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cDNA sequences of Torpedo marmorata acetylcholinesterase:
primary structure of the precursor of a catalytic subunit; existence
of multiple 5'-untranslated regions
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cDNA clones coding for a catalytic subunit of acetylcholin-
esterase were isolated from cDNA libraries constructed from
Torpedo marmorata electric organ. The nucleotide sequence
of the cloned cDNAs codes for a 599-amino acid precursor
containing a 24-amino acid signal peptide. This primary struc-
ture has been compared with the sequences of Torpedo calfor-
nica and Drosophila melanogasta acetylcholinesterases, and
with that of human butyrylcholinesterase. Genomic blot ex-
periments carried out with cDNA restriction fragments used
as hybridization probes are in agreement with the existence
of a single gene coding for the different catalytic subunits of
Torpedo acetylcholinesterase. Unexpectedly, we observed
multiple 5'-untranslated regions, which may contain several
initiation codons.
Key words: acetylcholinesterase/Torpedo mannoratalcDNA se-
quence/multiple 5'-untranslated regions

Introduction
Acetylcholinesterase (AChE, EC 3.1.1.7) is of great physiological
importance since it is responsible for the rapid hydrolysis of the
neurotransmitter, acetylcholine, at cholinergic synapses. Verte-
brates also possess another type of cholinesterase, butyrylcholin-
esterase (BuChE, EC 3.1.1.8). AChE and BuChE differ in their
specificity towards different choline esters, and in their sensitivity
to some inhibitors. The catalytic properties of cholinesterases have
been reviewed by Rosenberry (1975). These enzymes are serine
hydrolases. Their active site presents an esteratic subsite in which
the active serine is assumed to be engaged in a charge-relay
system similar to that described in serine proteases, and an anionic
subsite, which binds quaternary ammonium residues. Labeling
experiments of Electrophorus AChE with the photoactivatable
reagent DDF (Kieffer et al., 1986) allowed the identification of
a peptide corresponding to this anionic subsite, Gly-Ser-X-Phe
(X = undetermined residue labeled by DDF).
Both AChE and BuChE present a number of molecular forms,

which may be classified as asymmetric (A) and globular (G)
forms (Massoulie and Bon, 1982; Rosenberry, 1985). The asym-
metric forms are complex molecules in which tetrameric
assemblies of catalytic subunits are attached by disulfide bonds
to the strands of a triple-helical collagen-like 'tail'. Amphiphilic
globular forms have been shown to possess a C-terminal-linked
glycolipid (for a review, see Silman and Futerman, 1987).

Torpedo electric organs constitute a most favourable material
to study the structure of both asymmetric and globular amphiphilic
AChE. The catalytic subunits of the two types of forms are

equivalent in their catalytic activity and in their immunological

( IRL Press Limited, Oxford, England

reactivity. Their primary structures show few differences (Doc-
tor et al., 1983). They possess identical N-terminal sequences,
but a different mol. wt (MacPhee-Quigley et al., 1985; Bon et
al., 1986).
The diversity of AChE forms may be generated at different

levels: multiplicity of genes, post-transcriptional modification of
mRNA precursors and post-translational processes. In order to
elucidate the respective roles of these mechanisms, we have
undertaken an analysis of Torpedo AChE at the genetic level.
We first identified a cDNA clone, XAChE1, which carries a
160-bp insert coding for a fragment of AChE, by immunological
characterization of the recombinant protein (Sikorav et al., 1985).
Using this cDNA probe, we demonstrated the existence of at least
three mRNAs for T. marmorata AChE (5.5 kb, 10.5 kb,
14.5 kb), in electric organs and electric lobes. These results are
consistent with the observation that an electric organ mRNA
preparation directed in vitro the synthesis of several polypeptide
precursors of AChE catalytic subunits (Sikorav et al., 1984).
Similar observations were made for T. californica (Schumacher
et al., 1986).
The primary structure of a catalytic subunit of T. californica

AChE has been deduced from a cDNA sequence (Schumacher
et al., 1986). We report the primary structure of the precursor
of a catalytic subunit of T. marmorata AChE. We show that
AChE mRNAs probably derive from a single gene, and possess
multiple 5'-untranslated regions. This multiplicity is not a priori
related to the polymorphism of the native enzyme, and a poss-
ible correlation with mRNAs of different sizes remains to be ex-
plored.

Results
The insert of XAChEl (Sikorav et al., 1985) was used as a pro-
be to isolate the clone pAChE2, which contains a 2.5-kb insert.
The sequence of pAChE2 was determined as indicated in Figure
1, and found to contain a single large open reading frame (nucleo-
tides 482 -2122). This open reading frame contains the sequence
of the XAChE1 insert, as well as the active site serine. The
pAChE2 clone, however, lacked the N-terminal sequence of
Torpedo AChE (MacPhee-Quigley et al., 1985; Bon et al., 1986).
A comparison with the cDNA sequence of T. californica AChE
indicates an extensive homology from nucleotides 490-2502 of
pAChE2. No significant homology was found upstream of
nucleotide 490.

This suggested that the 5' region of the insert did not corre-
spond to the coding sequence. We therefore performed an S1
mapping experiment, which showed that the totality of the
pAChE2 insert is not represented in mRNAs (Figure 2). This
does not preclude the possibility that the non-protected region
might represent an intronic sequence, absent from mature
mRNAs. The protected region corresponded only to the region
of homology with T. californica AChE cDNA.

This was confirmed by primer extension of an oligonucleotide,
ON2, complementary to nucleotides 490-510 of pAChE2. We
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Fig. 1. Sequencing strategy for the cDNA insert of pAChE2. The direction and extent of sequence determinations are shown by horizontal arrows under each
clone used. The poly(dG)-poly(dC) tails generated by the cDNA cloning procedure are not included in the restriction map. The open reading frame is shown
in black. The open bar represents the 3-untranslated region, and the stippled bar represents the region which is not protected in SI mapping (see text). The
insert of AChEl, subcloned in the EcoRI site of pUC8, was sequenced from both ends. It corresponds to nucleotides 1130-1288 of the pAChE2 insert.

thus determined a 150 nucleotide long sequence (not shown),
corresponding to the expected amino acid N-terminal sequence
of T. marmorata AChE (Bon et al., 1986).

In order to determine the cDNA sequence of the N-terminal
region, we analyzed several clones obtained from a restricted
library (see Materials and methods). We thus reconstructed one
type of mRNA, including the complete coding sequence (Figure
3). The sequence contains the expected N-terminal amino acid
sequence of a mature catalytic subunit of T. marmorata AChE
(Bon et al., 1986), including the two differences oberved with
T. californica, at positions 3 and 20 (Bon et al., 1986, and Figure
4). Three in-frame termination codons are found upstream of the
open reading frame (at positions -96/-94, -93/-91 and
- 84/-82). Assuming that translation starts at the first initiation
codon of the main open reading frame, we find a 24 amino acid
long hydrophobic sequence preceding the mature sequence. There
are three other initiation codons in the 5 '-untranslated region (at
positions -132/ -130, -93/-91 and -56/-54), which initiate
open reading frames containing respectively 12, 22 and nine
amino acids (cf. Figure 7).
Genomic blots, evidence for a single AChE gene
Total genomic DNA was digested wtih PstI, EcoRI, BamHI and
Sacl. The fragments were used in Southern blot experiments,
hybridizing with a PstI-PstI restriction fragment (nucleotides
926-2134 ofpAChE2). Single restriction fragments are detected
in the case of PstI, BamHI and Sacl (Figure 5, lanes 1, 3 and
4) and three restriction fragments in the case of EcoRI (Figure
5, lane 2). The existence of several EcoRI restriction fragments
is consistent with the fact that the PstI-PstI probe contains an
internal EcoRI site (at position 1292 of pAChE2). A smaller pro-
be, which also contained the EcoRI site (an AvaI-AvaI restric-
tion fragment, nucleotides 1033-1440 of pAChE2) hybridizes
to only two of these three bands (not shown). This suggests the
existence of another EcoRI site within the gene, probably in an
intron.
Analysis of the 5'-untranslated region
The primer extension analyses show the existence of multiple
extended products, some of which appear as doublets (Figure
6A). Their sizes are - 290, 330 and 430 nucleotides (for bands
la and Ib, 2a and 2b and 3, respectively). They may either corre-
spond to mRNAs differing in the length of their 5'-untranslated
regions, or to premature terminations of elongation.
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S1 mapping analysis in fact established the existence of mul-
tiple 5 '-untranslated regions (Figure 6B). The cDNA part of the
probe, which contained a 5'-untranslated region and the N-
terminal part of the coding sequence, was protected in its total-
ity, yielding a 362 nucleotide long fragment, together with two
shorter fragments, 200 and 237 nucleotides long.
These experiments clearly imply the existence of at least three

types of 5'-untranslated regions. We have indeed isolated one
clone (X5'AChE1 1), which lacks the nucleotide sequence com-
prised between the two extremities indicated by the S 1 mapping
experiment (Figure 7). Yet another type of 5'-untranslated region
was observed in T. californica (Figure 7, Schumacher, 1987).

Discussion
Different approaches have been used to isolate AChE genes: a
purely genetic approach allowed the characterization of the
Drosophila AChE gene (Hall and Spierer, 1986); Taylor and his
collaborators used oligonucleotide probes derived from peptidic
sequences (Schumacher et al., 1986) to clone T. califomica
AChE. We have used antibodies to identify a cDNA clone from
an expression library (Sikorav et al., 1985). This clone, which
encodes amino acids 245 -298 of the mature AChE catalytic
subunit enabled us to obtain the complete structure of a precur-
sor of a catalytic subunit of AChE by the successive screening
of two cDNA libraries.
Interpretation of the structure ofpAChE2
In a first screening, we isolated a cDNA clone, pAChE2, whose
5' end presents an unexpected structure, lacking the N-terminal
sequence of AChE, deduced from protein sequencing (MacPhee-
Quigley et al., 1985; Bon et al., 1986). The 490-nucleotide se-
quence which precedes the coding region has the following pro-
perties: (i) it is not protected in S1 mapping experiments; (ii) it
contains a 160 nucleotide long direct repeat (nucleotides 58-215,
84% homologous to nucleotides 315-468); (iii) a probe deriv-
ed from this region (restriction fragment AvaI-AvaI, nucleotides
112-371) hybridizes to repeated sequences of Torpedo genomic
DNA, and these sequences are expressed in Torpedo liver, elec-
tric organ and electric lobe, according to Northern blot analysis
(data not shown).

Interestingly, the beginning of the coding region of pAChE2
(amino acid 32 of mature AChE) corresponds to the beginning
of the homology which is observed between AChE and the C-
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Fig. 2. SI mapping nuclease analysis of pAChE2 5' region, mapped with a

uniformly labeled single-stranded probe. The plasmid pAChE2 was digested
with the restriction enzyme BstNI, and the extremities of the restriction
fragments were filled by the Klenow fragment of DNA polymerase I. A
1600 nucleotide long fragment (coordinate 2636 of pBR322 to nucleotide
623 of pAChE2) was isolated and cloned at the SnaI site of M13mplO. A
phage containing the insert in the relevant orientation was characterized by
dideoxynucleotide sequencing, and used to synthesize a complementary
probe with an M13 universal primer. A probe corresponding to a naturally
occurring termination of the polymerase (in the GC pairs flanking the
cDNA insert) was isolated and used for SI mapping (A) Electric organ
poly(A)+ RNA (5 Ag) (lane 3) and wheat germ RNA (lane 2) were

hybridized to 2 x 105 c.p.m. of the probe, then digested with 50 units of
Sl nuclease. The arrows indicate the position of the intact probe and of the
protected fragment. Lane 1 undigested probe, 104 c.p.m. The mol. wt
standards used were a sequencing ladder, and an end-labeled 1-kb ladder
(BRL) (not shown). (B) Structure of the probe and of the protected
fragment. The full bar represents the protein coding region of pAChE2; the
stippled bar represents the region which is not protected in Sl mapping. The
5'-3' polarity of the probe is indicated.

terminal domain of thyroglobulin (Schumacher et al., 1986;
Swillens et al., 1986). Since thyroglobulin has probably evolv-
ed by gene fusion of an ancestral protein with a portion of AChE,
this position is likely to correspond to the limit of two exons.
Taken together, these observations favour the hypothesis of

an intronic nature of the 5' end of pAChE2. The putative in-
tronic sequence is terminated by CG, instead of the usual con-
sensus termination AG. An example of an intron ending in the
same manner has however been recently reported for one of the
transcripts of Drosophila Per gene (Citri et al., 1987). An analysis
of the corresponding genomic structure will be necessary to
elucidate this question.
A single gene codes for the multiple molecularforms of Torpedo
AChE
The multiplicity of AChE catalytic subunits, corresponding to
asymmetric and globular forms, and the multiplicity of mRNAs,
identified by AChE cDNA probes, raise the question of the possi-
ble existence of multiple genes for the enzyme. To investigate
this question, we performed Southern blot analyses with a cDNA
probe containing a large portion of AChE coding sequence (400
amino acids, including the sequence surrounding the active site
serine). If the different subunits were derived from distinct genes,
these genes would be expected to hybridize equally well with
the probe, since the primary sequences are largely identical (par-
ticularly around the active site serine). The observed pattern is
in fact consistent with the existence of a single gene (Figure 5).
In our high stringency conditions, we avoided the detection of
related genes, such as that of butyrylcholinesterase (Toutant et
al., 1985).
Comparison of T. marmorata and T. californica AChEs
The sequence determined for T. mannorata codes for a 599
amino acid long precursor, containing a 24 amino acid long signal
peptide, i.e. three amino acids longer than the signal peptide of
T. californica AChE.
The amino acid sequences obtained here for the mature catalytic

subunit of T. marmorata AChE, and that previously determined
for T. californica (Schumacher et al., 1986) are identical, ex-
cept at 13 positions (Figure 4). This strong homology implies
that these two sequences correspond to the same type of catalytic
subunit, probably that of the asymmetric forms, because of the
presence of the C-terminal sequence determined for this struc-
ture (Schumacher et al., 1986).
Comparison of Torpedo AChE with structurally related proteins
A comparison of Torpedo AChE with Drosophila AChE and
human BuChE leads to several observations.

(i) All the cysteine residues involved in internal disulfide
bridges in Torpedo (MacPhee-Quigley et al., 1986) are conserv-
ed. The cysteine residue which is located near the end of Torpedo
AChE, and is involved in interchain disulfide linkage, is absent
in Drosophila AChE.

(ii) The C-terminal portion of Drosophila AChE diverges from
the other AChE sequences known so far. Interestingly, the begin-
ning of the divergence approximately coincides with the posi-
tion of the last intron in the coding sequence of Drosophila AChE
(P.Fournier, personal communication), and of thyroglobulin (Av-
vedimento et al., 1984). The divergent sequence (underlined in
Figure 4) is thus encoded by a separate exon. It is largely
hydrophobic (Hall and Spierer, 1986), and it is possibly exchang-
ed in part for a glycolipid anchor (Silman and Futerman, 1987;
Cross, 1987), as suggested by the fact that Drosophila AChE
is a dimeric, phosphatidylinositol-anchored enzyme (Gnagey et
al., 1987).
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GAATTCTCTGATTCATCCAGGCCTTCTGGCTGCAACACCCGTATGTTCCCG"'GG
-170 -160 -150 -140 -130

GCACACACTCATCCACC;CAGGTClIeC~TCGCEC(CG'rA(;CTC'rTGAI'rACATTCAAGTCTATCGGGCAGCAG,GGATCTTGCCTTCCTTGACAAGCTGGAGAGT1 GCAAAGCAGA C

-110 -100 -90 -80 -70 -60 -50 -40 -30 -20 -10 -1

H R E II II L L V T S S L G V L L U L V V L C Q A D D D S E L L V N4 T K S G K V H

ATGAGACAMTAATCATCCTGCTGTCACCTCTTCCCTCGCCGTCCTfTCTGCACTTGGTCGTCCTICTGCCAGGCGGACGATGACTCTGAGCTCCTGGTCAACACCAAGTCGGGAAAACTCATG

G T R I P V L S S U I S A F L G I P F A E P P V G N 11 R F R R P E P K K P W S C

GGACAAGAAMTCCCTGTCCTCTCCACCCACATCAGCGCTTC:CTGGGGArrCCCT rTGCCGAGCCTCCAGTTGGGAACATGAGATTCAGGAGACCTGACCCCAAGAAACCTGTGTCsCGA
130 140 150 160 170 180 190 200 210 220 230 240

V 11 N A S T Y P N tN C Q Q Y V D E Q F P G F P C S E H W N P N R E if S E D C L Y

GTCTGGAATGCTl'CCACCTATCCCAACAMACTGCCAGCAGTAC,GTTGACGAGCAGTTCCCTGGATTTCCAGGTTCGGAGATGTGGAATCCGAACAGACAGATGAGTGAGGACTGTTTGTAC
250 260 270 280 290 300 310 320 330 340 350 360

L N I W V P S P R P K S A T V It L W I Y G G G F Y S G S S T L D V Y N G K Y L A

CTCAACATTGGGTGCCTTCTCCGAGCCCGAAGAGTGCAACC GTCATGTTGTGGATCTACGGAGCGCGGmTcTAcACGcGcGTccTcGAcGTTGGACCTCTACAATGGGAAATACCTTGCCC
370 380 390 400 410 420 430 440 450 460 470 480

Y T E E V V L V S L S Y R V C A F G F L A L H G S Q E A P G N It G L L D Q R It A

TACACCGAGGAGGTGGTGCTGGTCTCTCTCAGCTACCGGGTGGGCGCTT'TGGCTTTCTCGCCCTCCACGGCAGTCAGGAGGCACCAGGAAACATGGCCCTCCTGGACCAGAGGATGGCG
490 500 510 520 530 540 550 560 570 580 590 600

L Q W V 11 D N I Q F F G C D P K T V T L F G E S A C c A S V G 11 H1 I L S P C S R

CTGCAGTCGCTGCACGACAACATCCAGTTCTTCGGCGGGGACCCCAAGACGGTGACCCTCTTCGGAGAGAGTGCCGGCCGCCCCTCTGTCGGCATGCACATTCTCTCCCCGGGGACCCGA
610 620 630 640 650 660 670 680 690 700 710 720

D L F R R A I L Q S G S P N C P W A S V S V A E G R R R A V E L CG N L N C N L

GACCTTcTCCscGC.GGCCATCCTTCAGAGCGGCTCGCCCAATTGCCCGTGGGCATCTGTCTCTGTTGCTGAAGGCCGCAGGAGGGCGGTCGACCTGGGAAGAAACCTCAACTGCAACCTC
730 740 750 760 770 780 790 800 810 820 830 840

N S D E E L I Q C L R E K K P Q E L I D V E W N V L P F D S I F R F S F V P V 1

AACAGCCACCAGACCTCATCC.AATTCTTAGGGAGAAGAGCCTCAGAGTTGATTGACGTGGAGTGGAATGTCCTTCCCTGACAGTATCTTCAGGTTCCTTCGTTCCCGTCATC
850 860 870 880 890 900 910 920 930 940 950 960

D G E F F P T S L E S M L N A G N F K K T Q I L L G V N K D E G S F F L L Y C A

GATGGGGAATTCTTCCCAACCTCCCTGGAATCTATGTTG.AACGCTGGCAACTTCAAGAAGACTCAGATCTTACTGGZAGTCAACAAGACGAGGGCTCGTTTTTCCTCTTGTACGGAGCG
970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

P C F S K D S E S K I S R E D F M S G V K L S V P I A N D L G L D A V T L Q Y T

CCCCGTTTCACCAAGGACTCTGAAGCAAAATCTCTCGGGAAGACTTCATGTCAGCGGTCAAGCTAAGCGTTCCCCACGCCAATGACTAGGCTTCACGCTGTCACGCTACAGTACACA
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

D W H D D N N G I K N R D C L D D I V G N 11 N V I C P L N 1 F V N K Y T K F G N

GACTGGATGGATCACAACAATGGAATAAAGAACAGAGATGGTTGGACGACATCGTAGGGAACCACAACGTCATATGCCCTTGATGCACTTGTTAACAAGTACACCAAGTTGGTAAT
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320

C T Y L Y F F ll U R A S N L V W P E W It G V I H G Y E I E F V F G L P L V K E L

GC,CACCTACCTGTACTTCTTCAACCACCGAGCCTCAAACCTGGTGTGGCCGGAGTGGTGGGCGTCATCCACGGCTATGAGATTGAGTTCGTCTTCGGGCTGCCTCTGGTGAAGGAGCTG
1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440

N Y T A E E E A L S R R I N I Y W A T F A K T G N P N E P H S Q E S K W P L F T

AACTACACACCGGAGGAGGAAGCGCTGACCCGGAGGA ATaTGI,'ATTACTGGGCGACATTCGCAAACTGGAACCCAACGACCCCACTCACAGGAGAGCAATGGCCTCTCTTCACT
1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560

T K E Q K F I D L N T E P I K V U Q R L R V Q H C V F W N Q F L P K L L N A T E

ACCAAGACCAGAAATATTGACCTCACACAGAGCCCA'AGTCCACCAGCGACTCCGAGTTCAGATGTGCGTATTCTGAACCAGTTCCTCCCCAGCTCCTCACGCCACAGAG
1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680

T I D E A E R Q W K T E F U R 11 S S Y It It H W K N Q F D Q Y S R U E N C A E L
ACCATTlGACGAGGCAGAACCCCACTCGAACGCAGTTTCAT(,'CCTGGAGTTCCTACATGATGCCACTGGAAGAACCAATTGACCAGTACACCAACACAGACAACTGTGCTGAGCTGTGA

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

GCTCTCCACTCCACGTCGCCTGGTGAGCCCAGACACCACAGTCC GATATTCACCACACACCCACTCTACTTCCTCGAGACCCTCCCTGGCCCTCTCACCCACCCCCCCAAACCTCCCCTTC
1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920

GAGACTGCCTCCCTrCCCATCCCTCCGCTAACCCCAGGCTGCCGCACCTTGTTCTCTCGCATCATCACTCGTGAATCTGCCGCCACCATTCTTCGGCCACCCACTCTCGCATCACCCCAA
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040

'lw'TCTCTCC'rrcCTCTCCCCCCCCTAT'rGCCCACTCTCCACCTrGsC;CCACTCTCTCTCCCAATACCCGTCAGCAAMCCAlF'CCC;GTCcccrfGATCTCTCTCCTGTCACCTATT >ACGlTCT
2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160

ACCCAACCCCCCCTACTCGC
2170 2180

Fig. 3. Primary structure of an AChE mRNA, deduced from pAChE2 and cDNAs isolated from a restricted library. The nucleotide sequence is numbered in

the 5' to 3' direction, beginning at the first nucleotide of the ATG initation codon. The predicted amino acid sequence is shown above the corresponding
nucleotide sequence. The EcoRI fragments of six independent cDNA clones, isolated from the XgtlO library (X'AChE3, X'AChE4, X5'AChE7, X5'AChE8,
X5'AChElO and X5'AChE12) were subcloned in both orientations in Ml3mpl8 and sequenced using an M13 universal primer or the oligonucleotide ON2,
when in the relevant orientation. A common 460-nucleotide sequence was established and combined with that of pAChE2 to establish the structure of an

mRNA coding for AChE. From nucleotide 166 to the end, the sequence corresponds to the 3' part of pAChE2. Underlining indicates sequences common to

pAChE2 and clones from the restricted DNA library (166-284). The arrow indicates the 5' extremity of the bona fide coding region of pAChE2,
corresponding to nucleotide 491 of the pAChE2 insert. In-frame termination codons preceding the open reading frame are boxed.
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-21 MN LTVSSGVLL&9-----UMN FL IL.VVLCQADDHSELLVN KSGKV TRVP iLSSHi AFLGI F E PPV NM
-----------?4MREMNJ ITYSS GVLL IIVVLCQADDDSELLVNTKSGKV TRI V|ISSIIISFLGIPFAEPPV JM
------4--1MHSKVTIICIRFLFWF CMLIGKSHfDDIIIA KGKVR NLTVFGGTVT FLGIPY P L

MAISCRQSRVLPMSLPLPflTIPLPHVLV S LSGVCGVEIDR tG VR SVTQGREVHVY Y PKPDL

RFR EKK WSGVWN ST CYVD PGFS SEMWPNP E EDCLYLNI PSPKST-------------
RFR P WSGVWN T PY Y DE PGF P SEMWNPN E EDCLYLNI PR KSA -

RFKK SLT S
I SiA CC ID S PGF H SEMWNPN DL EDCLYLIAHI K AD

[RFJjV EGLAEGSATCV RYY PGFS INNPN NV EDCL AAKARLRHGRGANGGEHPNGKQ

-V------------- WIYGGGFYSFSSTLDVYNG AYT EVVLVSLSYRVGAFGFLAL iS------Q A
---------------------VLWIYGGGFYS SSTLDVYNGK AYTEEVVLVSLSYRVGAFGFLAL S------Q A
--------- --* ---- LIWIYGGGFPT l HVEYEGKFLA|RVMRVIVSMSNYRVGA&FFLAL|P ---- -PEA|
ADTDHLIHNGNPQNTTNGLPIL IlYGGGF ISA IDI N DIM VGNVIV FQ RVGAFGFL PEMPSEFAE A

PGN L R I FFG K TFGES G ILSPGS RLFAILQSGSP CPWASVSVAE RR
PGN L R LQWV I FG PK TLFGESAGSG ILSPGSRLFR A LQSGS CPWASVSVAE R
PGN LF LALQWV IqAAFG PK VTLFGESAG S LSPGS ITLELQSGF W+T8LYE
PGN AIRMLK N AHAG S VNA K MMS A HMTSEKAVEI

AVE GRNLI NSDEJL IR QEIDVIWNV4PFDSIFRF F-V V EI F TSLES uS KKTQ IL
AVE GRNL 4 NSDEELII ILR PQELIDVIEIWNIV.PIFDSIFRFSF --V VID FFTSLES LNA KKTQI L
TLN AKLT RENETEIIIL IR DPQILLHIjAF[VjYGTPLSVNF--G V FGLTDMPDIL EL PLKKTQIlV
GKA INDC C SMLKTNPAGYDMRSVDAKTISVQQWNSYSGILPSMTFLDPMTLMKTAD YDMM
VVNKDE FFLLYGAPG-FSK ESEKISRED S VK SVP DLILDVTLQYTD D GiIK GL IVGDIVI
VNKDE SFFLLYGAPG-FSKS EfSK ISR S VK SVPI 4DL LDAVTLYTD DNGIK RL IV INV

VNDE FFLIYGAPG-FSKDNNSII R QE KIFF GVSE KESILFHYTDW QRPENY A VVGD NF
NVR YTFLL D ATAL KYLEIMNUIFG QAERE IIF G- Q QQIGR GDI FFT

CPLM FVNKYTKF GTYLYF HRA VPEWMGVl IGYEIEFVFGLPLVKE NYTE EELSRRIMHY AKTGN
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CPTNEYAQALAER eSVHYYY TIHRTSIS WM4GVLHF IEY FG NN I P EEKFILSAVIE AKTGI

PNEPHSQESKW TK QKFID NTE MKVIQRLR V FWN LP LLJAT TIDEAE Ki1PEFIIRWSS Hi KN
PNEPISOESKW TIKQKFID fNTPIKVHQRILR Vi QI LPKLLNA TIDEAE KPEFHRW SIYMMI KN
PNETQNNSTS Id KST QKYLT NTESTRIMTKLRA IWS P VLEM4 NIDEAE E KGFHRWdNN
AQDGEEWPNFSKEDPVYYI STDDKIEKLARGP AR- W Y P VRSWAG DSGSASISPRLQLLGIAALIY
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Fig. 4. Comparison of the primary structures of cholinesterases. The amino acid sequences of AChE from T. californica (Schumacher et al., 1986;
Schumacher, 1987). T marmorata and Drosophila melanogaster (Hall and Spierer, 1986) were deduced from cDNA sequences. The structure of human
serum BuChE was determined chemically (Lockridge et al., 1987) and from cDNA sequences (Prody et al., 1987). The arrows indicate the N-terminal amino
acids of the mature proteins, from N-terminal sequences determined in the case of T. califomnica (MacPhee-Quigley et al., 1986), T. marmorata (Bon et al.,
1986), and Drosophila (T.Rosenberry, personal communication). Identical residues are framed. The star indicates the serine residue of the active site (position
200 in Torpedo); the thick line (328-331) indicates a peptide which appears to be involved in the anionic subsite, because of its homology to an
Electrophorus AChE labeled peptide (Kieffer et al., 1986). Dots indicate divergences between the two Torpedo species. Asterisks indicate potential N-
glycosylation sites in the case of Torpedo and Drosophila AChE, and observed glycosylated asparagines in the case of human BuChE. Dashed lines indicate
the disulfide loops, as determined for T. californica AChE (MacPhee-Quigley et al., 1986). Cysteine 231 was found to be free and cysteine 572 was found to
be engaged in the formation of dimers. We underlined the region of divergence between Drosophila AChE and the other cholinesterases, starting at the
position of the last intron in the coding sequence (D.Fournier, personal communication).
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Fig. 5. Genomic blot of Torpedo DNA with an AChE probe. Torpedo liver
DNA (10 jig) was digested to completion with BamHI (lane 1), EcoRI (lane
2), PstI (lane 3) and Sacl (lane 4). Hybridization, after electrophoresis and
transfer, was done with a PstI-PstI fragment of the pAChE2 insert. Mol.
wts were estimated from DNA and 1-kb ladder (BRL). The protected
fragments were - 10 kb (BamHI), 1.6, 4.8 and 5.6 kb (EcoRI), 4.3 kb
(PstI) and 9 kb (Sacl).

In preliminary SI mapping experiments, we observed the ex-
istence of two types of AChE mRNAs, whose divergence is
precisely located at the site of the putative exon-exon boundary.
They probably correspond respectively to glycolipid-anchored
globular forms and asymmetric collagen-tailed forms.

(iii) Vertebrate cholinesterases are more closely related to each
other than to Drosophila AChE (204 conserved residues between
Torpedo and Drosophila AChE, 192 between human BuChE and
Drosophila AChE and 326 between Torpedo AChE and human
BuChE). This suggests that the divergence between vertebrate
AChE and BuChE occurred in the deuterostomian lineage,
perhaps simultaneously with the emergence of vertebrates.
Similarly, the C-terminal portion of thyroglobulin (Mercken et
al., 1985; Schumacher et al., 1986; Swillens et al., 1986) is more
closely related to vertebrate cholinesterase than to Drosophila
AChE since: (a) it shares 155 identical amino acids with Torpedo
AChE, 147 with human BuChE, and only 117 with Drosophila
AChE; and (b) the 30 amino acid long insertion found in
Drosophila AChE is found neither in vertebrate ChE nor in
vertebrate thyroglobulin. This relationship implies that this C-
terminal domain of thyroglobulin appeared after the divergence
between insects and vertebrates, and has therefore probably
evolved by fusion of a cholinesterase or cholinesterase-like gene.
The remarkable maintenance of a strong homology, and par-

ticularly of the tertiary structure of the protein (conservation of
disulfide bonds, and similarity of hydropathy profiles), together
with the loss of the esteratic activity, raises the question of its

Fig. 6. Multiple 5'-untranslated regions. (A) Primer extension analysis of
the AChE mRNAs. The oligonucleotide ON2 was hybridized to poly(A)+
electric organ RNA and elongated with AMV reverse transcriptase. The
extended products were analyzed by electrophoresis on a 4% sequencing
gel. The sizes of the extended products were deduced from the end-labeled
1-kb ladder (BRL); 290 (la, b), 330 (2a, b) and 430 nucleotides (3). (B) SI
mapping analysis of the 5'-untranslated region of AChE mRNAs. The phage
X5'AChE3 was digested with restriction enzymes HindIII and BglII (at
coordinates 32.47 and 33.61 of XgtlO) (cf. Huyhn et al., 1985), producing a
fragment that contains the totality of the EcoRI insert. M13mpl9 was
digested with HindIll and BamHI, in order to subclone this fragment in the
relevant orientation. A complementary probe was obtained, using
oligonucleotide ON2 as a primer, and HindIII to cleave the extended
product. This probe was used for SI mapping. The mol. wts were estimated
from a sequencing ladder (not shown); lane 1: undigested probe (104
c.p.m.); lane 2: wheat germ tRNA; lane 3: electric organ poly(A)+ RNA
(5 ,ug). Samples for lanes 2 and 3 were digested with S1 nuclease.
(C) Diagram of the structure of the probe and of the protected fragments.
The closed bar represents the protein coding region, and the open bar, the
5'-untranslated region. The 5'-3' polarity of the probe is indicated.
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IT:GTq4-AGTCGGI'FGCACCTGTTGCATATTCATTCAAGTCTW ------------------
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Fig. 7. Structure of the 5'-untranslated regions of AChE mRNAs. The structure of the 5'-untranslated regions obtained for six cDNA clones (Figure 3) was
compared to that of clone X5'AChEl 1, and a sequence obtained for T. californica (Schumacher, 1987). The nucleotides are numbered as in Figure 3, and the
amino acids as in Figure 4. Arrows indicate the extremities of the S1-protected fragments (cf. Figure 6). We introduced insertions, indicated by dashes, to
maximize the homologies between the three sequences. Triangles indicate differences between the 5'-untranslated sequence of T. californica and T marmorata
AChE. Upstream of position -52, the sequences of the two species are not homologous; this part of the alignment, indicated by a zig-zag line, is therefore
arbitrary. Initiation and stop codons are framed in full line and dashed line, respectively. The open reading frames defined by the initiation and stop codons
are underlined.

functional significance. It has been proposed that this structure
is involved in membrane binding (Swillens et al., 1986).
However, this binding probably does not result from the attach-
ment of a glycolipid anchor, since thyroglobulin is not endowed
with an adequate C-terminal sequence. It is therefore tempting
to suggest that the maintenance of the structure is necessary for
protein -protein interactions, such as those existing between non-
disulfide linked catalytic subunits of AChE in polymeric forms
(Massoulie and Bon, 1982).
Active sites of ChEs
The residues involved in the charge-relay system (Rosenberry,
1975) are likely to be conserved between all cholinesterases. Only
histidines 423 and 438 are conserved, and might therefore be
involved in the catalytic mechanism.
A Gly-Ser-Phe-Phe sequence (residues 328-331), is likely to

represent the equivalent of the tetrapeptide (Gly-Ser-X-Phe),
which has been shown to exist in the anionic subsite of Electro-
phorus AChE (Kieffer et al., 1986). Interestingly, the tetrapeptide
is located in a hydrophobic region (12 amino acids) and con-
tiguous to two negatively charged residues (at positions
326-327), which may interact with the quaternary ammonium
of acetylcholine. X corresponds to phenylalanine in Torpedo and
to tryptophan in Drosophila. Human BuChE contains an alanine
at this position.
Evcistence of multiple 5'-untranslated regions
The 5'-untranslated region of the Torpedo AChE gene is
characterized by two unusual features: it presents several variants,
and may contain multiple initiation codons.

In Drosophila, the 5'-untranslated region is exceptionally long
(up to 1000 nucleotides). Extension primer analysis (Figure 6A)
suggests that it is probably shorter in Torpedo AChE mRNAs,
and that the existence of the large AChE-mRNAs detected in Nor-
thern blots does not result from large 5'-untranslated regions.
We cannot, however, rule out the possibility that longer reverse

transcripts are not detected in this experiment.
The existence of distinct structures in the Torpedo

5 '-untranslated region, indicated by cDNA clones, was confirmed
by SI mapping and by cDNA cloning (Figures 6B and 7). A
38 nucleotide long sequence is missing in the cDNA clone
X5'AChE 11, and the limits of this sequence appear to coincide
with extremities of protected fragments obtained by SI mapping.
Two of the extended products differ by - 40 nucleotides in their
size (la, b and 2a, b). This is likely to be due to the alternative
splicing of this 38-nucleotide exon. In addition, the structure of
a 5'-untranslated region observed for T. califomica (Schumacher,
1987), is also consistent with the S1 mapping (Figure 7).
X5'AChE3 accounts for the 362-nucleotide protected species,
X5'AChE1 1 probably corresponds to the 200-nucleotide fragment
and the sequence reported for T. californica to the 237-nucleotide
fragment. The fact that the extension products are longer than
the proposed corresponding cDNAs implies the existence of an
additional 5' region, possibly that determined in the T. califor-
nica cDNA. The possible correlation between these multiple
5'-untranslated regions and the multiple mRNAs remains to be
explored.
Some of the 5'-untranslated sequences contain upstream in-

itiation codons. Interestingly, the existence of short open reading
frames upstream of the coding sequence has been reported for
several receptor mRNAs (/3-adrenergic receptor, oestrogen recep-
tor and muscarinic receptor) (Kubo et al., 1986), as well as in
Drosophila AChE (Hall and Spierer, 1986). The existence of
two types of mRNAs, differing in the presence of upstream in-
itiation codons, has been reported for the enzyme HMG-CoA
reductase, which is involved in cholesterol biosynthesis, and is
subject to a feed-back regulation of expression (Reynolds et al.,
1985). It has been suggested that the role of these multiple regions
is to permit the control of the expression of HMG-CoA reduc-
tase at the translational level, in agreement with experimental
evidence obtained in the case of the regulatory protein GCN4,
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involved in the biosynthesis of amino acids in yeast (Mueller and
Hinnebusch, 1986).
Our genomic blot experiments strongly suggest that all forms

of AChE catalytic subunits derive from a single gene in Torpedo.
Our current understanding of the structure of asymmetric and
globular forms implies that their difference lies in the C-terminal
region, and points to a differential splicing in the corresponding
coding sequence, which has not yet been documented. We show
here that differential splicing operates also in the 5'-untranslated
region, and this does not seem related to the polymorphism of
the enzyme.

Materials and methods
General methods
The preparation of DNA, digestion by restriction enzymes, electrophoresis and
nucleic acid blotting were carried out by standard procedures (Maniatis et al.,
1982). Labeled nucleotides [a-32P]dXTP (3000 Ci/mmol), [y-32P]ATP (5000
Ci/mmol), [a-32P]ddATP (5000 Ci/mmol) and [a-35S]thio_dXTP (400 Ci/mmol)
were obtained from Amersham.
Construction and screening of cDNA libraries
A first cDNA library was constructed from T. marnorata electric organ
poly(A)+ RNA by standard techniques (Auffray et al., 1980; Maniatis et al.,
1982); dC-tailed double-stranded cDNA was hybridized to PstI-cleaved, dG-tailed
pBR322, and used to transform Escherichia coli MC 1061 (Hanahan, 1985). 104
clones were obtained and screened with the nick-translated EcoRI insert of a
previously isolated cDNA clone, XAChEl (Sikorav et al., 1985).
To obtain the 5'-coding sequence missing from pAChE2, a restricted cDNA

library was constructed in the following way. A 21-mer primer, ON1, (5'-CGT-
ACTGCTGGCAGTTGTTGGG-3'), complementary to nucleotides 590-610 of
the pAChE2 insert, was hybridized to 100 Ag of poly(A)+ RNA from electric
organ, and extended wtih 30 units of AMV reverse transcriptase. (Boehringer-
Mannheim). The RNAs were degraded with alkali, then the cDNAs were made
double-stranded with the Klenow fragment of DNA polymerase I (New England
Biolabs), treated with EcoRI methylase and SI nuclease (PL Biochemicals).
Phosphorylated EcoRI linkers were added to the blunted double-stranded cDNAs,
which were then digested with EcoRI and inserted into XgtlO (Huyhn et al., 1985).
In vitro packaging yielded a library of 2 x 105 recombinant phages. The library
was screened with ON2, a 21-mer polynucleotide (5'-GGCTCGGCAAAGGGA-
ATCCCC-3'), complementary to nucleotides 490-510 or pAChE2 insert, and
with restriction fragments derived from pAChE2.
Nucleotide sequence analysis
The EcoRI insert of XAChE1 (Sikorav et al., 1985), was subcloned in pUC8
(Yanisch-Perron et al., 1985), yielding a plasmid designated pAChE1. The
nucleotide sequences of pAChEl and pAChE2 inserts were determined by the
chemical degradation of Maxam and Gilbert (1980). Restriction fragments were
labeled at their 3' end using either deoxynucleotidyl-terminal-transferase (BRL)
for protruding ends or the Klenow fragment of E. coli Pol I for flush or recessed
ends.
The clones obtained from the restriction cDNA library were sequenced by the

dideoxynucleotide procedure (Sanger et al., 1977).
Genomic blot analysis
DNA was prepared, digested with restriction enzymes, separated in 0.7% agarose
gels and transferred to nylon membranes (Hybond N, Amersham) as described
by Klarsfeld et al. (1984). High specific activity labeled probes (-2 x 109
c.p.m./tsg), obtained by priming of DNA synthesis with random sequence hexa-
nucleotides, were used for hybridization (Feinberg and Vogelstein, 1983). Filters
were washed at 65°C to a stringency of 0.1 x SSC.

Primer extension analysis
The oligonucleotide ON2 was 5' end-labeled with [-y-32P]ATP using T4 poly-
nucleotide kinase (New England Biolabs) resulting in a specific activity of
6 x 107 c.p.m./10 pmol of primer. 2.5 x 106 c.p.m. of primer was hybridiz-
ed to 100 yg of poly(A)+ RNA from the electric organ, for 90 min at 60°C in
the presence of 0.1 M NaCl. After hybridization, the nucleic acids were recovered
by ethanol precipitation and extended with 30 units of AMV reverse transcrip-
tase. This treatment was followed by a degradation of RNA wtih 10 /g of RNase
A for 15 min at room temperature, phenol extraction and ethanol precipitation.
1/100 of the sample was analyzed on a 4% sequencing gel, and the rest was sub-
jected to partial chemical degradations (Maxam and Gilbert, 1980), prior to elec-
trophoresis in an 8% sequencing gel.

SI nuclease mapping
Unifonnly labeled, single-stranded probes were synthesized and isolated as describ-
ed (Kelly et al., 1983). Briefly, a relevant restriction fragment was subcloned
in an M13 vector (Yanisch-Perron et al., 1985), and a phage containing the in-
sert in the adequate orientation was characterized by sequence analysis. The phage
DNA was hybridized to a complementary oligonucleotide, either M 13 universal
primer (Amersham) or oligonucleotide ON2. The complementary oligonucleotide
was extended by the Klenow fragment of DNA Pol I, in the presence of [a- 32p]-
dCTP (3000 Ci/mmol). The extended fragments were isolated by electrophoresis
on a 4% sequencing gel, and eluted by diffusion for 1 h at 37°C.

Probes were hybridized to poly(A)+ RNA in 50% formamide, 0.5 M NaCl,
40 mM Pipes pH 6.4, 1 mM EDTA, for 18 h at 42°C. After hybridization,
samples were reacted for 1 h at 37°C with 50 units of SI nuclease and analyzed
in a 4% sequencing gel, and eluted by diffusion for 1 h at 37°C.
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