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ABSTRACT A cDNA clone encoding the complete se-
quence of porcine choline acetyltransferase (ChoAcTase; ace-
tyl-CoA: choline O-acetyltransferase, EC 2.3.1.6.) has been
identified. A cDNA library, constructed from poly(A)+ RNA of
ventral spinal cord, was screened with a mixture of eight
oligonucleotides corresponding to the N-terminal sequence of
pig brain ChoAcTase. Among five positive clones, one, pChAT-
1, was identified as a ChoAcTase cDNA clone based on the
following criteria. (i) This clone has an open reading frame
coding for a protein of the size expected for ChoAcTase (640
amino acids). (i) The amino acid composition deduced from the
nucleotide sequence of this open reading frame matches that of
purified porcine ChoAcTase. (ii) When subcloned in the T7
expression system, the corresponding RNA directs the synthe-
sis in the rabbit reticulocyte lysate of a protein that is
specifically immunoprecipitated by antibodies raised against
ChoAcTase. (iv) Finally and most important, this correspond-
ing RNA, when translated in the reticulocyte lysate, as well as
in the Xenopus oocyte system, directs the synthesis of a protein
displaying ChoAcTase activity. This activity is inhibited by the
specific ChoAcTase inhibitor 4-(1-naphthylvinyl)pyridine.
Comparison of porcine ChoAcTase sequence with that of
Drosophila reveals 32% identity between these proteins, when
the sequences are suitably aligned. pChAT-1 probe hybridizes
with a porcine mRNA species that is at least 7000 nucleotides
long, whereas the equivalent rat mRNA species is 3700 nude-
otides long.

The enzyme choline acetyltransferase (ChoAcTase; acetyl-
CoA: choline-O-acetyltransferase, EC 2.3.1.6.) catalyzes the
biosynthesis of the neurotransmitter acetylcholine and con-
stitutes a specific marker of cholinergic systems (1). To date,
there is only very limited information about the structure of
the mammalian enzyme. More detailed understanding of this
enzyme is particularly desirable because of the importance of
the cholinergic system in neurotransmission, as well as the
possible involvement of this system in certain neurological
disorders, particularly Alzheimer disease (2).

In addition, ChoAcTase as well as tyrosine hydroxylase
(EC 1.14.16.2), the rate limiting enzyme in catecholamine
synthesis, have received much attention in examining the
phenotypic expression of neurotransmitters. Studies on the
ontogeny of the autonomic nervous system have revealed
that neurons can change their phenotype from, for example,
adrenergic to cholinergic, depending on the nature of their
environment (3, 4). The analysis, in molecular terms, of the
mechanisms underlying this plasticity requires the study of
the genes encoding these two enzymes.

We have identified (5-7) cDNA clones corresponding to rat
and human tyrosine hydroxylases. Here, we describe the
isolation of a cDNA clone-pChAT-1-that encodes an
active porcine ChoAcTase enzyme. The nucleotide and
complete amino acid sequence is reported.¶ Some structural
characteristics of porcine ChoAcTase are discussed, and the
sequence is compared with that ofDrosophila melanogaster
reported by Itoh et al. (8).

MATERIALS AND METHODS
Construction of a Randomly Primed cDNA Library in the

XgtlO Vector. Total RNA from porcine ventral spinal cord
was extracted as described by Lomedico and Saunders (9).
Poly(A)+ RNA was purified by oligo(dT)-cellulose chroma-
tography. Random DNA sequences 20-50 nucleotides in
length were prepared by sonication and DNase I digestion of
calf thymus DNA (10) and used as primers for cDNA
synthesis. First-strand cDNA was synthesized from 2.5 ,g of
ventral spinal cord poly(A)+ RNA with 30-fold excess of
random primer. The second-strand synthesis and following
steps were carried out using standard procedures (11, 12).
The longest cDNAs [_500 base pairs (bp)] were selected on
a 5-20o (wt/vol) sucrose gradient and ligated to the XgtlO
vector. The amplified library contained =1.2 x 106 indepen-
dent recombinant phages.

Oligonucleotide Screening. The N-terminal sequence of
porcine brain ChoAcTase was determined as described (13).
A mixture of oligodeoxynucleotides, each containing eight
different chains of 29 nucleotides, was prepared with a
Biosearch DNA synthesizer model 8600 by the phosphor-
amidite method and purified by PAGE. The probes were
end-labeled to a minimal specific activity of 8 x 108 cpm/,ug.
About 106 recombinant phages were plated at 50,000-70,000
plaques per 13-cm plate, and duplicate filters were prepared.
Filters were hybridized at 35°C with oligonucleotides in 6x
SSC (lx SSC = 0.15 M sodium chloride/0.015 M sodium
citrate, pH 7.0), 5x Denhardt's solution (lx Denhardt's
solution = 0.02% Ficoll/0.02% polyvinylpyrrolidone/0.02%
bovine serum albumin), 10% (wt/vol) dextran sulfate, 0.05%
sodium pyrophosphate, herring sperm DNA at 0.1 mg/ml,
and Escherichia coli tRNA at 0.1 mg/ml. Filters were then
washed at 35°C, 40°C, and 45°C in 6x SSC containing 0.05%
NaDodSO4. Positive clones were isolated after three succes-
sive rounds of screening. Phage DNA was prepared as

Abbreviations: ChoAcTase, choline acetyltransferase; NVP, 4-(1-
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§To whom reprint requests should be addressed.
IThe sequence reported in this paper is being deposited in the
EMBL/GenBank data base (Bolt, Beranek, and Newman Labora-
tories, Cambridge, MA, and Eur. Mol. Biol. Lab., Heidelberg)
(accession no. J03021).

9280

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 84 (1987) 9281

ChAT N-terminal
amino acids : K2N PRO ILE LEU GLU LYS THR PRO PRO LYS NET ALA ALA LYS

Codons: CCU AUU UUiA GM MA ACU CCU CCU AA AUG GCU GCU AM

C C G G G C C C C C G
A A CU A A A A A

G C 6 6 G G

A

G

Synthetic GAA AM ACI CCI CCI AM AT GC! GCI AA
oligonucleotides G 6 G

cONA sequences: A (831) SAG MS MT CCC CCC MG ATT 6CC CAA CAC

B (791) GM AM ACC CCC CCC CM ATA MC ACA TAC

C (69Z) GAG AM ACC TCC CCC AM T6T CAG CT6 CM

pChAT-1 GAM A ACT CCC CCT MG ATG GCA GCA AM

(1001) GLU LYS THR PRO PRO LYS NET ALA ALA LYS

FIG. 1. Sequences of the N terminus of porcine ChoAcTase
(ChAT) the back-translated mRNA (codons), the mixture of 29-mer
oligonucleotides, and the four identified cDNAs and pChAT-1
corresponding amino acid sequence. Deoxyinosine (I) was inserted
into each third position where codon ambiguity allowed for all four
nucleotides. Note the complete identity between the ChAT protein
sequence obtained from the purified protein and that obtained from
pChAT-1 cDNA analysis. Numbers in parentheses indicate the
percentage of identity between synthetic oligonucleotides and the
corresponding sequence of the isolated cDNA clones, assumuing that
deoxyinosine yields no mismatch.

described by Maniatis et al. (14), and the cDNA inserts were
excised by digestion with EcoRI.
DNA Sequencing. Insertions were sonicated and subcloned

in M13mp8 (15). Both strands were sequenced by the dideoxy
method of Sanger et al. (16) using either the universal primer
or appropriate oligonucleotides.
In Vitro Transcription. The ChoAcTase cDNA insertion

was subcloned in the transcription plasmid pSPT18, which
contains SP6 and 17 promoters in opposite orientations.
Recombinant plasmids were linearized, and RNA was pro-
duced in the presence of 500 MM of each NTP and [a-
32P]GTP, as tracer; capping was achieved using 2.5 mM of
m7GpppG [7-methylguanosine(5')triphospho(5')-guanosine]
(17, 18). The amount ofRNA synthesized was estimated by
counting the incorporated radioactivity. In these conditions,
17 RNA polymerase yielded over 6 Mg of RNA per ug of
DNA.
In Vitro Translation, Immunoprecipitation, and Oocyte

Injection. In vitro translation of RNA transcripts was per-
formed in rabbit reticulocyte lysate (19), Immunoprecipita-
tions were carried out (20) using either monoclonal or
polyclonal antibodies raised against porcine brain Cho-
AcTase (21, 22). Proteins were separated by isochratic
(8%) NaDodSO4/polyacrylamide gel electrophoresis (23).
Oocytes were treated and injected as described (24).
ChoAcTase Activity. ChoAcTase activity, generated from

translation of RNA transcripts in oocytes and in rabbit
reticulocyte lysate, was measured as described (25), in the

presence or in the absence of the specific ChoAcTase
inhibitor 4-(l-naphthylvinyl)pyridine (NVP) (26).

Materials. Radioactive compounds, rabbit reticulocyte
lysate, and the phage vector M13mp8 were purchased from
Amersham. Restriction enzymes and oligo(dT)-cellulose
were from Boehringer Mannheim. The plasmid pSPT18 was
from Promega Biotec (Madison, WI). Deoxyinosine, T7RNA
polymerase, and m7GpppG [7-methylguanosine(5')triphos-
pho(5')-guanosine] were purchased from Pharmacia. NVP
was from Calbiochem. Nitrocellulose filters were obtained
from Schleicher & Schuell.

RESULTS

Cloning of ChoAcTase cDNA. The sequence of the first 11
amino acids from the N terminus ofpig brain ChoAcTase was
obtained (13). In the present study, 2 additional amino acids
were used (even though their assignment was less certain),
because ofthe high degeneration ofthe codons corresponding
to the leucine residue at the third position (Fig. 1). A mixture
of eight 29-mer oligonucleotides, reflecting all codon combi-
nations, was synthesized using deoxyinosine where codon
ambiguity involved all four nucleotides (27). These probes
were used to screen 106 recombinant phages of a randomly
primed XgtlO library generated from porcine ventral spinal
cord poly(A)+ RNA. Five positive plaques were purified after
three rounds of screening. The sequences homologous to the
29-mer oligonucleotides were determined for four corre-
sponding inserts, as shown in Fig. 1. One of them, over 2100
bp long and designated pChAT-1, contains a nucleotide
pattern 128 bp from its 5' end that corresponds exactly to the
N-terminal amino acid sequence ofChoAcTase purified from
porcine brain. Immediately upstream from this pattern,
pChAT-1 contains a putative initiation codon ATG flanked
by the nucleotides cytidine and adenosine at positions -4 and
-3, respectively, that fit with the consensus sequence of
Kozak (28), as well as a nonsense in-frame codon 93 bp
upstream from this ATG codon. These observations indicat-
ed that pChAT-1 was likely to contain the complete coding
sequence of porcine ChoAcTase, since the estimated size of
porcine ChoAcTase is 68 kDa (22).

Detection of ChoAcTase Activity in Oocytes and in Rabbit
Reticulocyte Lysate. For these studies, pChAT-1 cDNA was
subcloned in the plasmid pSPT18, and the corresponding
sense RNA was synthesized. It encodes a protein of an
apparent molecular weight of 68,000 that is specifically
immunoprecipitated by monoclonal and polyclonal anti-
ChoAcTase antibodies (results not shown).
To establish that pChAT-1 cDNA encodes an active

ChoAcTase, sense RNA was first injected into frog oocytes,
which have been shown to be a convenient system in which
to express active rat ChoAcTase (24). Injection of pChAT-1
RNA yielded a high level of ChoAcTase activity that was
inhibited by NVP, a specific ChoAcTase inhibitor (Table 1).

Table 1. Expression of CboAcTase activity generated from pChAT-1 RNA in oocyte and in rabbit reticulocyte
lysate systems

AcCho, cpm
Control pChAT-1 AcCho % inhibition

No RNA TPH-RNA -NVP +NVP pmol/min pmol/(min.Ag of RNA) by NVP

Oocytes 150 160 13,070 520 125 330 97
Lysate 120 140 14,330 310 14 70 99
ChoAcTase activity was measured in 15 oocytes each injected with 25 ng of pChAT-1 RNA. Eggs were homogenized in

50pl of 50 mM sodium phosphate, pH 7.4/0.5% Triton X-100. [14C]Acetylcholine (AcCho) cpm represents the amount of
AcCho synthesized in 5 Al of homogenate after a 10-min reaction. ChoAcTase was also assayed after translation of 200 ng
of pChAT-1 RNA in rabbit reticulocyte lysate. In this case AcCho cpm represents the total amount of [14C]AcCho
synthesized. In control experiments, pChAT-1 RNA was replaced by a RNA encoding rat tryptophan hydroxylase
(TPH-RNA) (M. C. Darmon, personal communication). Numbers represent mean values of duplicate experiments.

Neurobiology: Berrard et A



9282 Neurobiology: Berrard et al. Proc. Natl. Acad. Sci. USA 84 (1987)
5

cumA
20 35 50 65 s0 95 110

125 140 155 170 185 200
ATB CCC ATC CTG BMAAMA ACT CCC CCT MBG ATB GCA BCA MAA AGT CCC ABC MGT BAG BAG GAG CCT BBB CTB CCC MAA CTC CCT BTB CCC
MET Pj0 ILE LEU GL YS THRPR P HY ET ALA.AA SEA PRO SER SER BIU GLU GLU PRO GLY LEU PROD IYS LEU PRO VAL PR

215 230 245 260 275 290
CCA TTG CAB CAB ACC CTG GCC ACC TAC CTG CGG TGC ATG CAB CAC CTG GTA CCT GAG GAB CAAMTTABB ABG ABC CAB 6CC ATT GTG CAB
PROD IEU BIN GIN THR IEU ALA THR TYR LEU ARG CY MET BIN HIS LEU VAL PRO GLU GLU GIN PHE ARG AMB SER BIN ALA ILE VAL GUI

305 320 335 350 365 380
CAB UTT BGG 6CC CCT GGT GGC CTT GGC GAG ACC CTG CAB CAB MG CTC CTG GMA CGG CAB BAG CAB ACA GCT MAC TOGB BT TCT GAB TAC
GIN PHE GLY ALA PRO GLY GLY LEU GIT GIU THR IEO BIN GIN ITS LEU LEU BIU AAB GIN GIU BIN THR ALA ASH TAP VAL SER BLU TYR

395 410 425 440 455 470
TGG CTG MAC GAC ATG TAT CTC MAT MAC CGT CTG 6CC CTG CCT GTC MAC TCC ABC CCA GCT GTG AUTT 6CC CGG CAB CMC UC CMA GAC
TAP LEU ASN ASP MET TYR LEU ASN ASN AAB LEU ALA LEU PRO VAL ASN SER SEA PRO ALA VAL ILE PHE ALA MBG BIN HIS PHE BIN ASP

485 500 515 530 545 560
ACC MT GAC CAB CTA AGB UTT BCA 6CC MAC CTT ATC TCT GGT GTG CTC ABC TAC MAG 6CC CTG CTG GMC MC CAC TCC ATC CCC ATT GMC
THAR ASH ASP GIN LEU MBG PHE ALA ALA ASH IEU ILE SER GLY VAL LEU SEA TYR LYS ALA LEU LEU ASP SER HIS SEA ILE PRO IL.E ASP

575 590 605 620 635 650
TGT 6CC MBG GGC CAB CTB TCA GGA CAG CCT CTC TGT ATG MBG CM TMC TAT GBB CTT TTC TCC TCT TMC CGB CTC CCT BBC CMC ACC CAB
CYS ALA ITS BLY GIN LEU SEA BIT GIN PRO IEU CYS N4ET ITS GIN TYR TYA BIT LEU PHE SEA SEA TYR MBG LEU PRO BIT HIS ThR BIN

665 680 695 710 725 740
GMC MC CTG GTA GCT CAB MBG ABC MGT GTC ATG CCC BAG CCA BAG CMC BTC ATC GTG 6CC TBC TBC MAC CAB UTC UT GTC UB6 BAT BUT
ASP THA LEU VAL ALA GIN ITS SEA SEA VAL MET PRO GLU PRO BIU HIS VAL ILE VAL ALA CYS CYS ASN GIN PHE PHE VAL LEU ASP VAL

755 770 785 am815 830
GTC ATT MAT TTC CGC CBT CTC MGT BAG BBB BAT CTG TTC MCT CMG UG MGA MBG ATA GTC MGA ATG GCT TCC MAC BAG BAT BAA CBC UBG
VAL ILE ASN PHE AAB AAB IEU SEA BIU BIT ASP LEU PHE THAR GIN IEU AAB LYS ILE VAL ARG MET ALA SEA ASH GIU ASP GIU MBI LEU

845 860 875 890 905 920
CCT CCA ATC BBC CTG CTG MCG TCA GMC GGG AGG ABC GAB TGG GCT BAB 6CC MBG MG GTC CTC GTB MAA GAC TCC MCC MAT CUS GMC TCT
PRO PRO ILE BIT IEU IEU THA SEA ASP BIT MBG SEA GIU TAP ALA BIU ALA MBG THA VAL IEU VAL ITS ASP SEA THA ASH MBG ASP SEA

935 950 965 980 995 1010
CTB BAT ATG ATC, GAB CUG TGC ATC TGC CTB GTB TGC CTB BAT 6CC CCT BBA BBC ATG BAG CTC ABC GMC ACC MAC MBG GCG CTC CMG CTT
LEU ASP MET ILE GIU AAB CYS ILE CYS IEU VAL CYS IEU ASP ALA PRO GLT BIT MET GIU IEU SEA ASP THA ASH AAB ALA LEU GIN LEU

1025 1040 1055 1070 1085 1100
CTT CAC GGC GGA GGC TBC ABC MAG MT GGA 6CC MAC CBC TGB TMC GMC MB TCC CTA CAG UTT GTG BTB GGC CGA BAT GGCACMC TGC BBC
LEU HIS BIT GIT BIT CYS SEA ITS ASH BIT ALA ASH MBG TAP TYR ASP LYS SEA LEU GIN PHE VAL VAL BIT AAB ASP BIT THA CYS BIT

1115 1130 1145 1160 1175 1190
GTG GTB TBC BAA CMC TCC CCT UTT BAT GGC ATT GTC CTG BTG CMG TGC MBG GAB CAT CTG CTC MAA CMC ATB GTG MBG ABC MGC MBG MB
VAL VAL CYS GLU HIS SEA PRO PHE ASP BIT ILE VAL LEU VAL BIN CYS THR GIU HIS LEU IEU IYS HIS MET VAL ITS SEA SEA ITS ITS

1205 1220 1235 1250 1265 1280
ATB GTC CGA BCT GMC TCG BTC ABC GMG CTC CCA GCA CCC ABA MBG CTG MBG TBG MBG TGT TCC CCG BAA ATC CMA GBC CTC UTA GCT TCC
MET VAL MBG ALA ASP SEA VAL SEA GIU IEU PRO ALA PRO ARG ARG LEU MBG TAP ITS CYS SEA PRO GU lILE GIN GIY LEU LEU ALA SEA

1295 1310 1325 1340 1355 1370
TCG BCA BAA MAA CTC CMA CMA ATA GTC MBG MT CTT GMC TTC MCT GTU TAT MAA TUT GMC GM TAT BBG MBG ACT UTC AUT MB CMG CMG
SEA ALA BIU ITS IEU BIN BIH ILE VAL ITS ASH IEU ASP PHE THA VAL TTA ITS PHE ASP ASP TTA BIT ITS THA PHE ILE ITS BIN BIN

1385 1400 1415 1430 1445 1460
MAA TOC ABC CCC BAT 6CC UTT ATT CAB GTG GCC CTC CAB CTA 6CC UTC TMC MB CTC CAT GBB MGA CTC GTG CCT MCC TAT GMG MC GCG
ITS CTS SEA PRO ASP ALA PHE ILE BIH VAL ALA IEU BIN IEU ALA PHE TTRA GMBLEU HIS BIT AAB IEU VAL PRO THA TTA GIU SEA ALA

1475 1490 1505 1520 1535 1550
TCC ATC CGC CGA TTC CAC GMG GBA CGG GTG GMC MC ATT CGA TCB GCC MCT CCG GMG GCA CTG CAT TU GT MAA 6CC AUT ACT GMC CAT
SEA ILE AAG ARG PHE HIS GLU GIT AAB VAL ASP ASH ILE ARB SEA ALA THA PR GIU ALA LEU HIS PHE VAL ITS ALA lILE THAR ASP HIS

1565 1580 1595 1610 1625 1640
BCA TCT 6CC ATG CCG BAT TCG GMG MB CTB CTB CTC CTB MBG BAT 6CC ATC CGA 6CC CAB MCC CAB TAC MCA GTC ATB 6CC ATC MBG GGB
ALA SEA ALA MET PRO ASP SEA GLU ITS IEU LEU LEU LEU ITS ASP ALA ILE AAB ALA GIN THA GIN TTA THA VAL M4ET ALA ILE THA GLT

1655 1670 1685 1700 1715 1730
ATB 6CC ATC GMC MC CMC CIB C7B GGG CTG CGG BAA CTG GCC CGA BAA GTB TGC MBG BAA CTG CCT GMG ATG TTC MBG BAT BAA MCA TMC
MET ALA ILE ASP ASH HIS LEU LEU BIT IEU AAB GLU LEU ALA ARG GLU VAL CTS ITS GLU LEU PRO GLU MET PHE THAR ASP GIU THA TTA

1745 1760 1775 1790 1805 1820
CTG ATB ABC MC CGC UTT GTC CIC TCC ACC ABC CAB GTB CCC ACC ACC ATG GMG ATG UTT TGC TGC TAT UGT CCT GTG GTA CCC MAT GG
LEU MET SEA ASH ARB PHE VAL LEU SEA THA SEA GIN VAL PRO THA THA MET BILU MET PHE CTS CTS TTA GLT PRO VAL VAL PRO ASH BIT

1835 1850 1865 1880 1895 1910
TMC UT 6CC TGC TAC MAC CCC CAB CCA CAB ABC ATC CTT TTC TGC AEC TCC ABC TTT CAC GGC TGC MAA GMA Ac TCT TCA MCC MBGUT
TTA BIT ALA CYS TTA ASH PRO GIN PRO BILU SEA ILE LEU PHE CTS lILE SEA SEA PHE HIS BIT CTS ITS BIU THA SEA SEA THA ITS PHE

1925 1940 1955 1970 1985 2000
BCA MAA GCT GTB GMA GM ABC TTT ATT GMA ATG MAA UGT CTC TGC AGT C7B TCC CAB TCT GGC ATB GGC MAG CCC CTG GCA MCA MBG GM
ALA ITS ALA VAL BILU GLU SEA PHlE ILE GILl MET ITS BIT LEU CYS SEA LEU SEA BIN SEA BIT MET GLT ITS PRO LEU ALA THA ITS BILl

2015 2030 2045 2060 2075 2090 2105 2120
MAA GTA MCA MBG CCT ABC CAB BTA CAC CMA CCT TGACTGCTGCCGCTCMUTTCGCCTCtCCCMACCCAGCACTCTGCAGCTGCCMGACCCTGCTGAMCCCCTBCTCT
ITS VAL THR ARG PRO SEA BIN VAL HIS GIN PRO

FIG. 2. Nucleotide and predicted amino acid sequences of porcine ChoAcTase as deduced from pChAT-1. Nucleotides are numbered in the
5'-.+3' direction, starting with the first residue following the EcoRI cloning site. The N-termninal proline of the mature protein and the proline
at the C terminus are numbered 1 and 640, respectively. Peptide sequence derived from purified porcine ChoAcTase is underlined.

The ChoAcTase levels were high enough to detect the pChAT-1 complete nucleotide sequence of 2120 bp is dis-
activity in a single oo'cyte (data not shown). Because of the played in Fig. 2. The ATG codon at position 125 specifies an
high sensitivity of the ChoAcTase assay, the activity was also open reading frame of 1923 nucleotides followed by 73 bp of
measured after translation of the sense RNA in rabbit 3'-untranslated sequence. The 3'-untranslated region is in-
reticulocyte lysate. Again, a clear positive response was complete, since it contains neither a poly(A) sequence nor a
detected (Table 1). These results clearly demonstrate that polyadenylylation signal. The open reading frame encodes a
pChAT-1 can direct the translation of an active, NVP- protein of640 amino acids with a calculated molecular weight
sensitive ChoAcTase enzyme. No activity was detected in of 71,517 and an isoelectric value of 7.72. Six putative serine
either sysem following translation of a rat RNA coding for or threonine phosphoryatio~n sites (29 30)1 -are. locnatd at
tryptophan hydroxylase. positions 217, 233, 327, 365, 466, and 500.
pChAT-1 Nucleotide and Amino Acid Sequences. The Comparison of Porcine and DrosophUa ChoAcTase Se-
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2 IPDPKGANVASNEASTSAAGSGPESAALFSKLRSFSIGSGPNSPQRVVSNLRGFLTHRLSNITPSDTGWKDSI 73

1 PI LEKTPPKMAAKSPSSEEEPGLPKLPVPPLOQTLATYLRCMOHLVPEEQFRRSQAIVIFGAPGGLGETLQTLLERQEQTANWVSEYWLHCYLNNRLALPVNSSPAVIFARQHFQDT 120
II'111:1111§:1:1 1:1 I 1: 11:1111 11I11::I :11:111::: 11

2 LS IPKKWLSTAESVDEFGF PDTLPKVPVPALDETMADY IRALEPITTPAQLE RTKEL IRQFSAPQG IGARLHQYLLDKREAR ITGPITTGSTRCTW I FAFPLP INSNPGIGVPAASLQDR 19 3

1 NDQLRFAANLISGVLSYKALLDS2SIPIDCAKGQLSGQPLCMKQYYGLFSSYRLPGHTQ3TLVAQKSSVMP-EPEH6IVACCNQFFVLDVVINFRR-LSEGDLFTQLRKIVRMSNED236
:III1I:1:11 : :III :I: I 111111111:11N 11 II: : I 11:11I 11 IW II1:: :1: :: I:

2 PRRAHFAARLLDGI LSHREMLDSGELPLFRAL-AEKNQPLCMAQYYRLLGSCRRPGVKQDSQFLPSRERLNDEDRHVVVICANQt-YKVVLQASORGKLSESE IASQILYVLSDAPCLP 310

1 ERLPPIGLLTSDGRSEWAEARTVLVKDSTNRDSLDMI4ERCICLVCLDAPGGMELS------------------DTNRALQLLHGGGCSKNGANRWYDKSLQFVVGRDGTCGVVCEHSPFD 338
: 1:1111:::1 11 I :1 I I 1"11 ::III I ' :11 I ":1111 W"111'11M N III I: III1:

2 AKPYPVG LLTAEPRSTWARDREMLQEDE RNQRNLE;IETAQVVLCLDEPLAGNFNARGFTGATPTVHRAGDRDETMAHEMIHGGGSEYNSGNRWFDKTMQLI ICTDGTWGLCYEHSCSE 430

1GVIVLV4CTEHLLKHMVKSSKKMVRADSV---SE4LPAPRRLRWKCSPEIQGLLASSAEKL8IVKNLDFTYYAFDDYGKTFIKQQKCSPDAFIQVALQLAFYRLHGRLVPTYES 448
11 :II 11 NI I 11:1 111I 1:11N : : HII 11 1111 111 11:1 I1: 1

2GI5AQ----LLEKIYKKIEEHPDEDNGLPQHHLPPPERLEWVGPQLQLRFAQASKSVDKCIDDLDFYVYRYQSYGKTF1KSCQVSPD6YIQLATATGSLQVVRTSGGHLRKCVHSTIS546

1 ASIRRFHEGRVDNIRSATPEALHFVKAITDHASAPDSEKLLLLKDAIR--------------AQTQYTVMAITGMAIDNHLL------- GLRELAREVCKELPEMFTDETYLMSNRFVL 547
1 111:: I I I I :1:1 11: I :1 I I 1 I1:C:C:I: :I

2 ARPRRLHQSGQHGG IGVGQAMCQGEGANVPLESDREDE EESRKVKFSI YSKDHLRELfRCAVAQTEVMVR I SWASTSRCWPARGQYRGHRRDARAVQRRVLQC -----SQCNLL 659

1 STSQVPTTMEMFCCYGPVVPNGYGACYNPQPESI LFCISSFHGCKETSSTKFAKAVEESFIEMKGLCSLSQSGMGKPLATKEKVTRPSQVHQP
I I:T:D: I 11111 IIINIIY111111:11:1:1:1:11A::::11::::1 I:M 1

2 STSGVAC STDSFMGYGPVTPRGYGCSYNPHPEQI VFCVSAFYSCEDTSASRYAKSLQDSLD IMRDLLQN

640

728

FIG. 3. Comparison ofamino acid sequences for porcine ChoAcTase and Drosophila ChoAcTase 1 and 2, respectively. Amino acid position
is at the right. Vertical bar, identical residues; discontinuous bar, homologous amino acid replacement (31).

quences. Comparison of amino acid sequences deduced from
porcine and Drosophila (8) cDNAs reveals 32% identity; this
value reaches 51% when homologous amino acid replace-
ment (31) is considered. Note that, to achieve maximum
homology, 11 gaps were inserted into the amino acid se-
quences (Fig. 3). Six regions, located on porcine ChoAcTase
at positions 22-80, 125-181, 241-285, 292-344, 369-430, and
545-605, are highly conserved and display homologies rang-
ing from 64% to 79%. No other significant homology was
found with known proteins using the GenBankII and National
Biomedical Research Foundation** protein sequence data
bases.
RNA Analysis. RNA gel blot experiments (32) were per-

formed with ventral spinal cqrd poly(A) RNAs. Filters were
hybridized with pChAT-1 cDNA labeled by nick-translation.
Surprisingly, the probe reveals RNA species of quite differ-
ent sizes: in pig, ChoAcTase mRNA is at least 7000 nucle-
otides long as compared to 3700 in rat (Fig. 4). In preliminary
experiments, cross-reactivity was also detected with human
spinal cord poly(A)+ RNAs (result not shown).

DISCUSSION
The present study has led to the isolation of a cDNA clone
that encodes the entire amino acid sequence of an active
mammalian ChoAcTase enzyme. The isolation of this cDNA
coding for a protein of very low abundance (21) was based on
the following strategy. (i) The sequence of 13 amino acids at
the N terminus was determined from the pig brain enzyme.
(ii) Synthetic oligonucleotide probes were synthesized, in
which deoxyinosine was inserted in every position where all
four nucleotides might be found. This was an important point
since the codons corresponding to the N terminus of porcine
ChoAcTase turned out to be mostly of low frequency (33).
(iii) The XgtlO cDNA library was derived from the ventral
spinal cord, a region shown (24) to be a suitable source of
ChoAcTase mRNA in the central nervous system. Oocytes

injected with mRNA from ventral spinal cord generated
about 10 times more ChoAcTase activity than those injected
with striatal mRNA, although the latter structure was found
to contain the highest ChoAcTase activity in the central
nervous system (24). (iv) The synthesis of the first-strand
cDNA was performed with random primers to ensure that the
5' portions of the mRNAs would be included in the library.
This particular point was crucial in considering that the
porcine ChoAcTase mRNA is >7000 nucleotides long.
The high sensitivity of the ChoAcTase enzymatic assay

facilitated the functional identification of pChAT-1. The
corresponding RNA directed the synthesis of an active
enzyme both in frog oocytes and in rabbit reticulocyte lysate.
Interestingly, the detection of a functional ChoAcTase in the
latter translation system suggests that specific post-transla-
tional modifications are not required to generate enzyme
activity.
The molecular weight of 71,517 and the isoelectric value of

1 23

6.56--
4.36-1

2.32 --O-

FIG. 4. RNA gel blot hybridization
* analysis using pChAT-1 cDNA probe.

Ventral spinal cord poly(A)+ RNA was
fractionated by electrophoresis on 1%
agarose gels in the presence of 1 M
formaldehyde, transferred to nitrocellu-
lose filter, and hybridized with nick-
translated pChAT-1 cDNA probe (spe-
cific activity, 2 x 108 cpm/,4g). Lanes: 1,
rat RNA (5 .g); 2 and 3, porcine RNA (5
and 10 ,ug, respectively). The autoradio-
gram was obtained after exposure for 48
hr at -70°C with an intensifying screen.
A wild-type phage DNA digested with
HindIll was used as a size marker (shown
in kilobases).

11EMBL/GenBank Genetic Sequence Database (1987) GenBank
(Bolt, Beranek, and Newman Laboratories, Cambridge, MA), Tape
Release 50.

**Protein Identification Resource (1987) Protein Sequence Database
(Nati. Biomed. Res. Found., Washington, DC), Release 12.
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7.72, deduced from the ChoAcTase cDNA sequence, are in
good agreement with that of 68,000 for the apparent molec-
ular weight of the purified porcine enzyme (22) and that of 8.1
for the isoelectric value determined for the human enzyme
(34). Also, the amino acid composition reported for this
enzyme (13) corroborates our data. Indeed, most of the
amino acids that can be reliably determined using the o-
phthaldialdehyde method are within ±10%o of the sequence
data, when the total of 640 amino acids reported here is used
as a base of calculation.

Eckenstein et al. (21, 22) purified porcine brain ChoAcTase
using a procedure that selected for soluble proteins. How-
ever, several biochemical experiments suggest that the en-
zyme also exists in a membrane-bound form, with a distinct
isoelectric point and molecular weight (35, 36), although this
apparent heterogeneity of ChoAcTase may be due to inter-
actions with proteins or cleavage by proteolytic enzymes (37,
38). Analysis of the hydropathy profile and secondary struc-
ture predicted from the pChAT-1 sequence displayed in Fig.
2 does not allow confirmation that this protein is either the
soluble or the membrane-bound form of ChoAcTase. Both
forms could arise from the same ChoAcTase pre-mRNA
through alternative splicing, as has been described in several
instances (39). The fact that only one band is observed in
RNA gel blot experiments does not necessarily mean that
there is only one messenger since small, but perhaps func-
tionally significant, differences cannot be detected by this
method. Generation of molecular diversity through differen-
tial splicing could also provide a means to generate multiple
ChoAcTase molecules endowed with distinct properties,
whether they are soluble or membrane-bound. Such a mech-
anism was suggested for tyrosine hydroxylase (7).
Even when optimally aligned, with the creation of several

gaps, the amino acid sequence of porcine ChoAcTase exhib-
its only 32% identity with that of Drosophila (8). However,
six domains are more highly conserved: they display up to
79% homology (see Results) and are likely to contain the
structural features necessary for catalytic activity. In this
regard, Malthe-Sorenssen reported (40) that histidine residue
plays a crucial role in the enzymatic reaction. Among the six
domains mentioned above, only one (amino acids 292-344)
contains conserved histidine residues, which could partici-
pate in the catalytic reaction. The importance of these
various structural features can now readily be tested by
mutagenesis experiments, taking advantage of the rabbit
reticulocyte expression system. Although Drosophila and
porcine ChoAcTase have similar apparent molecular
weights, the Drosophila cDNA sequenced by Itoh et al. (8),
in which no initiation codon was found, is at least 73 amino
acids longer than that of porcine ChoAcTase. In view of the
apparently abnormal length of the inferred Drosophila amino
acid sequence, Itoh et al. (8) suggested that Drosophila
ChoAcTase may be derived from a larger precursor that is
enzymatically inactive. It is not clear whether this size
discrepancy between porcine and Drosophila ChoAcTase
results from species differences or from molecular diversity
of the protein within a given species. It is of interest that two
enzymes serving the same function differ substantially in
their primary structure. In this context, it might be of
relevance to note that thi specific activity of Drosophila
ChoAcTase is considerably higher than ChoAcTase from
mammals (41).
The porcine cDNA hybridizes with rat and human

mRNAs. This cross-reactivity should facilitate the identifi-
cation ofthe corresponding genes. In human, the ChoAcTase
clone could be of great interest in the study-of-degenerative
diseases in which cholinergic systems are implicated.
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