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We have cloned the cha-1 gene from Caenorhabditis ele- 
gans using the method of transposon tagging. cha-1 is the 
structural gene for ChAT, the enzyme that synthesizes ACh. 
Sequence analysis of cDNAs predicts a protein of 71.5 kDa; 
comparison of the deduced amino acid sequence with ChAT 
sequences from other species confirms that cha-7 encodes 
ChAT. Comparison of cDNA and genomic sequences reveals 
that transcription is from right to left on the genetic map, 
and that some of the transcripts may result from trans-splic- 
ing of the 22-base spliced leader SLl. The cha-7 gene is 
organized into 11 exons. The first exon contains only un- 
translated sequences, and is followed by an extremely long 
intron. The coding sequence of the cha-7 transcript is dis- 
rupted by mutations in the cha- 7 gene. We have determined 
the sites of four transposon insertions and the end-points 
of two deletions that lead to the cha-7 mutant phenotype; 
one of the deletions appears to eliminate gene function com- 
pletely. Comparison of the Drosophila, rat, and C. elegans 
genes reveals conserved motifs and conserved intron sites. 

[Key words: ChAT, cha-1, Caenorhabditis elegans, se- 
quence analysis, trans-splicing, mutants] 

ChAT (EC 2.3.1.6) is the cwyme that synthesizes ACh. ChAT 
has been purified and characterixd from many vertebrate and 
inlertcbrate sources (Emson ct al.. 1974: Roskoski ct al.. 1975; 
Kossier. 1976; Eckenstcin et al.. 1951: Slemmon et al.. 1952). 
Since Ch.\T is considered a difYerentiation-specific marker for 
cholinerglc neurons. the localiration and cxprcssion of the en- 
r> mc ha1.e been studied in a number of organisms (Eckenstein 
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and Sofroniew, 1983: Levey et al.. 1983: C;orcr.gca and Hall. 
1987). DNA sequences have now been published for ChAT- 
encoding cDNAs from three mammals (pig. rat. and mouse) 
and from Dro.sop/~r/~ (Itoh et al.. 1986: Berrard et al.. 1987: 
Brice et al.. 1989: Ishii et al.. 1990; Sugihara et al., 1990). In 
addition. genomic (exon-intron) structurer ha\-e been published 
for the D~~sopi~iltr and rat Ch.4T genes (Sugihara et al.. 199 I; 
Hahn ct al.. 1992). The sequence of a partial genomic clone of 
human C’hAT has also been reported (Strauss et al.. I99 1). 

In the nematode (b~~nwhu/~d~rr.s rdqqms. u e can combine the 
tools of classical genetics and molecular genetics to study the 
function and regulation of-genes and their products. We have 
been pursuing biochemical. gcnctic, and molecular studies of 
ChAT in C’. c>/c~q~ns. in order to investigate cholinergic function 
and its control during neural de\,clopment. Such studies arc 
aided bb the simplicity of the c‘. clqpns nervous system: there 
are 307 total neurons lvhose position. morphology. lineage. and 
connectivity are ecsentially inxxiant (Sulston and Hon-itr. 1977: 
Sulston ct el.. 1983: White et al.. 1986). :ZCh is accepted to be 
the excitator) neurotransmitter at nematode neuromuscular 
junctions, and there is evidence for central cholinergic function 
as \vell (see Chalfic and \Vhite. 1988. for references). 

Previous studies on C’. c/c~urz.s ChAT include the purification 
and biochemical characterization ofthe enr) me (Rand and Rus- 
sell. 1985b). characterization of mutants deficient in Ch.4T (Rand 
and Russell. 1984: Hosono et al.. 1985). and the genetic analysis 
of c//u-l, the ChAT structural gene (Rand. 1989). Viable 
c,hu- 1 mutants ha\e grcatl> rcduccd (-.5% of the wild-type) 
Ch.-\T acti\ its; the) arc also uncoordinated. slow growling. and 
resistant to inhibitors of AC‘hE (Rand and Russell. 1981). and 
the) ha\ e sigmficantl) rcduczd .ACh levels (Hosono et al.. 1987: 
hl. Nguyen and J. R. Rand. unpublished obsersations). Ex- 
tremell severe mutations lead to complete de\ elopmental arrest 
(Rand. 19891. 

We nob report the cloning and sequence of ha- I from C. 
ciegarzs. This Includes complete gcnomic and cL)NA sequences. 
and the intron-exon structure of the gene. 1j.e also present the 
structures of six ~.hn-l Ch.\T-deficient mutations as Lvell as a 
comparison ofthe exon-intron structures ofthe /Iww~~/l~lu. rat. 
and (‘. c’1egan.l. genes. 

Prcliminar) accounts of some 01‘ these results have appeared 
in abstract form (.Mfonso-Pirarro et al.. 1989. 1990). 

Materials and Methods 
.2c,nlutode clriturc conditions und sfruins. Nematodes were grorvn and 
maintamed at 20°C‘ on nematode gro\vth me&urn (NCR/I) agar plates 
seeded wth a ta\\n of E.c<,herrh/u co/i strain OPjO-1 (Brenner. 1974: 
,lohnson ct al.. t 1188). Nematode <trains used in this work tnclude the 
wild-type Bristol N2 stock (Brennrr. 1973) and PRl 152 ~~/~a-l1plli-7~. 
PRI l6h~i~a~l1pll~f,~.PR1~l9cizu~l~~~Ili2~d~~~~-l.~lc~l~Sl~.Rh119ci~~~- 
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I(pl154)dpy-13(e184), RM52~tnc-33(e204)dpy-l3(e184),andPR1404 
uw33(e204) vab-2(e96). Genetic nomenclature is according to Horvitz 
et al. (1979). We used TR638 as the transposition active strain; it con- 
tains a mutator allele (mut-3) that greatly increases the levels of Tel 
transposition in the germ line (Collins et al., 1987). To isolate nucleic 
acids, mixed populations of nematodes were grown and purified from 
liquid cultures containing E. co/i strain RR1 as described by Sulston 
and Brenner (1974). 

Transposon mutagenesis. For each round of selection, and to provide 
independent lines, individual wild-type hermaphrodites from TR638 
were placed on 100 x 15 mm NGM plates heavily seeded with OP50- 
1. We set up 50-80 independent lines simultaneously, let them grow 
for approximately three generations, and the progeny (20,000-50,000 
per line) were transferred to heavily seeded plates containing aldicarb 
(0.5 mM or 1.0 mM; obtained from Chem Service, West Chester, PA). 
Wild-type hermaphrodites are sensitive to these concentrations of al- 
dicarb. They become paralyzed and hypercontracted, and they even- 
tually die. After 7-2 1 d the aldicarb-containing plates were examined 
and aldicarb-resistant animals (i.e., those able to move and reproduce) 
were picked and transferred to plates without aldicarb. 

Isolation of revertants. On normal growth medium (i.e., in the absence 
of aldicarb), cha- I animals are small, slow growing, and uncoordinated 
(Rand and Russell, 1984). We therefore looked for phenotypic revertants 
by screening between 3 x lo5 and 1 x lo6 mutant animals from each 
new mutant strain for faster-growing, better-moving, and/or larger-than- 
average animals. One such apparent revertant animal was found derived 
from strain RM1067, a strain containing the cha-l(md1067) mutation 
in the original, high-transposition background. 

Genetic analysis. The methods and strategies for genetic analysis of 
C. elexuns are those of Brenner (1974) and Herman and Horvitz (1980). 
Strategies used in the genetic analysis of chu-1 and uric-17 have been 
oreviouslv published (Rand and Russell. 1984: Rand. 1989). Three- 
factor genetic crosses were performed between the new iha- 1 mutations 
and linked markers on either side (uric-33, 0.4 map units to the left, or 
vnb-2, 0.9 map units to the right). For each of these mutations, we 
isolated 30-35 independent Vab non-Uric-33 recombinants from + 
cha- 1 + / uric-33 + vab-2 heterozygotes. Two classes of recombinant 
chromosomes were expected: + cha-1 vab-2 and + + vab-2. Approx- 
imately two-thirds of the Vab non-Uric-33 chromosomes contained the 
cha-Z mutation, indicating that a recombination event had occurred 
between cha-1 and vab-2. The other third contained the wild-type cha-I 
allele, indicating they had been derived from a recombination between 
cha-1 and uric-33. 

DNA analysis. Nematodes were disrupted by placing them in pro- 
teinase K [IO0 mM Tris Cl pH 8.5, 0.2 M NaCl, 50 mM EDTA, 0.5% 
SDS, 200 &ml proteinase K (BDH Biochemicals)] for 30 min at 65°C. 
Genomic DNA was extracted with phenol/chloroform/isoamyl alcohol 
(Ross, 1976) treated with ribonuclease (10 mM Tris Cl pH 8.0, 1 mM 
EDTA, 100 fig/ml RNase A), and isolated by ethanol precipitation 
(Maniatis et al., 1982). DNA fixation, Southern hybridization, and washes 
were performed according to standard methods (Maniatis et al., 1982). 
pGEM3Zf(+) (Promega) was used as the vector for all subcloning. In- 
dividual subclones are described in Figure 2. Plasmid pTc 163 (obtained 
from John Collins and Phil Anderson, Univ. of Wisconsin) contains a 
Tel element cloned into the EcoRV site of vector pIBI76 and was used 
to identify Tc 1 -containing DNA fragments in Southern blots. 

Screening of libraries, identification of cosmids, and isolation of ge- 
nomic subclones. We screened 1 O5 genomic phages from an N2 genomic 
library (prepared by Claudia Cummins, Univ. of Wisconsin) containing 
15-20 kilobase (kb) MboI fragments in EMBL3, using the 0.85 kb Sac1 
fragment as a probe. Cosmid DNA was purified based on the method 
of Bimboim and Doly (1979). We also screened 10’ phages from a Xgt IO 
cDNA librarv (Kim and Horvitz. 1990) and a hZav cDNA librarv (Bar- 
stead and Waterston, 1989). Genomid subclones. (RM#I P, RM#‘l5P, 
RM# 16P, and RM#34P) were obtained using size-fractionated and gel- 
purified DNA fragments. Both phages and plasmids were purified to 
homogeneity using standard procedures (Maniatis et al., 1982). 

Sequencing strategy. Sequencing of double- and single-stranded DNA 
was performed by the chain-termination method (Sanger et al., 1977) 
using the Sequenase version 2.0 kit (U.S. Biochemicals). Wild-type se- 
quences were determined by “primer walking,” using oligonucleotide 
primers synthesized at the Molecular Biology Resource Facility of the 
University of Oklahoma Health Science Center. The end-points of the 
deletions and sites of insertions were determined by sequencing asym- 
metric polymerase chain reaction (PCR) products (Gyllensten and Er- 

lich, 1988) prepared from double-stranded templates. For the analysis 
of the Tel insertions we designed two transposon-specific primers that 
allowed us to determine the sequence at the insertion site, as well as 
the orientation of the transposon with respect to the flanking cha-1 
genomic sequence. 

Sequence analysis. Sequence alignment and analysis were performed 
with the Genetics Computer Group software package (Devereux et al., 
1984). Alignment of sequence pairs and calculation of percentage iden- 
tity were done with the BESTFTT program, using system default values. 

When the amino acid sequences for pig ChAT (Berrard et al., 1987), 
rat ChAT (Brice et al., 1989), and mouse ChAT (Ishii et al., 1990) are 
compared to the f ly (Sugihara et al., 1990) and the nematode sequences, 
there are only five positions where the choice of mammal affects the 
presence or absence of a three-way identity between the mammal, the 
fly, and the nematode. Since there are 135 total three-way identities 
using the pig sequence, 134 using the rat sequence, and 133 using the 
mouse sequence, it is clear that the particular mammal chosen is not 
very important. We therefore used only one mammalian amino acid 
sequence for our comparisons (in Figs. 7, S), and we chose the pig 
sequence because it was the first mammalian ChAT sequence to be 
published. 

RNA analysis. Nematodes (2-3 gm) were ground to a fine powder in 
liquid nitrogen and resuspended in 3 vol of a solution containing 6 M 

guanidine thiocyanate, 10 mM KPO, pH 6.8, 1% N-lauroylsarcosine, 
and 5 mM dithiothreitol (DTT). The DNA was sheared with a Brinkman 
Polytron PT3000 and passages through a 22 gauge needle until the 
solution was no longer viscous. The cell debris was removed by cen- 
trifugation and the supematant was layered over 5.7 M CsCI/IO mM 
EDTA and centrifuged overnight in an SW41 rotor. PolyA-selected 
RNA was isolated through binding to polyU-Scpharose 4B as described 
(Palatnik, et al., 1979). Total and polyA-selected RNAs were fraction- 
ated in a 1% agarose/formaldehyde gel and electroblotted to Hybond 
N+ membranes. Northern blots were hybridized and washed according 
to standard procedures (Maniatis et al., 1982). 

For primer extension experiments, approximately 15 pg oftotal RNA 
from C. elegans was hybridized with 2 pmol of a 5’ end-labeled primer 
in 80% formamide, 0.4 M NaCl, 40 mM PIPES pH 6.4, 1 mM EDTA 
for 16 hr at 30°C. After ethanol precipitation, the hybrids were incubated 
with 50 U ofAMV reverse transcriptase (Life Sciences) and 1 mM dNTPs 
in 50 mM Tris Cl pH 8.13, 40 mM KCI, 6 mM MgCl,, 1 mM DTT, at 
42°C for 2 hr. Samples were then treated with RNase, phenol extracted, 
and ethanol precipitated. Primer extension products were resuspended 
in 95% formamide, 20 mM EDTA (with 0.05% bromophenol blue/ 
xylene cyanol) and resolved in a 6% acrylamide/7 M urea gel. 

Accession numbers. The DNA sequences reported here have been 
submitted to GenBank, with accession numbers LO8969 (&a-l com- 
posite cDNA) and LO8970 (cha-1 genomic sequence). 

Results 
Isolation of cha-1 mutants in strains with active transposable 
elements. We took advantage ofthe mobile element Tel to clone 
cha-I (Emmons et al., 1983; Rosenzweig et al., 1983; Collins 
et al., 1987; Herman and Shaw, 1987). Because mutations in 
cha-l confer resistance to AChE inhibitors such as aldicarb 
(Rand and Russell, 1984) we isolated aldicarb-resistant mutants 
from a transposition “active” strain, TR638 (see Materials and 
Methods). Since there are approximately 20 genes in addition 
to cha-1 that can mutate to confer aldicarb resistance (Rand 
and Russell, 1985a; A. Alfonso, C. Johnson, M. Nguyen, and 
J. Rand, unpublished observations), it was necessary to screen 
a large number of resistant animals to obtain putative transpo- 
son-induced cha- 1 mutations. We screened approximately 7 x 
IO5 haploid genomes, and we obtained 280 aldicarb-resistant 
mutants. Genetic complementation tests indicated that four of 
the 280 mutations were alleles of cha-I. All four mutations, 
when homozygous, led to the previously described set of cha-I 
phenotypes (Rand and Russell, 1984): very low ChAT activity, 
coiling uncoordinated behavior, slow growth, and small adult 
size, as well as aldicarb resistance. 
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Figure 1. Southern blot analysis of md1067. Genomic DNA was iso- 
lated and digested with the restriction enzyme SacI. The fragments were 
resolved in a 1.0% agarose gel. N2 is the wild-type reference strain; 
RM541 is one of the outcrossed lines containing the md1067 mutation; 
RM550 is one of the outcrossed lines derived from the spontaneous 
phenotypic revertant obtained in a stock of md1067. The lanes in the 
middle represent independently isolated recombinant lines containing 
(cha), or lacking (+), the cha-Z(md1067) mutation. Only 14 of 33 re- 
combinants are shown. The same blot was hybridized sequentially to 
two different probes. A represents hybridization to a uniformly labeled 
Tel probe. The arrow points to the 2.45 kb Tel-containing band present 
in all the “cha” strains and absent from all of the “+” strains. The 
additional Tel fragments detected in RM550 represent additional Tel 
elements still present in this strain as a result of differences in the 
outcrossing protocol. B represents hybridization to a uniformly labeled 
cha-I-specific probe. The probe was derived from the flanking DNA 
present in the 2.45 kb Sac1 fragment, obtained from RM541, after 
removal of the Tel sequences. The lower arrow points to the 0.85 kb 
wild-type cha-l fragment. The upper arrow points to the 2.45 kb frag- 
ment that results from the insertion of a Tel element into the 0.85 kb 
fragment. 

cha-1 mutants are associated with additional copies of Tel. 
All four mutants were outcrossed S-10 times. This process re- 
tained those Tc 1 elements near cha- I, reduced the overall Tc 1 
copy number to a level near that of wild-type Bristol N2, and 
stabilized the mutations. Hybridization of a Tc 1 -specific probe 
to genomic Southern blots of the four outcrossed mutants and 
Bristol N2 indicated that each of the four cha-1 mutants had 
two to five additional copies of Tel (data not shown). To dis- 
tinguish Tel elements within the cha-I gene from those in linked 
flanking regions, we isolated genetic recombinants resulting from 
crossovers between the cha-I mutations and closely linked 
markers to the left and to the right (see Materials and Methods). 
Two of the mutations, mdl067 and mdl143, as well as their 
recombinant strains were analyzed by Southern blot analysis. 
Mutant strain RM541 cha-I(md1067) contained a novel 2.45 
kb Sac1 Tel-hybridizing fragment that was always associated 
with the presence of the mutant phenotype (Fig. 1A). Figure 1A 
shows a Southern blot analysis of 14 of the md1067 recombi- 
nants. All 19 of the mdl067-containing recombinant strains 
(only seven shown, lanes labeled “cha”) and none of the 13 
mdl067-lacking recombinant strains (only seven shown, lanes 
labeled “+“) contained the 2.45 kb Sac1 Tc 1 -hybridizing frag- 
ment. Similarly, the mdl143 mutation was correlated with a 
3.7 kb EcoRI Tel-hybridizing fragment (data not shown). The 
perfect correlation between the presence of the mutant pheno- 
type and a novel Tc 1 -containing fragment strongly suggested 
that these two mutations resulted from the insertion of Tc 1 into 
the identified restriction fragments. 

Tc 1, once inserted into a given gene, can excise (Emmons et 
al., 1986). Depending on the location of the insertion, and the 
precision of the excision, such an event can result in full or 
partial reversion of the mutant phenotype (Eide and Anderson, 
1985, 1988). We screened (see Materials and Methods) between 
3 x lo5 and 1 x lo6 animals from each mutant strain, and we 
isolated one phenotypic revertant of cha- I (mdlO67). The phe- 
notypic revertant (apparently wild-type) was crossed six times 
into a Bristol N2 background. A genomic Southern blot of the 
revertant strain lacked the mdl067-specific Tc 1 -containing Sac1 
fragment (Fig. lA, lane RM550). Spontaneous loss of the un- 
coordinated phenotype was thus associated with loss of the Tel - 
containing fragment as well as full restoration of ChAT activity 
(data not shown), which provided additional evidence that the 
cha-I(md1067) mutation was caused by the insertion of Tel. 

Cloning cha-1. We cloned the Tel-containing 2.45 kb Sac1 
fragment present in RM54 1. We removed almost all of the 1.6 
kb Tel element and subcloned the flanking cha-l-specific se- 
quences. These sequences were radiolabeled and hybridized to 
the genomic Southern blot containing the DNA from the re- 
combinant strains. As illustrated in Figure lB, a single hybrid- 
izing fragment was detected in each lane. This fragment was 
0.85 kb in Bristol N2, in the mdl067-lacking recombinant strains 
(Fig. lB, lanes labeled “+“) and in the revertant strain (Fig. 
lB, lane RM550). As expected, the fragment was 1.6 kb larger, 
2.45 kb, in the mdl067-containing recombinant strains (Fig. 
lB, lanes labeled “cha”). 

The 0.85 kb Sac1 fragment detected in Bristol N2 DNA a 
single hybridizing BamHI fragment of approximately 4.5 kb in 
size (data not shown). The 0.85 kb Sac1 fragment is contained 
entirely within the 4.5 kb BamHI fragment (see Fig. 2). Southern 
blot analysis with the 4.5 kb BamHI fragment in turn revealed 
an overlapping 4.3 kb EcoRI fragment located to the left on the 
physical map. We have subcloned all of the EcoRI and BamHI 
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Flgurc) 2. Physical map of the &LI~ I region of C’. e&~~n.s. T‘hc upl~ct rnup is a partial restriction map of the gcnomic region containing the cha-I 
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sates: R. BarnHI: I:. EcoRI; L. Sall: ,V, Ncol; S. Sacl. The astetxk, on the Sal1 sate on the rtght and the BamHI site on the left of the expanded 
map indicate the boundaries of the 5.2 kb region for which complete genomic sequence is available. 

fragments present in this genomic region: they are diagrammed 
in Figure 2. 

Screening of an N2 genomic library (C. Cummins and P. 
Anderson) identified seven positive phagcs. A. C‘oulson and I. 
Sulston (personal communication) kindly, located two of thcsc 
on a contig that had previously been shown to ovcl-lap YAC‘s 
containing the gene ~~(1-20. Since. on the C. i@wn, genetic 

map. sr~~1~2Y lies approximately 0.5 map units to the right of 
ciru- I (Edgley and Kiddlc. 1990). this pro\ ided additional ev-- 
idcncc that our genomic clones were in the c icinity of the clru- 1 
locLls. 

,Cou/hcrn blot a~wl~~sis ~~i‘rm~untc. und ulignn1m7t c?f the Phil- 
iral md genrtic~ mqx. The 0.85 kb Sac1 fragment and the 4.5 
kh BamHI fragment were used to probe gcnomic Southern blots 
containing DNA from chu-I mutants. Figure 3 illustrates this 
analysis. We detected insertions (due to Tel) associated with 

all four spontaneous mutations isolated from TR638 (Fig. 3. 
lanes 2-5) and deletions in two EMS-induced mutations, n?324 
and pII (Fig. 3. lanes 6, 7). Each of these mutations was 
positioned on the physical map (Fig. 2). The two deletion alleles, 
which had dilferent positions on the physical map. had been 
prev iously studied by fine structure genetic analysis: ~1324 is to 
the left of pf 156 (Rand. 1989). This information provided a 

left-right orientation for the physical map that was consistent 
with the “standard” genetic map. 

To confirm this orientation. WC also showed that c/la- 
l(r&lO67/ maps to the left ofplljb. From a four-factor cross 
(see hlaterials and Methods). two non-Uric recombinants were 
obtained out ofapproximately 73,000 F, progeny scored. Thcsc 
data are consistent with expectations from prev-ious experi- 
ments. 

Isoiufion nndscyuolce of‘il1.V.-ls, The 4.5 hb BamH I fragment 
was used to probe a hgt 10 cDNA library prepared from mixed 
stage C~‘. c~/~~ga~rs (Kim and Horvitz. 1990). Three phagcs were 
isolated and characterized. Two of thcsc phages: R M# l7L and 
RM+l9L. appear to have identical 2.1 kb inserts. The insert in 
RM#17L hybridizes strongly to the three EcoRI fragments on 
the left side of the physical map and faintly to the 5.6 kb EcoRl 
fragment at the right end of the map in Figure 2. Rhllll8L is 
differ-ent: it contains a 0.67 kb insert whose hy bridiration is 
confined to the 0.9 kb EcoRI fragment on our map. We do not 
yet know what this molecule represents. 

W’e determined the complete DNA scquencc for the nearly, 
full-length cDNA represented by RM#17L. This 2.1 kb cDN.1 
contains an open reading frame, which encodes a deduced pro- 
tein of 627 amino acids with a molecular weight of 71.5 kDa 
(Fig. 4). This value is in escellent agreement with the sire of the 
Ch.AT protein (Rand and Russell. 1985b). Translation of the 
open reading frame starts with a methionine codon at position 
76 on the cDNA (see Discussion). Three othercDN.L\s (RM#SOP. 
Rhl*69P and R!vI~l2OP) that map to the cha-I region were 
isolated from a AZap library (Barstead and Waterston. 1989). 
Their inserts were characterized by restriction enzyme analysis 
using high-resolution gels and the fragment sizes appeared to 
be identical to those in the insert present in Rbl#17L. except 
for their tcrmini. M.c sequenced the ends and the isolates differ 
slightly from RM# 17L at their terminal 5’ and 3’ sequences (see 
below and Fig. 4). A comparison of the C’. &guns ChAT sc- 
quencc with other ChAT sequences is presented in the Discus- 
sion. 

Struc~turr qf‘cha- I trmw~pts und detwtiotl qf’cha- 1 /,lRz2:l. 
WC obtained complctc sequence data for 5.2 kb ofgcnomic DNA 
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Figure 3. &-I mutations associated with restriction fragment length 
polymorphisms. Genomic DNA was isolated from strains harboring 
&z-l mutations, and from the wild-type reference strain. Samples were 
digested with the restriction enzyme EcoRI, the fragments were resolved 
in a 1 .O% gel, and the blot was probed with the genomic 4.5 kb BamHI 
fragment (RM#l6P in Fig. 2). The arrows to the right identify the four 
hybridizing fragments in the wild-type N2: 4.3 kb, 2.1 kb, 1.3 kb, and 
0.9 kb. The arrows to the left identify the altered fragment sizes. md1422, 
mdl067 (like md1162). and md1143 are associated with a 1.6 kh in- 
sertion into the 4.3 kb, 1.3 kb, and 2.1 kb EcoRI fragments, respectively. 
m324 showed two bands of comparable intensity, one the size of the 
wild-type fragment and the other 0.15 kb smaller. m324 is an EMS- 
induced lethal allele that must be maintained as a heterozygote over 
the nT1 balancer chromosome. The smaller band represents the mutant 
sequences, carrying a 0.15 kb deletion. ~1156 is associated with a de- 
letion of the 0.9 kb fragment and a shift in the 2.1 EcoRI fragment. 

that includes the open reading frame present in the cha- I cDNAs 
(the region between the asterisks in Fig. 2). Comparison of ge- 
nomic sequence to cDNA sequences allowed us to determine 
that the direction of transcription is right to left, and also pro- 
vided us with the exon-intron boundaries (see Figs. 2, 4). In 
addition, we found that the first 75 nucleotides present in the 
cDNA represented by RM#SOP were not contained in this ge- 
nomic 5.2 kb region. Instead, most of this sequence was local- 
ized, by hybridization, to the right end of the 5.6 kb EcoRI 
fragment on the right end of our physical map (Fig. 2). Genomic 

sequence analysis confirmed the position of 66 of these nucle- 
otides, and also indicated that they are preceded by a splice 
acceptor site. The nine nucleotides at the 5’ end of RM#SOP do 
not precisely match any of the nearby genomic sequences; how- 
ever, they are identical to the last nine bases of the tvuns-spliced 
leader sequence SLl. This 22-base sequence is known to be 
trans-spliced onto approximately 10% of the C. elegans mRNAs 
(Krause and Hirsh, 1987; Bektesh et al., 1988) and it therefore 
seems likely that at least some of the cha-I mRNAs are truns- 
spliced with SL 1. 

Following the putative SLl sequence, the cha-I transcript 
consists of 11 exons that range in size from 50 to 477 nucleotides. 
The exons are interrupted by introns that range in size from 43 
to 530 nucleotides, except for the first intron, which (for C. 
elegans) is unusually long, about 6.5 kb. The first exon is un- 
translated. The presumed protein initiation codon is at the very 
start of the second exon (see Figs. 2, 4). 

There is evidence of heterogeneity in the 5’ ends of 
cha-I mRNAs. Primer extension experiments (Fig. 5) indicate 
three size classes of mRNAs. One size class extends 22 nucle- 
otides past the truns-splice acceptor site, and thus appears to 
represent molecules with a full-length (22-base) SLl trans-spliced 
as in RM#SOP. The abundance of this class appears to be quite 
low, but the presence of a partial SLl at the 5’ end of RM#SOP 
confirms the existence of such a class of transcripts. The other 
two size classes appear to be more abundant, and correspond 
to molecules that, if unspliced, would extend 77 nucleotides and 
9 1 nucleotides beyond the truns-splice acceptor site (Fig. 5). The 
structures of these longer 5’ ends have not yet been determined. 

Northern blots containing total and polyA-selected RNAs 
from mixed stage nematodes were hybridized with labeled DNA 
probes specific for the cha-1 transcript, and an RNA of about 
2.3 kb was detected (Fig. 6). This size is consistent with the 
predicted size determined from the cDNA and primer extension 
results. 

Sequence analysis of cha-1 mutants. The location of the in- 
sertion sites for the Tel elements and the boundaries of the 
deletions present in the RFLP-containing mutants (see Figs. 2, 
4) were determined by sequencing PCR-amplified single-strand- 
ed DNA derived from each of the mutant strains (see Materials 
and Methods). cha-I(md1067) and cha-l(md1162) have iden- 
tical Tel insertion sites in the eighth exon with the transposon 
inserted in the same orientation. cha-I(md1422) results from a 
Tc 1 insertion in the eleventh exon. cha- I (mdl143) is caused by 
insertion of a Tel element into an intron, 2 base pairs (bp) 
downstream from the end of the second exon. This insertion 
disrupts the sequence of the 5’ splice donor, which presumably 
interferes with the splicing of the intron at this site. We do not 
know yet how these insertions affect the structure of the tran- 
scripts, but we presume that there is still some residual ChAT 
activity in all of the Tc 1 insertion mutants (see Discussion). The 
mutation m324, which leads to a larval lethal phenotype, results 
from a deletion of 157 bp: 112 bp of coding sequences from the 
sixth and seventh exons and the contiguous intron. This deletion 
results in a frameshift that generates a termination codon 10 
amino acids downstream from the deletion site. The mutation 
pII56 is associated with a 747 bp deletion, completely within 
the long first intron. The left end-point of this deletion is 194 
bp upstream from 3’ acceptor site of the second cha-I exon. 
This deletion may remove some sequence important for the 
splicing of the long intron. A splice donor site is created by the 
sequences juxtaposed as a result of the deletion, but we do not 
know whether this site is used for snlicina. Alternativelv. it is 
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t \I 
1 AAGTTTGAGG TAATTCATCG AAAGTCTTTC TATTTTCCGC ATCTCTTGTT CAAAATAGTA ACCTACTAAA ACAAGATGGA AAAGGAAAAA GTTGACGAAC 
1 R E K E K V II E L 

\I \I 
101 TTCCACCAAA TGACAATTGG TATGAGACTG CACTGCCAAA GCCGCCGGTA CCAAGCCTGG AGGCCACGCT AGATAGATAT CTCGAATACG CTGCCGTTGT 

10 P P N II N U Y  E T  A L P K P P v P S L E A 1 L D R Y  L E Y  A A V V 

201 AGCCGTAGGC CAGAAAGCCT CACTAGCGAC AACCCACGAT GCAGCTCACA AGTTCGTGCG TCAAGCTACT CCGTTACAGG AGCAACTGCT GGAAATTGCG 
43 AVG QKAS LAT THD AAHK FVR OAT PL.‘?E QLL E I A 

\I 
301 GAGAAGTCGC CGAATTGGGC CACAAAATTT TGGCTCCCCG AGATGTATAT GAGAGTTAGG ATGCCAACGC CCGTGAATTC AAATCCGGGG T A T A T T T T T C  

76 E K S P N Y  A TKF YLPE H Y  M R V R M P T  P V N S N P G Y  I F P 

\I 
401 CGAAAGTCAA ATTTGAGACA AAGGAGGATC ACATCAAATA TACGGCATTG CTGACAAGAG GGCTCTTGGA GTACAAGAAC TTGATAGACA CAAAACAAGT 
110 K V K F E T  K E D H I KY T  A L L T  R G L L E Y  K N L I D T  K '2 V 

501 GTGCCGAGAA AAGTCCACTG GCGCGCAAAA ACTCCAGATG TGCATGGAAC AGTACGACCG AGTTCTCAGC TGCTACAGGG AGCCGGGCGT CGGCGAGGAT 
143 C R E K S T  G A P K LQH CMEQ YDR v L s C Y  R E P G V G E 0 

601 ACCCAAATAC GAAAGCAGAA GACGAATGAT GGGAATGAAC ATGTACTCGT GATGTGCCGG AATCAGAClI IITTGCTCCA TTCGCGAATC AATGGAGCTC 
176 T  Q I R K 9 K T  N D G N E H v L v I4 C R N Q T  F L L H S R I N GA L 

\I 
701 TAGTGTCATA TGCAGATGTG GAGTACCAGC TGGCGCAGAT CGAGGAGATT TCTAAGATTA ATCAAAACAA CACCGCAAAT ATCGGAGCCT CTGGCGTTGG 
210 v s Y  A D V E Y  Q L A P I E E I SKIN QNN TAN IGAS GVG 

801 CCCGCGTGAT AACGCGGCTC TTTTTTGGCA GGATATGCTC ACAGTCGAGC AGAACTCAAA ATCCTATGAA TGGGTAAAGT CGGCGCTTTT CGTGGTGTGT 
243 P R D N A A L F U P D II L T  V E 4 N S K S Y  E Y  V K S A L F v v c 

\I 
901 CTTGACATGG AAGATCCTAT TGATTATGGG AAAAATGATA CCATGAGCAT TTCCGAGAAG GAGAAGGAAT TTGTGGCGCG TGGCTACTCA ACTCTGACCG 
276 L 0 M E D P I 0 Y  G K N D T  II s I S E K E K E F VA R G Y  S T  L T  G 

1001 GCCATGGAAG TTCAAAGTTC GGGCTCAATC GGTGGTATGA TGCGACTATT CAGCTGGTGG TGTCTTCCAG TGGTGTGAAT GGGTTGTGCA TAGAGCACTC 
310 H G S S K F G L N R u Y  0 AT1 QLVV SSS GVN GLCI E H S 

\I 
1101 GACGGCCGAG GGGATTGTGA TTATTAATAT GGCTGAAACT GCTATCAGAT ATGCACAGAA GTACTTTAAA AGCAAGATGG TTTGGAACGA CGTGCGCAAT 

343 T  A E G I V I I N Id A E T  AIRY AQK Y  F K S K H V U N D V R N 

1201 GTACACCCCA AATCTCTGAC ATGGCATTTT AGTGAAAATT CTAGAAATAT TCTGAAAAAG CAGGCGGAAG TTTTCGATGA GCTCGCCAAC GAICTGGAGC 
376 V Ii P K S L T  U Ii F S E N S R N I LKK QAEV F D E L A N E L E L 

1301 T T G A A G T T T T  GATTTTCAAC GAATTCGGCA AAGATTCCAT CAAAAATTGG CGTGTCAGTC CGGATGGATT TATTCAGTTG ATTATGCAAT TGGCGCATTA 
410 E V L I F N E F GK D S I K N Y  R V S P 0 G F I 4 L I n 4 L AH Y  

\I 
1401 TAAAACACAT GGTCACCTCG TTTCCACCTA CGAATCAGCT TCGGTTCGGC GATTCGGTGC GGGAAGAGTT GATAACATTC GGGCGAACAC ACAAGAGGCG 

443 K T  H G H L V S T  Y  E S A S V R R F G A G R V D N I R ANT PEA 

1501 CTGGAATGGG TTACGGCAAT GGCGAGCAAG AAGGAGTCTA AAGAGAGAAA GCTGGA4TTA TTTAAGAAGG CTGTGCTCAA GCAGGTCAAG GTCACGTTGG 
476 L E Y  V T  A H A S K K E S K E R K L E L F K K A VLK QVK VTLE 

\I 
1601 AGAACATCAG CGGCTACGGT GTCGACAATC ATCTTTGCGC CCTATTCTGT CTCGCCCGGG AAAGGGAAGA AACGACCGGA GAAGATATAC CATCACTGTT 

510 N I S G Y  G V D N H L CA L F C L AR E R E E T  T  G E D I P S L F 

1701 TCTGGATCCT CTGTGGTCTG AAGTTATGCG ATTCCCATTG TCGACAAGCC AAGTCACAAC CTCTCTGGAT ATCCCTGATT GCTACCTGAC GTATGGiGCA 
543 L D P L Y  S E V H R F P L S T  S Q V T  T  S L D I P 0 c Y  L T  Y  G A 

1801 GTGGTCCGCG ATGGCTATGG ATGCCCGTAC AATATTCAAC CGGATCGAGT GATTTTTGCG CCGACTGCGT TCAGAAGTGA TCCGAGGACT GATTTACAAC 
576 V V R 0 G Y  G c P Y  N I C! P D R V IFA P T  A F R S D P R T  D L 4 H 

1901 ATTTTAAGAA AAGCTTGGCT GGAGCTATGA GAGATGTCAA GGAGCTGCTG AGCAACTGAA T T T T A T T A T T  A T T T T T T G A G  A T A T T T T T T A  T T T A A T T T G G  
610 F K K S L A G A M R D V K ELL SN* 

2001 CAATAATTTG AATATAGAGA TGCATGTAGT TGAGTGCTCA GAATTTTTTC CCTTAATTGG AWGTG GATTTGTATA rAAAAAAAAA AAAAAAAA 

possible that a point mutation elsewhere in the coding region 
is responsible for the observed phenotype. 

Discussion 
cha- 1 encodes ChAT. The cha-I gene was originally defined 
genetically by a set of noncomplementing mutations that af- 
fected ChAT activity and led to resistance to AChE inhibitors 
(Rand and Russell, 1984). By correlating genetic with molecular 
data, we now provide three lines of evidence that the genomic 
region we have cloned is the cha- I locus. First, the position of 
these clones on the C. c~leguns physical map is consistent with 
the position of &a-I on the C. e&am genetic map. Second, 
the presence ofa transposon insertion (md1067) into this region 
is perfectly correlated with the presence of the &a-l mutant 
phenotype ev-en after genetic recombination very close to cha- 
1. Furthermore, spontaneous reversion of the cha-1 mutant 
phenotype resulting from mu’1067 was accompanied by excision 

Figure 4. Composite nucleotide se- 
quence ofcha-1 cDNAs. deduced ChAT 
amino acid sequence, and intron loca- 
tions. Amino acids are identified by the 
standard one-letter code. The first nine 
nucleotides are apparently trans.spliced 
from the leader sequence SL 1; the solid 
triangle between nucleotides 9 and 10 
indicates the site at which (for at least 
some of the cha- I mRNAs) trans-splic- 
ing occurs. Open arrowheads indicate 
the location of introns. The putative 
polyadenylation signal (AATAAA) is 
underlined. RM#SOP starts at nucleo- 
tide 1 and ends at 2078. RM#17L starts 
at nucleotide 17 and is polyadenylated 
following 2079. RM#69P starts at nu- 
cleotide 19 and is polyadenylated fol- 
lowing 208 1. Location of mutations (see 
Fig. 2): md1067 and mdl162 are Tel 
insertions between nucleotides I 162 and 
1163; md1422 is a Tel insertion be- 
tween nucleotides 1688 and 1689; 
mdl I43 is a Tc 1 insertion two nucle- 
otides after the start of the intron fol- 
lowing nucleotide 126; m324 is a de- 
letion removing 156 bp of genomic 
sequence corresponding to cDNA nu- 
cleotides 736-847. 

of the transposon (Fig. 1.1). Third, five other cha-1 mutations 
are also associated with DNA alterations in this region (Fig. 3). 
The cDNAs described above appear to represent the ~hu- I tran- 
script: they were the only cDNAs found that were derived from 
the region defined by cha-I mutations, and they contained most 
of the sites affected by these mutations. 

We have previously provided genetic and biochemical evi- 
dence that &a-l is the structural gene for ChAT (Rand and 
Russell. 1984); the present study provides molecular evidence. 
There is striking similarity between the protein sequence de- 
duced from our cDNAs and the sequences of mammalian and 
Drosophila ChATs (Fig. 7: see also below). Clearly, these genes 
are homologs. 

Compurison qf C. elegans ChAT with other ChAT sequences. 
Comparing the C. e1egun.s ChAT sequence to the published 
ChAT sequences derived from mammals and Drosophila (Ber- 
rard ct al., 1987; Brice et al., 1989; Ishii et al., 1990; Sugihara 
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Figure 5. Primer extension of &a-l. Top, tRNA (1.5 wg; lane I) or 
total RNA (lane 2) was used for primer extension (see Materials and 
Methods), and the resulting products were resolved on a polyacrylamide 
gel. In parallel lanes (not shown), a sequencing ladder was run, for precise 
identification of extension product sizes. Numbers on the left correspond 
to the distance from the trans-splice acceptor site; the letters on the right 
identify the three major extension products that were consistently ob- 
served. Band C, although quite faint, has been observed consistently in 
five experiments. Bottom, Diagram of the experiment and results. The 
left-right orientation is as in Figure 2, with the direction of transcription 
from right to left. The primer (rightward arrow above exon 2) was 81 
nucleotides from the trans-splice acceptor site, indicated by the aster& 
and arrowhead. The lengths of the three extension products (A-C) are 
indicated schematically, as is the 22-nucleotide truns-spliced leader se- 
quence SL 1. 

et al., 1990) allows us to determine conserved structural ele- 
ments that are presumably important for enzymatic activity or 
for other ChAT functions. When aligned as indicated in Figure 
7, the C. elegans amino acid sequence is 34% and 36% identical 
to the Drosophila and porcine sequences, respectively, with the 
Drosophila-porcine identity at 40%. (This analysis, and what 
follows, is essentially unchanged if either the rat or mouse se- 
quence is substituted for the pig sequence; see Materials and 
Methods). One significant difference between species is that the 
Drosophila protein is 60-70 residues longer at the N-terminal 
end (Fig. 7) although there is evidence that part of this sequence 
is removed by posttranslational cleavage (Selski et al., 1989). 

An identity profile of the three sequences is given in Figure 
8, and shows that there are 8-l 5 conserved domains (depending 

-2.3 

Figure 6. Northern blot of cha-I. Lane I, 5 rg polyA-selected RNA; 
lane 2,20 rg total RNA. See Materials and Methods for precise protocol. 
The positions of markers (in kilobases) are shown on the left. 

on how the precise boundaries are drawn) of varying size, and 
these domains are distributed along almost the entire length of 
the protein. Three of these domains are represented by high, 
sharp peaks, indicating that these are relatively small, isolated, 
highly conserved motifs. The first ofthese motifs is LPK-PVP-L 
(consensus residues 88-96, labeled “a” in Fig. 8) and it is the 
first part of the consensus to show any significant degree of 
identity. Interestingly, this motif does not occur until the third 
ChAT exon in C. elegans, Drosophila and rat (although in C. 
elegans and rat, this is the second coding exon). The other two 
small conserved motifs are HV-V-C-NQ (consensus residues 
269-277, labeled “b” in Fig. 8), and F-LSTSQV (consensus 
residues 663-670, labeled “d” in Fig. 8). In addition to these 
relatively short conserved motifs, there are larger conserved 
domains indicated in Figure 8. The most pronounced of these 
is a 75 amino acid region (consensus 494-569, labeled “c” in 
Fig. 8). In the middle of this domain (515-556) each of the 
three pairwise species comparisons shows 30 of 42 consecutive 
residues identical, and 26 of the 42 residues are identical in all 
three of the sequences (Fig. 7). If conservative amino acid sub- 
stitutions are allowed, then 32 of 42 positions are similar. 

The sequence comparisons may be useful for determining 
essential functional sites in ChAT. Biochemical experiments 
have suggested that the active site of ChAT contains an arginine 
and a histidine (Currier and Mautner, 1974; Roskoski, 1974; 
Malthe-Sorenssen, 1976; Mautner ct al., 198 1). Comparison of 
the Drosophila and pig sequences revealed 14 conserved argi- 
nines. The three-way comparison now reduces the number of 
conserved arginine residues to seven (consensus 166, 325, 405, 
545, 546, 551, and 556). It is noteworthy that the last four of 
these residues are tightly clustered within the large conserved 
domain discussed above. It should be possible to test the im- 
portance of these sites by in vitro mutagenesis. 

Inspection of the three sequences in Figure 7 reveals the pres- 
ence of only two conserved histidines (at consensus positions 
269 and 427), each of which is in a domain of conserved se- 
quence. In addition, there is a partially conserved histidine at 
positions 394-396; that is, the nematode histidine is two resi- 
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pi9 309 ngaNRUyDks 1QfvvgrdGt cGvvcEHSpf dGIvlvqctE hllkhmvkss kkmvradsvs elpaPrrLrU kcspeiqgll 
worm 315 fglNRUyDat iQlvvsssGv nGlciEHSta eGIviinmaE tairyaqkyf kskmvwndvr nvh.PksLtU hfsensrnil 
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pi9 389 assaeklqql vknLdftVyk fddyGKtfIK qqkcSpDaf1 QvalQLAfYr 1hGrLVpTYE SASiRRFheG RVDnIRsatp 
worm 394 kkqaevfdel aneLeleVli fnefGKdsIK nwrvSpDgf1 QlimQLAhYk thGhLVsTYE SASvRRFgaG RVDnIRantq 
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Pi9 469 EALhfvkAit dhasa..... . . . . . . . . . . . ..mpds ekllLlkdAi raqtqytvma ItCmalDnhL 1gLrelarE. 
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worm 611 kKslagamrd vkeLlsn*.. ..__._... 
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dues out of alignment with its mammalian and fly counterparts, 
but in a similar context. Carbini and Hersh (1993) have recently 
obtained evidence from in vitro mutagenesis experiments with 
Drosophila ChAT that the conserved histidine corresponding to 
427 in the consensus sequence (C. elegans, 341) is the catalyt- 
ically essential histidine. 

Conserved domains and exon boundaries. The exon bound- 
aries for C. eleguns ChAT (10 introns), Drosophila ChAT (7 
introns; Sugihara et al., 199 l), and rat ChAT (introns 2-14; 
Hahn et al., 1992) are superimposed on the sequence identity 
profile in Figure 8. In general, no clear relationship appears to 
exist between the domains of conserved sequence and the exon 
structures of any of these ChAT genes, although all of the exons 
except the first two contain at least one conserved domain. 
However, there are striking similarities in the intron positions 
in the three ChAT genes. The C. elegans and rat genes have five 
introns in similar locations (four in identical positions, and one 
off by three nucleotides). The rat and Drosophila ChAT genes 
also have five introns in similar locations (three in identical 
positions, one off by one nucleotide, and one off by three nu- 
cleotides). The C. elegans and Drosophila genes share two intron 

Fi@re 7. Comparison of Drosophila, 
pig, and C’. elegans ChAT sequences. 
Numbering for each sequence (except 
the consensus) begins at the presumed 
translation start. Amino acids are iden- 
tified by the standard one-letter code; 
those that are identical in all three se- 
quences are shown in uppercase. Peri- 
ods (.) indicate gaps inserted into the 
sequences to optimize alignment. The 
consensus sequence (CONSEN) has an 
uppercase letter for each three-way 
identity, a lowercase letter for each two- 
way identity, and a dash (-) for each 
position with no identity. 

sites, and these are the only two sites that are similar in all three 
species. Both of these sites occur near the N-terminus of the 
protein: the second introns of the three genes are within three 
nucleotides, and the Drosophila and rat third introns and the 
C. eleguns fourth intron occur at identical sites. 

Homology to other acyltransferases. Database searches re- 
vealed that C. elegans ChAT has significant similarity to a num- 
ber of mammalian carnitine acyltransferases. This is reasonable 
because of the similar reactions catalyzed by these enzymes: the 
acyl donors are all CoA derivatives and the acyl acceptors (cho- 
line and carnitine) are similar structurally. Sequences have been 
published for carnitine octanoyltransferase (CarOT) from rat 
(Chatterjee et al., 1988) and for carnitine palmitoyltransferase 
(CarPT) both from rat (Woeltje et al., 1990) and from human 
(Finocchiaro et al., 199 1). Each of these has approximately 26- 
27% identity with C. eleguns ChAT. We evaluated the relat- 
edness of different enzyme activities from a single species, and 
also the relatedness of a single activity in different species. In 
the rat, each of the three enzymes (ChAT, CarOT, CarPT) has 
approximately 31% sequence identity with the other two, sug- 
gesting that the enzyme activities, although related, are never- 
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Figure 3. ChAT conserved domains and exon structures. The multiple sequence alignment in Figure 7 was scdnncd, one residue at a time, using 
a window of nine residues (from -4 to +4). R’ithin this window, each three-way identity was given a score of 1.0, and each two-way identity was 
given a score of 0.3; the maximum possible Identity score at any site is therefore 9.0. Random (i.e.. unrelated) sequences would be expected to 
have an aver-age identity score of approximatcl! 0.4 (assuming that all amino acids are equally abundant). The four regions where the profile drops 
to the baseline (O-64, 225-230, 365-381, and 580-593) correspond to gaps inserted into one or two of the sequences to optimize the overall 
alignment. The solid trrungles represent C. ekgans intron sites; the open triangles rcprcsent Drosophih intron sites (Sugihara et al., 199 1); the plus 
sr~ns indicate rat intron sites 2-14 (coding sequence does not begin until the middle of the second intron; Hahn et al., 1992). The regions labeled 
cl-d represent conserved domains discussed in Discussion. 

theless quite distinct. Indeed, rat ChAT has slightly more sim- 
ilarity to C’. elegurls ChAT (360/o identity) than it does to either 
of the rat carnitine acyltransfcrases. This argues that the three 
different acyltransferase enzymatic activities diverged from their 
common protein ancestor prior to the divcrgcnce of nematodes, 
insects, and vertebrates from their common animal ancestor. 

The similarities between the Ch4T, CarOT. and CarPT sc- 
quences are not confined to one or a few regions of the proteins, 
but rather are distributed along the molecules. In fact, most of 
the regions that display similarity among the ChAT sequences 
also show similarity among the more general class of acy ltrans- 
ferases, although with a poorer match. For example. the LPK- 
PVP-L motifpresent near the N-terminal ofall ChATs becomes 
a motif of LP-P-P-L for the larger acy-ltransferase class (as has 
been prc\.iously observed by Finocchiaro et al.. 199 1). The 42 
amino acid domain that has 26 three-way identities with ChATs 
(see abovre) shows I 1 live-way identities (three ChATs, rat CarOT, 
rat CarPT). 

Structure qf the cha- 1 cD.Y.-i.c. The cDNA sequcncc and the 
derived intron-exon structure are based on data from five 
cDNAs, of which at least three arc independent. The sequence 
and structure for the coding region of the gene were identical in 
all of the cDNAs; the only diflerences vverc slight v,ariations in 
the 5’ and 3’ extent of the molecules (SW Fig. 4). There is also 
some evidence from primer extension experiments for hetero- 
geneity of the 5’ ends of &a- I mRNAs. 

In the two cDNA libraries that were screened, cilu-1-h) brid- 
izmg plaques were ram. identified at a frequency of approxi- 
mately 1 in 10’. I f  this reflects the relative abundance of cha-1 
mRNA, then it is comparable to the relative abundance ofChAT 
protein. also estimated at approximately 1 part in IO’ (Rand 
and Russell. 1985b). 

Inspection of the c-ha-1 cDNAs (and the corresponding ge- 
nomic sequence) reveals some noteworthy fcaturcs. The most 

striking of these is the likelihood that at least some of the 
c,iru-I mRNAs are rrarzs-spliced with the spliced leader SLl. 
although this conclusion must remain tentative until additional 
and/or full length cDNAs are identified. liuns-splicing ofmRNA 
is relatively common in C. elc:uns, and it is cstimatcd that 10% 
of mRN.As are trans-spliced with one of two known leader 
scquenccs (Krause and Hirsh. 1987: Bektesh et al., 1988; Huang 
and Hirsh, 1989). 

Another noteworthy feature of the cha-I cDNAs is the ex- 
trcmely long first intron. This -6.5 kb intron is the third longest 
get reported for C’. c~icyuns. exceeded on11 by an approximate]? 
12 kb intron in the /rtl-13 gent (Mirghtman et al.. 1991). and a 
7.4 kb intron in the ~~-22 gcnc (Hcnian et al., 1993). It is also 
of interest that the long chumI intron scparatcs the 5’ untran- 
slated region of the transcript from the protein coding region. 
The Ch.AT structural gene from /~~nso~h/lu also has a long first 
intron (z’ 16.5 kb). although this intron lies within the protein 
coding sequence (Sugihara et al.. 199 1). 

The remaining ciru- I introns are unremarkable. by C’. c>lcgans 
standards. with lengths of 43-581 bp. Five of the introns lie 
within codons, and five lie between codons. The sequences around 
the 5’ and 3’ splice sites for all of the introns, including the long 
lirst intron. have excellent matches to the C. &garl.s splice site 
consensus sequences (Emmons. 1988). 

Sturt (!i’t~&ulion. We have assigned the ATG methioninc 
codon at nucleotide position 76 as the start codon. This is the 
first ATG in the sequence: it is located at the beginning of the 
long open reading frame and has an in-frame termination codon 
nine bases upstream. However, this ATG has a poor. although 
minimally acceptable, fit with the Kozak (1987) consensus. Our 
sequence is ACAAGATGG, which has the important A at po- 
sition -3 and the preferred G at +4. but on11 has one C at -4. 
rather than the preferred four c‘s at positions ~ l? -2, ~4. - 5. 
It is known that I~msoyhilu ChAT does not initiate protein 
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synthesis with a methionine, but instead uses a GTG valine 
codon (Sugihara et al., 1990). It has been suggested that a non- 
ATG initiation codon, or an ATG in a context with poor fit to 
Kozak’s consensus might indicate the presence of translational 
regulation, and such regulation has been postulated (Sugihara 
et al., 1990) for Drosophila ChAT (non-ATG) and mammalian 
ChATs (poor context). Perhaps the C. elegans enzyme is also 
under translational regulation. 

Transposon insertions into cha- 1 coding sequences can spare 
some gene function. There is evidence to suggest that many Tc 1 
insertions do not lead to a null phenotype. For example, many 
of the Tc 1 -induced uric-22 alleles have a weakly defective mu- 
tant phenotype (Moerman and Waterston, 1984). Since each of 
the four Tel cha-l mutations is homozygous viable, and since 
a complete loss of ChAT activity is lethal, each of these mu- 
tations must permit some residual gene activity. The Tel caus- 
ing mdl143 is inserted into the splice donor site at the beginning 
of the second intron (Fig. 2). We assume that the effect of this 
mutation is to reduce the efficiency of mRNA splicing, but that 
there is enough residual splice donor activity to produce a small 
amount of normal cha- I mRNA. md1422 lies in the final cha- I 
exon, and if it were not excised, the 89 amino acids at the 
C-terminal of the ChAT protein would be eliminated. Perhaps 
this truncated protein retains enough wild-type function to per- 
mit viability of the animals. md1067 and mdl162 contain Tel 
insertions into the same site in the coding sequence near the 
end of the eighth exon. Perhaps the presence of the transposons 
activates a cryptic splice donor site upstream of the insertion 
site, thus “moving” the transposon into an intron. Such a mech- 
anism has been demonstrated for a Tel insertion into coding 
sequences of the mlc-2 gene of C. elegans (A. Rushforth and P. 
Anderson, persona1 communication), although inspection of the 
cha-1 sequence near the md1067 insertion site does not reveal 
any obvious alternative splice donor in the proper reading frame. 
Alternatively, it is possible that cryptic splice sites exist within 
the transposon, which could be weakly activated in certain con- 
texts to remove most of the Tel sequences from the mutant 
cha- I transcripts. Such a mechanism has not been demonstrated 
in C. elegans, but has been shown to excise most of a 412 
insertion and most of a roe-412 compound insertion at a par- 
ticular site in transcripts from the Drosophila vermilion gene 
(Pret and Searles, 199 1). Sequencing of cDNAs from these Tel 
mutant strains should help to clarify these issues. 

m324 is a null mutation. The m324 mutation is a lethal 
cha-l allele (Rogalski and Riddle, 1988; Rand, 1989). Previous 
phenotypic and enzymatic analysis suggested that if there was 
any residual gene function, it was extremely low, but it was not 
possible to distinguish between an extreme hypomorph or a null 
allele (Rand, 1989). We have now shown that m324 represents 
a 156 bp deletion, which effectively truncates the protein after 
residue 220 (see Results, and Figs. 2, 4). This represents only 
one-third of the wild-type protein, and does not include the 
catalytically essential histidine at residue 341 (see above); the 
m324-encoded gene product almost certainly lacks all ChAT 
activity. It will be interesting to determine whether a complete 
absence of neurotransmitter synthesis alters nervous system de- 
velopment. 

p 1156 and uric- 17. pl I56 is genetically noteworthy because 
it fails to complement both cha- 1 and uric- 17 mutations (Rand 
and Russell, 1984), and because it lies between cha-I and unc- 
17 on the genetic map (Rand, 1989). Although uric- 17 mutants 
have normal ChAT activity, they are resistant to AChE inhib- 

itors and have elevated ACh levels (Brenner, 1974; Rand and 
Russell, 1984; Hosono et al., 1985), and we have recently ob- 
tained evidence that uric- 17 may encode a synaptic vesicle ACh 
transporter (Alfonso et al., 1993). WC have now shown that 
~1156 is associated with a 747 bp deletion near the 3’ end of 
the long &a-l intron (see Results). The failure of ~1156 to 
complement uric- 17 mutations suggested that uric- 17 coding or 
regulatory sequences might also be deleted by ~11.56. We have 
recently shown that this is indeed the case, and that all or part 
of the uric- 17 gene lies within the large cha- 1 intron (A. Alfonso, 
K. Grundahl, J. McManus, J. Asbury, and J. Rand, unpublished 
observations). 
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