic acid (codon GAC) at this position.

Transfections of COS cells with CDM8 constructions (41,
42) that contained either Asp-397 or Asn-397 but were
otherwise identical showed that AcChoEase activity was
produced exclusively in the first case, although the synthesis
and the stability of the protein were equivalent (Fig. 3).

Abbreviations: ChoEase, cholinesterase; AcChoEase, acetylcho-
linesterase; BtChoEase, butyrylcholinesterase.
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FIG. 2. Position of the ChoEase-like domain in various proteins.
As in ref. 33, the ChoEase-like domain is represented as a lightly
shaded bar in which the positions of catalytically important amino
acids, possibly involved in a catalytic triad (S, serine; D, aspartic
acid; H, histidine) have been indicated. The existence and position
of intracatenary disulfide loops, deduced from the homology of
cysteines with Torpedo AcChoEase (36), are indicated above the
bars. Other proteic domains are represented as darker bars, and the
transmembrane region of neurotactin is solid (TM). The alternative
C-terminal regions of ChoEases are hatched in opposite orientations
for exons T and H. Note that Drosophila AcChoEase possesses only
the H type of extension and that only the T terminal region has been
demonstrated for human BtChoEase. Numbers refer to the same
proteins as indicated in Fig. 1.

Elements of a Catalytic Triad? As pointed out by Quinn et
at (44, 45), analyses of AcChoEase kinetics in H20/H20
solvents suggest that catalysis involves the transfer of a single
proton, and this does not correspond to a classical charge-
relay mechanism. However, other enzymes of the family,
BtChoEase and cholesterol esterase, were found to function
as multiproton catalysts (D. M. Quinn, personal communi-
cation). Thus, the existence of a catalytic triad, Asp/His/Ser,
in ChoEases and homologous esterases remains an open
question. Apart from the immediate environment of the
active serine (GX1SX2G), they show no homology with
enzymes in which the elements of a catalytic triad have been
formally identified.

In Torpedo AcChoEase, the active serine is Ser-200, and an
essential histidine has been identified by site-directed muta-
genesis as His-440 by Gibney et aL (46). In all the enzymes of
the family, serine and histidine residues occur at homologous
positions. For rat carboxylesterase, this histidine residue was
reported to react with diisopropyl fluorophosphate (18).
Assuming the existence of a catalytic triad, Doctor et at (47)

have considered Asp-93 (numbering of Torpedo AcChoEase)

>2
U 2

T T

I
1 2 3 4 5

FIG. 3. Requirement of Asp-397 for catalytic activity. The Ac-
ChoEase activities of extracts from control (bar 1) and transfected
(bars 2-5) cultures of COS cells are indicated as histograms. The
constructions used for transfections were derived from different
cDNAs, containing either aspartic acid or asparagine. A short
segment (Bgl II-Nsi I, 455 nucleotides), including the corresponding
codon, was exchanged between the two cDNAs, resulting in two
pairs of constructions (2 and 3; 4 and 5) that differed only by a GAC
(Asp; bars 3 and 4) or an AAC (Asn; bars 2 and 5) codon. Activity
is expressed as nmol of acetylthiocholine hydrolyzed per min per mg
of total protein in the cellular extract, in 1 ml of Ellmann assay
medium at 200C, as described (43). In comparison with the Asp-397-
containing sequence, transfection with the Asn-397-containing se-
quence produced a <5% increase in AcChoEase activity, if any.

as a possible candidate because (i) it seems to exist in all
ChoEases, (ii) it is contained in a very well-conserved peptide
sequence, and (ii) it is close to an intrachain disulfide bridge. In
addition, these authors showed that an inhibitory monoclonal
antibody, AE-2, binds to this region of fetal bovine serum
AcChoEase. The absence of this residue in juvenile hormone
esterase, unless due to a cloning error, precludes an essential
role in catalysis. A similar reservation applies to Asp-172
(numbering of Torpedo AcChoEase), another possible candi-
date proposed by Soreq and Prody (48): it is conserved in most
ChoEase-like proteins but absent from rabbit esterase 1.
The alignment of Fig. 1 shows a very limited number of

positions where all or most enzymes of the family possess
aspartic or glutamic acids. In addition to the residues already
discussed (Asp-93, Asp-172, and Asp-397), Glu-92, Glu(Asp)-
327, and Glu(Asp)-443 (numbering of Torpedo AcChoEase)
are the only other conserved acidic residues. The present
demonstration that Asp -- Asn at position 397 results in the
loss of Torpedo AcChoEase activity makes it a good candidate
for the third element of a charge-relay system. For trypsin, an
Asp -k Asn change in the triad reduced the activity by four
orders of magnitude (49) but did not affect the geometry of the
corresponding residues or the structure of the active site (50).

It should be noted, however, that both Asp-397 and His-
440 are conserved in all ChoEase-like proteins, including
noncatalytic ones, suggesting that they may be important for
structural reasons and not necessarily or exclusively as part
of a catalytic triad.
Comparison of ChoEase-Like Serine Esterases with Other

Serine Hydrolases. The enzymes that present a structural
homology with ChoEases are all serine esterases and possess

FIG. 1 (on oppositepage). Alignment of primary sequences of ChoEases and ChoEase-like proteins. Residues that are common to more than
six proteins are in bold type. The cysteine residues that are known to be involved in intracatenary disulfide loops in Torpedo AcChoEase (36)
are shaded and linked by a thick bar above the sequences. The serine, aspartic acid, and histidine residues that are necessary for ChoEase activity
and may form a catalytic triad are also indicated by darker shading. The numbering of amino acids corresponds to the mature proteins. It is
interesting to note that parts ofputative signal peptides are homologous to the a region of the sequence that is maintained in most mature proteins.
Sequences: 1, Dictyostelium crystal protein (23); 2, Dictyostelium D2 protein (23); 3, Drosophila neurotactin (33); 4, Drosophila glutactin (32);
5, insect juvenile hormone esterase (20); 6, Drosophila esterase 6 (16); 7, Drosophila esterase P (17); 8, Drosophila AcChoEase (9); 9, Torpedo
AcChoEase (4); 10, bovine AcChoEase (10); 11, human BtChoEase (6-8); 12, rat thyroglobulin (28, 31); 13, rat carboxylesterase (21); 14, rabbit
microsomal esterase 1 (18); 15, rabbit microsomal esterase 2 (19); 16, rat lysophospholipase (24); 17, Geotrichum lipase (26). Three peptides
that seem to be present in only one of these sequences are replaced by their numbers of amino acids: 19 in sequence 8 is EHPNGKQADT-
DHLIHNGNP; 8 in sequence 17 is GGDNTYNG; 8 in sequence 12 is LELLADVQ. Mouse (11) and human (37) AcChoEases present a high
degree of identity with bovine AcChoEase (13). Esterase B1 from Culexpipiens also belongs to this family (59); it possess all the amino acid
residues that are thought to participate in the catalytic triad.

Neurobiology: Krejci et aL
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FIG. 4. Evolutionary relationships of
ChoEase-like proteins. On the basis of
the alignments presented in Fig. 1, a
distance matrix of all the pairwise com-
parisons was created, using the parame-
ters of Dayhoff (58) for amino acid
changes; the weight of a deletion was
minimized as -1. The tree was derived
from the distance matrix by the neighbor-
joining method (53). The tree was arbi-
trarily rooted between the Dictyostelium
proteins and those of other organisms
(accepted dates for the divergence of
lineages are 1200-1500 million years be-
tween Dictyostelium and the other orga-
nisms, 1000-1200 between fungi and an-
imals, 700 million years between verte-
brates and invertebrates, and about the
same between Torpedo and mammals).
The box includes nodes that are very
close together and whose arrangement
differs slightly when the comparison is
limited to fractions of the sequence (e.g.,
the N-terminal and C-terminal parts, be-
fore and after the active site serine).

similar catalytic properties, as indicated by their EC num-
bers: lysophospholipase (EC 3.1.1.6) and esterases (EC
3.1.1.1; rat carboxylesterase, Drosophila esterase P and
esterase 6, and insect juvenile hormone esterase). Note,
however, that other esterases, included in the same group,
appear entirely unrelated to this family.

In ChoEases and other esterases, lipases, and serine pro-
teases, the peptides containing the active serine are similar
(GESAG in ChoEases, GDSGG in eukaryotic serine prote-
ases, and GX1SX2G in other eukaryotic and prokaryotic
esterases and lipases) (51). This is probably the result of
convergent evolution, since this is the only recognizable
feature common to these proteins. In particular, although the
elements of a charge-relay system, Asp/His/Ser, are not
located in equivalent positions along the primary sequence of
ChoEases and serine proteases, convergent evolution cer-
tainly resulted in a similar spatial arrangement of this triad.
Crystallography has shown, for example, that the prokaryotic
enzymes subtilisin and Mucor miehei lipase possess Asp/His/
Ser triads that are geometrically very similar to that of chy-
motrypsin (52), although the order of the residues in the
sequence is different (their positions being 32/64/221, 203/
257/144, and 102/57/195).

Evolutionary Relationships. From the alignment presented
in Fig. 1, we calculated distances between each pair of
sequences with the matrix of Dayhoff (58) and constructed a
tree according to the method of Saitou and Nei (53) (Fig. 4).
It is clear that the residues which are directly involved in
specific functions (e.g., the catalytic triad of hydrolases or
hormonogenic residues of thyroglobulin) are too few to
determine these distances. We may, therefore, consider that
these differences correspond to evolutionary drift among
proteins that have conserved a common overall structure.
The results allow us to identify subgroups within the family

of ChoEase-like domains: ChoEases form such a group that
also includes mammalian microsomal carboxylesterases,
Drosophila esterases, and Dictyostelium esterases (Fig. 4).

The definition ofthese subsets does not depend on the distance
parameters used or on the choice of fragments of the proteic
sequence. In contrast, the arrangement ofthese branches into
a complete phylogenetic tree is variable: considering different
regions ofthe domain (N-terminal and C-terminal halves) leads
to different patterns. It is clear that the divergence between the
main branches illustrated in Fig. 4 (boxed) is very ancient,
possibly comparable to the separation between the ancestor of
Dictyostelium and those of invertebrates and vertebrates,
which is considered to be 1200-1500 million years old. Fungi
and animals diverged 1000-1200 million years ago, and the
separation between vertebrates and invertebrates was about
700 million years ago. The relationships between catalytic and
noncatalytic members of the ChoEase family suggest that the
catalytic capacity was lost on several independent occasions
during evolution.

Noncholinergic Functions of ChoEases? The presence of a
ChoEase-like domain in noncatalytic proteins may reflect its
capacity for protein-protein interactions in enzymes and in
noncatalytic proteins. The ChoEase-like enzymes might thus
possess a dual, catalytic and structural, role.
ChoEases themselves, in addition to their catalytic func-

tion, may be involved in recognition and/or adhesion mech-
anisms. This was suggested on the basis of their very early
appearance in well-defined territories during embryogenesis
(54). In the chicken embryo, Layer (55) proposed that the
expression of BtChoEase is correlated with cellular move-
ments or neurite extension whereas the appearance of Ac-
ChoEase is one of the first signs of nervous or muscular
differentiation. Moreover, Greenfield (56) showed that Ac-
ChoEase modifies the activity ofhypothalamic neurons. This
effect was totally unrelated to the ChoEase activity, since it
persisted after irreversible inhibition or heat inactivation.
The possibility of an adhesion function for ChoEases agrees
well with the presence of an HNK1-like carbohydrate epi-
tope, which is considered a hallmark of adhesion proteins
(57), on some forms of AcChoEase from electric organs (43).
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Note Added in Proof. The three-dimensional structure of AcChoEase
from Torpedo, recently determined by x-ray crystallographic anal-
ysis, indicates that Glu-327 is probably part of the catalytic triad,
whereas Asp-397 is not directly associated with the active site (J. L.
Sussman, M. Harel, F. Frolow, C. Oefner, A. Goldman, L. Toker,
and I. Silman, personal communication).
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