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ABSTRACT We have compared the amino acid sequences
of proteins that are involved in acetylcholine (AcCho) metab-
olism and cholinergic neurotransmission: choline acetyltrans-
ferase (ChoAcTase), acetylcholinesterase (AcChoEase), and a
neuronal a subunit of nicotinic AcCho receptor (AcChoR). A
comparison of Drosophila ChoAcTase and rat neuronal a
subunit of AcChoR shows a limited segmental type homology,
which may suggest a similar acetylcholine binding site in the
two proteins evolving by convergence. We note a global
homology of 21-44% identity between Drosophila ChoAcTase
and Torpedo AcChoEase. Six homologous segments of 40-60
amino acids cover 38% and 54% of the sequences, raising the
possibility of a common evolutionary origin. We also note that
mammalian thyroglobulin (TG), the precursor for thyroid
hormones, contains an AcChoEase-like sequence at its carboxyl
end. This homology raises the possibility that the gene for TG
has evolved by gene fusion or condensation (i.e., recruiting a
preexisting redundant copy of a gene for AcChoEase during
vertebrate evolution). Our results demonstrate that the record
of evolutionary history for nervous system proteins can be read
across the boundaries of separation between vertebrates and
invertebrates. They also provide molecular evidence for the
common evolutionary origins of the nervous and endocrine
systems in vertebrates-both evolving to make intercellular
communication possible.

Chemical neurotransmission requires gene products to act in
a coordinated manner during the synthesis, degradation, and
reception of a neurotransmitter. All of these gene products
should have some structural homology in their amino acid
sequences, allowing them to bind and process a common
transmitter. In addition they should have unique sequences to
carry out their individual biochemical tasks. With the appli-
cation of molecular cloning techniques to neurobiologically
important macromolecules, it is now possible to directly
compare the amino acid sequences of neurotransmitter bio-
synthetic and degradative enzymes (1-4) and receptors
(5-10). Such comparisons not only identify homologous
regions within related proteins but also provide evidence for
their evolutionary origins.

Acetylcholine (AcCho), the first chemical neurotransmit-
ter identified, has a universal distribution in animal nervous
systems and the proteins with which it interacts are well
characterized. The nicotinic receptor for AcCho (AcChoR) in
vertebrate muscle and fish electric organs has been cloned
from a variety of species (see-refs. 11-14 for recent reviews).
In addition, a nicotinic a-subunit-type AcChoR has been
isolated from a rat pheochromocytoma cell line, PC12, and is
thought to represent a neuronal type AcChoR (9). Recently,
the catabolic enzyme for AcCho (acetylcholinesterase, Ac-
ChoEase) has been cloned from Torpedo californica (4), and

we have isolated and sequenced a cDNA clone for the
anabolic enzyme choline acetyltransferase (ChoAcTase) of
Drosophila melanogaster (3). Even though we only know the
sequences for these macromolecules in different species of
divergent evolutionary phylogeny, a comparison of their
sequences reveals several interesting features. In addition,
we describe a detailed analysis of the surprising homology
between Torpedo AcChoEase and rat thyroglobulin (TG).

METHODS
The amino acid sequence of Drosophila ChoAcTase (728
residues) has been deduced from the sequence of a cDNA
clone, pCha-2 (3), and partially confirmed by microsequenc-
ing several tryptic peptides isolated from purified ChoAcTase
(15). Homologous sequences reported in this paper were
identified by visual inspection of the deduced amino acid
sequences from published cDNA sequences. Final align-
ments were optimized by using the Wilbur and Lipman
algorithm (16) (i.e., the ALIGN program available through
BIONET). Sequence homology searches were performed on
BIONET by using the IFIND program and searching the
European Molecular Biology Laboratory (EMBL) and
GenBank DNA sequence data basesl and the National
Biomedical Research Foundation protein sequence data
base. II

RESULTS AND DISCUSSION

A comparison of the amino acid or nucleic acid sequence of
Drosophila ChoAcTase with the data bases revealed neither
significant local nor global homology. The best homology to
the ChoAcTase cDNA sequence was found for epidermal
growth factor precursor cDNA (17, 18) (47%), but most of the
matches were out of reading frame with respect to ChoAc-
Tase. The following analysis was performed on sequences
not yet represented in the data bases.
Homologous Domains in Drosophila ChoAcTase and Torpedo

AcChoEase. There is a striking global homology between
Drosophila ChoAcTase and Torpedo AcChoEase. Alignment
of six polypeptide segments along the length of the two
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polypeptide chains includes 274- and 319-amino acid resi-
dues, which cover 38% and 54% of the sequences and show
19-39% identity, including only one or two gaps in three
sequences (segments 2, 3, and 5) and no gaps in the others
(segments 1, 4, and 6) (Fig. 1). The degree ofhomology ranges
from 27% to 55% when homologous amino acid replacement
(19) is considered for calculation. This homology level is
similar to that foundbetween homeobox sequences and the
yeast mating-type regulatory proteins (20). However, it
should be noted that, in the present comparison, the homol-
ogy starts at the amino-terminal region and spans almost the
entire coding region of the two proteins.
Although the statistical significance of such homologies

does not always imply secondary or tertiary structural
similarity in proteins (21), it often acts as a guide to a possible
evolutionary relationship (22, 23). In this regard, the active-
site hexapeptide in Torpedo AcChoEase (residues 198-203)
is completely replaced in Drosophila ChoAcTase (residues
172-177). Since the active site for ChoAcTase is not known,
we cannot assess the importance of this observed divergence
for catalytic function. It seems likely, however, that these
two proteins share a common evolutionary origin. It is
interesting in this regard that AcChoEase, like ChoAcTase,
has been shown to catalyze acylation of choline (24). Al-
though Torpedo AcChoEase is homologous to other
esterases in the active site region (25), no significant ho-
mology extending throughout the sequences was found
with other serine hydrolases (4). This implies that the origin
of AcChoEase may be different from the pancreatic prote-
ases.

Segmental Homology Between ChoAcTase and Neuronal
Nicotinic AcChoR ar Subunit. Although the sequences are
short and segmental, five homologous sequences could be
seen between Drosophila ChoAcTase and rat neuronal nic-
otinic AcChoR a subunit (Fig. 2). The five regions in AcChoR
(segments 1-5) are all thought to be in the extracellular
portion of this integral membrane protein (5-9, 26). Three of
them (segments 2, 4, and 5) are located in the vicinity of the
presumed AcCho binding site, which forms two loops con-
nected by disulfide bonds between Cys-192 and Cys-193 and
between Cys-128 and Cys-142 (27, 28). The other two regions
(segments 1 and 3) are in the amino-terminal signal peptide,

I 186 TPA A
* * **A

-5

189
-2

445
200

m 460 L P PP2 * * **P
-20 ~LP P P

463
-1 7

N 482 K S 1V C - I 1D D-f

148 JW JY DJA K I JL VU

v 486 fK C I D

99 D F Q V

492
160

491
104

FIG. 2. Comparison of homologous segments in Drosophila
ChoAcTase (upper line of each row) and rat neuronal nicotinic
AcChoR a subunit (9) (lower line of each row).

which is posttranslationally processed in the course of
AcChoR subunit assembly (29, 30). Four of these homolo-
gous sequences in ChoAcTase (segments 2-5) cluster in a
central region around residues 439-492, where four cysteine
residues are present at positions 423, 428, 488, and 510 (3)
(Fig. 3). If two disulfide bonds are formed between Cys-423
and Cys-428 and between Cys-488 and Cys-510, they bring
the four homologous sequences with AcChoR (segments 2-5)
into close proximity with this region of ChoAcTase. Seg-
ments 2, 4, and 5 contain negatively charged amino acids,
which could be possible candidates for binding to positively
charged choline. The homologous segments of ChoAcTase
and neuronal AcChoR are not always conserved in muscle
nicotinic AcChoR. In addition, none of these five mutually
homologous sequences could be found in. Torpedo Ac-
ChoEase. Consequently, the segmental homologies between
Drosophila ChoAcTase and rat neuronal AcChoR a subunit
seem to reflect convergent rather than divergent evolution.
Homology Between Torpedo AcChoEase and the Carboxyl-

Terminal Hormonogenic Domain of Rat TG. Schumacher et
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FIG. 1. Homologous amino acid sequences of Drosophila ChoAcTase (3) (upper line of each row) and Torpedo AcChoEase (4) (lower line
of each row). The six specific regions within the proteins were selected to exhibit the greatest homology. Idehtities are marked by asterisks and
boxed. Intrasequence identities in the AcChoEase sequence are indicated by a + and boxed. Open circles indicate homologous amino acid
replacements (19). Numbering on the right denotes the amino acid positions and percent identities, where gap regions were not considered for
the calculation. The active-site residue (Ser-200) for AcChoEase is marked by a large asterisk between two thick wavy lines. Amino acids are
designated by standard one letter abbreviations.
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al. (4) noted an unexpected homology between Torpedo
AcChoEase and bovine TG (31). They reported that 546- and
540-residue segments of the Torpedo AcChoEase and bovine
TG share 28% identity, with five gaps in the alignment, and
that the positions of six of the eight cysteines in the homol-
ogous segments are conserved. Swillens et al. (32) extended
the analysis, including the hydropathy profiles, to confirm a
similar three-dimensional structure in the homologous re-
gions of the two proteins. They proposed that the homolo-
gous regions are involved in interaction with cell membranes,
although neither protein is very hydrophobic. In addition,
recent biochemical studies of AcChoEase indicate that the
enzyme is attached to certain locations in membranes
through a covalently linked phosphatidylinositol at the
carboxyl terminus of the protein molecule (33, 34). This
attachment method has also been suggested for several other
surface glycoproteins (reviewed in refs. 35 and 36).

Recently the complete organization of the rat TG gene has
been reported (37). The TG gene spans >170 kilobases (kb)
and is distributed in 42 exons and 41 introns. As the
exon/intron boundaries in the 3' half of the gene (38) as well
as the sequence of 967 amino acids at the carboxyl-terminal
end of rat TG (39) were already known, we compared the best
alignments between AcChoEase of Torpedo californica and
TG of the rat (Fig. 4).

In contrast to the previous analyses with bovine TG (5, 32),
our alignment shows homology for the entire sequence of
Torpedo AcChoEase, which contains the amino-terminal
signal peptide as well as the carboxyl-terminal portion and
the whole carboxyl-terminal unique region of rat TG (resi-
dues 2169-2750), which begins just after the repetitive
domain composed by the type III motif (31). Our alignment
shows 28% identical residues. As already noted (4, 31), the
positions of six of the eight cysteines in the homologous
segments are conserved. In addition, there is a region that
shares high homology (35-48%) (residues 123-225 in Ac-
ChoEase and residues 2292-2395 in TG corresponding to
exons 35 and 36), while the active-site Ser-200 of AcChoEase
and two of the three hormonogenic tyrosines (at positions
2555 and 2569) of rat TG are not conserved. The homologous
structure of the carboxyl-terminal end of TG with Ac-
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ChoEase may suggest that TG, like AcChoEase, may also
attach to cellular membranes via a phosphatidylinositol
hydrophobic anchor.
TG Gene and Presumable AcChoEase Gene Organization in

Vertebrates. We have also analyzed the homologous region
between AcChoEase and TG by comparing AcChoEase with
the organization of exon/intron boundaries in the rat TG gene
(Fig. 5). The coding information for rat TG is distributed in
42 exons, most of which correlate with repetitive structural
domains previously defined by protein sequences deduced
from human, rat, and bovine TG cDNA (31, 39-41). The
5'-end half of this gene, including 32 exons and spanning >80
kb, encodes highly repetitive domains (38). This portion of
TG seems to have arisen basically as a consequence of
sequential duplication and recombination of three types of
cysteine-rich motifs (31). In contrast, the last 580 residues at
the carboxyl terminus are unique, showing no repetitive
sequences, being poor in cysteine, and containing a cluster of
tyrosines of which three are hormonogenic (31). It is in this
region that the homology with AcChoEase exists. It should
be noted that the homology starts immediately after the end
of the repetitious domain and ends at the carboxyl terminus
of TG (see Fig. 5). The boundary of the repetitious domain
and the AcChoEase-like unique domain (i.e., exon 32/33) is
interrupted by intron 32 with a length of 3 kb (38). The size
of this intron is relatively long compared to other introns in
the 5'-end half of the rat TG gene (37, 38). Thus, the
contiguous region of homology is encoded by the last 10
exons (exons 33-42) of the 3' end of the gene.

In general, the positions at which introns interrupt homol-
ogous genes in vertebrates are conserved. For example,
genes for two functionally different proteins, low-density
lipoprotein receptor and epidermal growth factor precursor
(42, 43) and the homologous blood coagulation proteases (44,
45) have conserved their relative intron positions. Thus, it is
reasonable to predict that the AcChoEase gene in higher
vertebrates will be found to be interrupted by introns located
in similar positions to those found in the rat TG gene. In
several cases during the evolution of homologous genes,
intron loss (46) and intron sliding (47) have been postulated
to account for seemingly anomalous positions of introns.
Even if these mechanisms were operating during evolution of
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FIG. 3. Schematic representation of structural homologies within and among Drosophila ChoAcTase, Torpedo AcChoEase, and rat neuronal
nicotinic AcChoR a subunit. Each sequence is represented as a line, while a dashed line indicates the signal sequence or the sequence only
included in precursors. The amino-terminal position of the Drosophila ChoAcTase has not yet been identified; therefore, position 1 only indicates
the furthest upstream residue so far sequenced (3). Homologous regions between ChoAcTase and AcChoEase are indicated by hatching between
the two sequences (see Fig. 1). The active-site peptide for AcChoEase is marked as in Fig. 1. The circled numbers denote the five homologous
segments between ChoAcTase and AcChoR a subunit, distinguished by different symbols at approximate positions along each sequence (see
Fig. 2). Thick arrows indicate internally duplicated sequences (data not shown). The four extracellular cysteine residues characteristic of
AcChoR a subunit (9) are marked by closed circles. Also shown by closed circles are the four cysteine residues in ChoAcTase. These residues
are located in the vicinity of the homologous clustered segments (2-5) when comparing ChoAcTase with the AcChoR a subunit. The two regions
enclosed by a stippled oval include all four cysteine residues and the homologous segments of ChoAcTase and the AcChoR a subunit. The
transmembrane regions of AcChoR (I-IV) and the amphipathic helix (26) are indicated. Amino acid residues are numbered below the lines.
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FIG. 4. Optimal alignment of amino acid sequences for Torpedo
AcChoEase (upper line of each row) and the homologous region of
rat TG (i.e., the carboxyl terminus) (lower line of each row). The
sequences were aligned by using the ALIGN Program with K-tuple
= 1, window size = 20, and gap penalty = 2. Changing these
parameters yields several other possible alignments (i.e., for K-
tuple/gap penalty of 1/1, 2/1, 1/2, or 2/2 results in alignments with
183, 159, 159, and 128 matched amino acids and 24, 33, 12, and 11
gaps, respectively (i.e., 22-32% homology). In the alignment shown
here, there are 164 matched amino acids and 7 gaps for each sequence
(i.e., 28% homology). Identical residues are marked by colons
between the sequences. The numbers along the sequences refer to
residue positions. The alignment arbitrarily starts with the serine
residue immediately following the end of the last repetitive domain
(the type III a3 motif), since only 967 amino acids are known for rat
TG. This serine corresponds to position 2169 in bovine TG, where the
total sequence is known. The right side of each row of the TG
sequence shows the corresponding positions ofamino acids in bovine
TG in parentheses. o, Six homologous cystelne residues; e, hormo-
nogenic tyrosine residues; *, definitive intron positions for TG; o,
less certain intron positions for TG with the number in brackets. The
active-site peptide of AcChoEase is indicated as in Fig. 1.

the AcChoEase and TG genes, the coding region of the
AcChoEase gene in vertebrates should still be basically
distributed in a similar manner to that observed in the
homologous gene segment coding for the carboxyl-terminal
domain of rat TG.
However, no position of the 11 gaps introduced for

alignment in Fig. 4 corresponds to the 10 introns (introns
32-41) in the rat TG gene. Other possible alignments using

different parameters (data not shown) also do not produce
corresponding gaps and introns. This may imply that many
mutations, including substitution, insertion, and deletion,
have accumulated in a redundant copy of the AcChoEase
gene, before its fusion to the 80-kb-long 5'-end half of the
present TG gene.

Concluding Remarks. We have identified amino acid se-
quence homologies among Drosophila ChoAcTase, Torpedo
AcChoEase, rat neuronal nicotinic AcChoR a subunit, and
rat TG and discussed their possible evolutionary relation-
ships (summarized in Figs. 3 and 5). Although the three
proteins involved in AcCho metabolism, ChoAcTase, Ac-
ChoEase, and neuronal AcChoR, are all localized to cholin-
ergic synapses, they are found in different intracellular
compartments and have different functional roles during
cholinergic neurotransmission. The expression of these three
proteins is thought to be regulated by the formation of
cholinergic synapses during nervous system development
and through the long history of evolution of neuronal sys-
tems. The traces of evolution could be detected in the amino
acid sequences of these three important neurobiological
proteins. The rat neuronal AcChoR a subunit and Drosophila
ChoAcTase share several interesting similarities that may
have arisen by convergent evolution. In contrast, the global
sequence homology between Drosophila ChoAcTase and
Torpedo AcChoEase suggests that their genes have evolved
divergently from a common ancestral gene at the time when
animals began to develop a primitive nervous system. Per-
haps this implies that genes for anabolic and catabolic
enzymes in other metabolic pathways may also have evolved
from a common ancestral gene. In addition to these homol-
ogies, the homology found between AcChoEase and TG was
striking and surprising. Apparently the origin of ChoAcTase
and AcChoEase is older than TG. They seem to have been
differentiated about 800 million years ago, when vertebrates
and invertebrates were evolving separately. Thyroid organ is
considered to have developed in the fishes only 400-450
million years ago. Consequently, it is during the 350-400
million years in the Precambrian period, after the separation
of vertebrates from invertebrates and before the emergence
of the fishes (48), that a redundant copy of the AcChoEase
gene may have accumulated many mutations and fused to
generate a functional TG gene. We cannot answer the
question of why an AcChoEase-like sequence was incorpo-
rated into TG, but the homology between the two amino acid
sequences tells us that it was. Since the gene fusion in the TG
gene is a more recent event than the divergence of Ac-
ChoEase and ChoAcTase genes, we predict that some
vertebrate AcChoEase gene sequences will show much
stronger homology to the TG gene than that observed here
with Torpedo AcChoEase. It should be noted that' we find
significant homology between ChoAcTase, AcChoEase, and
TG despite the considerable evolutionary distance among
Drosophila, an insect, Torpedo, a marine ray, and rat and
bovine mammals. As more sequences become available for
these proteins in other species, it may be possible to confirm
the generality of our hypothesis that genes for ChoAcTase,
AcChoEase, and even TG diverged from a common ancestral
gene and reorganized through genomic condensation and
exonic shuffling, as has been proposed for many genes
encoding vertebrate proteins (49-51), at the time of forma-
tion of nervous systems and then endocrine systems in
animals.
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